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Abstract: Diffusion bonding of dissimilar metals QSn4-3
and GH34 by using a QSn6.5-0.1 interlayer has been con-
ducted in this study. The purpose of the study is to investi-
gate the interface microstructure and strength of the joints,
and to demonstrate the feasibility of using another high Sn
content tin bronze interlayer to fabricate a typical micro-
structure joint. Microstructure examinations show that
a penetration structure is formed by using a QSn6.5-0.1
interlayer, and its feature is apparent. Also, prolonging the
holding time is conducive to the forming of the penetration
structure. Shear testing results show that the penetration
structure formed in a diffusion bonded joint of QSn4-3 and
GH34 enhances the joint strength to almost the same as the
QSn4-3 base metal. The mechanism forming the penetra-
tion structure is as follows: Sn atoms diffuse faster than
Cu atoms into GH34 causing more Sn atoms to aggregate at
the GH34 grain boundary. When the bonding temperature
reaches 950°C for a short time, the aggregated Cu alloys
having higher content of Sn than 5.3wt.% will melt, and
penetrate and disrupt some grains from GH34 base metal.

Keywords: diffusion bonding; dissimilar joint; interface
microstructure; interlayer; penetration structure.

*Corresponding author: Jinglong Li, State Key Laboratory of
Solidification Processing, Northwestern Polytechnical University,
Xi’an 710072, P.R. China; and Shaanxi Key Laboratory of Friction
Welding Technologies, Northwestern Polytechnical University, Xi’an
710072, P.R. China, e-mail: lijinglg@nwpu.edu.cn

Peng Li: State Key Laboratory of Solidification Processing,
Northwestern Polytechnical University, Xi’an 710072, P.R. China;
and Shaanxi Key Laboratory of Friction Welding Technologies,
Northwestern Polytechnical University, Xi’an 710072, P.R. China
Jiangtao Xiong, Fusheng Zhang and Li Liang: Shaanxi Key
Laboratory of Friction Welding Technologies, Northwestern
Polytechnical University, Xi’an 710072, P.R. China

1 Introduction

Tin bronze has been found to have wide applications in
aerospace and chemical industries due to its excellent

heat conduction and wear resistance. Steel is widely used
as a structural material for its superior mechanical proper-
ties and comparatively low price. In some cases, bonding
them together to form a bimetallic component that ben-
efits from both of their advantages, is a vital necessity
for engineering applications in space, aviation, nuclear,
automobile and rail industries. The plunger pump of an
aircraft engine, the heat exchanger, dynamic pressure
bearing and the first wall of the International Thermonu-
clear Experimental Reactor [1-3], are examples.

Joining copper alloy to steel has been investigated
using several methods such as brazing [4], friction welding
[5], explosive welding [6], fusion welding [7] and diffusion
bonding [8-10], Of these methods, diffusion bonding has
been widely used and its effectiveness has been success-
fully demonstrated in other dissimilar metals.

However, Cu-Fe is a typical immiscible system which
needs a high bonding temperature and a long holding time
to form a bond, but as the strength of a direct bonded joint
achieves up to one third of the strength of copper alloy, the
joint cannot meet the requirements for commercial special-
izations. In order to further improve the joint strength and
thereby meet the constantly increasing demands of Cu-Fe
bimetallic components, new manufacturing concepts and
technologies could be introduced. Recently, researchers
found that using an interlayer between the two metals, a
penetrative structure could form on the steel side that can
significantly enhance the joint strength [11, 12]. The core
of this method is that the lower melting point components
within the interlayer could aggregate and form liquid phase
at the grain boundaries of the steel base. Based upon the
above analysis, our research used a widely recognized tin
bronze and superalloy to form a sound joint, with the inten-
tion of providing some ideas on dissimilar metal compo-
nent fabrication, especially for copper-steel couples.

This investigation reports on vacuum diffusion
bonding of dissimilar metals using tin bronze (QSn4-3)
and superalloy (GH34). The main objective of this work
is to evaluate the interface microstructure and strength of
the joints, to demonstrate the feasibility of using another
high Sn content tin bronze interlayer to form a typical
microstructure joint and discuss the joining mechanism.
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Table1 Chemical composition of GH34 (wt.%).

Material C Fe Cr Ni w Mo Vv Mn Si P S

GH34 0.16-0.24 Bal. 2.4-3.3 <0.50 0.3-0.55 0.35-0.55 0.60-0.85 0.25-0.60 <0.40 <0.03 <0.02
20 mm

2 Materials and methods

Commercially available tin bronze (QSn4-3 type) and a
typical superalloy (GH34 type) were used as base metals
for bonding, machined into 20 mmx10 mmx5 mm and
40 mmx10 mmx5 mm blocks, respectively. The interlayer
was tin bronze foil (QSn6.5-0.1 type), 100 um thick. The
chemical compositions of the metals are listed in Tables 1
and 2. The samples were polished, ultrasonically cleaned
in ethanol, and dried in air. A series of four samples were
assembled in the sequence of QSn4-3/QSn6.5-0.1/GH34
as shown in Figure 1, and loaded into a vacuum diffusion
bonding furnace (FJK-2, Northwestern Polytechnical Uni-
versity, Xi’an, China) under pressure of 10 MPa. When the
vacuum reached 4.5x102 Pa, the temperature was raised
to 950°C and samples from each series subjected to this
temperature for 15 min, 30 min, 1h and 3 h, respectively, for
comparison tests. The selections of the bonding process
parameters were based on the literature relating to the
diffusion bonding of several Cu-Fe couples [8, 10, 13, 14],
and on results of a prior trial of the diffusion bonding
process. The samples were cooled down in the furnace.
After bonding, the samples were cut, ground and polished
for metallographic examination and the shear strengths
of the joints evaluated by a testing machine (Instron 3382,
Instron, MA, USA) at a crosshead speed of 0.5 mm/min.

3 Results and discussion

3.1 Direct diffusion bonding interface exami-
nation and joint strength evaluation

Figure 2 shows the evolvements of interfacial microstruc-
ture of the direct bonding joints bonded under different
conditions. Figure 2A shows the microstructure of joint at
950°C, 1 h, 10 MPa, where it is observed that a common

Table 2 Chemical composition of QSn4-3 and QSn6.5-0.1 (wt.%).

Materials Cu Sn Zn P Pb Fe
QSn4-3 Bal. 3.5-4.5 2.7-3.3 <0.03 <0.02 <0.05
QSn6.5-0.1 Bal. 6.0-7.0 0.30 0.1-0.25 0.02 <0.05

‘/1 00 pm QSn6.5-0.1

Figure1 Assembly of the bonded joint.

flat interface was formed between the two base metals.
When the holding time is increased to 3 h, the joint inter-
face changes to a rough structure, as shown in Figure 2B.
This interface, which appears like a “saw tooth wave”
could produce a small interlocking effect between the
base metals and lead to some enhancement of the joint
strength [15]. The shear strength testing shows that by
increasing the holding time, the joint strength reaches
about 182 MPa, which remains too weak for commercial
application. Moreover, the physical and chemical prop-
erties of QSn4-3 base metal are sharply altered as a 3 h
holding time at 950°C is too long for a Cu alloy. In addition,
dimensional accuracy as well as the strength of the joints
is affected by creep deformation and grain coarsening of
the Cu alloy. Therefore, when using the indirect bonding
method, it is proposed that to enhance joint strength, the
longer holding times should be avoided.

3.2 Indirect diffusion bonding interface
examination and joint strength
evaluation

Figure 3 shows the interface microstructures of the joints
bonded for different holding times by using a QSn6.5-0.1
interlayer. It can be seen that the width of diffusion zone
grows rapidly as the holding time increases. The joint
interface in Figure 3A, at 15 min holding time is relatively
smooth compared to longer holding times. When the
holding time exceeds 30 min a choppy joint interface is
seen, where some dispersed oxide impurities were formed
between the base metals and the original interfaces of
interlayer with the two base metals disappears. This is
shown in Figures 3B and 3C.

It was noted that the tin bronze penetrated into
GH34 base and disrupt some grains (the largest size is
about 20 um) from the GH34 base, which we named as
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Figure 2 Interface microstructure of the joints bonded at 950°C, 10 MPa for (A) 1 h and (B) 3 h.
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Figure 3 Interface microstructure of the joint bonded at 950°C, 10 MPa with a QSné6.5-0.1 interlayer for (A) 15 min, (B) 30 min and (C) 1 h.

“penetration structure”. This penetrating phenomenon
forms a strong interlocking effect that contributes to joint
strengthening. This contrasts with direct bonding joints,
when a penetration interface structure can be achieved at
a shorter holding time (30 min) by using the QSné6.5-0.1
interlayer, with joint strengthening being apparent. The
shear testing result shows that the strength of the indirect
bonding joint bonded at 1 h reaches 220 MPa, which is
almost the same as that of QSn4-3 base metal.

3.3 Mechanism of formation of the penetra-
tions structure

It is well known that the mutual diffusion of the base metal
plays the most important role in the diffusion bonding

process. And the diffusion coefficient, D, of the element
obeys Arrhenius law

D=D,exp(-Q/RT) (1)
D

, is the pre-exponential factor, Q is the activation
energy, R is the gas constant and T is the absolute
temperature.

In the case of a bonding temperature of 950°C, the
pre-exponential factor D, and the activation energy Q for
Cu in Fe is 0.19 cm?/s and 272.6 kJ/mol, and for Sn in Fe is
0.845 cm?/s and 261.7 kJ/mol, respectively [16]. Thus, the
diffusion coefficient for Cu in Fe (D, ) is 4.32x10" cm?/s,
and for Sn in Fe (D, ) is 5.61x10" cm?/s. It can be seen
that D, . is greater than D_ ., and Sn atoms can diffuse
faster into GH34 than Cu atoms. In addition, it is easier to
migrate into grain boundaries than into grain bodies for
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Figure 4 Cu-Sn binary phase diagram [17].

the atoms. As the holding time increased, more Sn atoms
will aggregate at the GH34 grain boundaries, so the Sn
content of Cu alloys which aggregate at the GH34 grain
boundaries are higher than that of QSn4-3.

Figure 4 shows the Cu-Sn binary phase diagram, which
indicates that the solidus temperature for Cu-5.3wt.% Sn
alloy is 950°C. In the discussion, the aggregated Cu alloys
in the GH34 grain boundaries may have lower solidus tem-
perature than 950°C due to the higher content of Sn. From
this, the forming mechanism of the penetration structure
can be deduced. When the bonding temperature reaches
950°C for a short time, the Cu alloy’s liquid phase will form
at the boundaries and then penetrate and disrupt some
grains from GH34 base metal, which makes the joint inter-
face uneven. This phenomenon will also appear at longer
holding times without an interlayer, to a limited extent.

4 Conclusions

On the basis of the results obtained, we can conclude
that a penetration interface structure can be achieved at a
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