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Abstract: Superplasticity of as-rolled ZK60 magnesium alloy sheets, with the average grain size of 8.2 Hm, was in-

vestigated at a strain rate of 5.56 % 10~ =556%x10" s

at 573 = 673 K. The microstructure evolution during the

superplastic deformation shows that the alloy deforms in a superplastic manner at the temperature from 573 K to 673

K. Diffusion bonding tests were carried out on the Gleeble-1500 testing machine and the specimens were successfully

diffusion bonded at the superplastic temperature. The maximum specific strength is 0. 82 at a bonding pressure of 10
MPa for holding time 1 h at 673 K. The microstructures of the joints were observed through OM and SEM. There is
no bond line visible in the original interfaces of sound joint with high specific strength.
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1 INTRODUCTION

Recently, the use of magnesium alloys as
structural materials has significantly increased, for
its good damping capacity, dimension stability,
machinability and low casting costs. But magnesi-
um alloys normally exhibit low ductility near room
temperature because of their HCP structure.
Therefore, it is necessary to improve the ductility
of these alloys for their use as structural compo-
nents' ",

In manufacturing, superplastic forming is of-
ten combined with diffusion bonding, which is
known as SPF/DB( superplastic forming/ diffusion
bonding). As a kind of advanced manufacturing
method, which can produce metallic parts with
hollow structures, SPF/DB is time saving, materi
al saving, efficiency improving and mass saving,
and widely applied in aerospace fields'*'". Diffu-
sion bonding is one of the joining techniques, and
it is a solid state joining process, in which two
clean metallic surfaces are contacted closely at ele
vated temperatures of < 0.7 Tw at low pressure.
The high-quality joints through diffusion bonding
process need little or no post-welding machining,
but it is important to optimize the conditions of dif-
fusion bonding. Many factors affect the quality of
diffusion bonds, including bonding temperature,

bonding pressure and holding time. The optimized
diffusion bonding conditions to produce high qualr
ty joints have already been reported for aluminum
alloys, titanium alloys and steels'". SPF/DB tech-
nology has been developed in titanium and alumi-

51 and especially the

num superplastic materials
SPF/DB processing titanium alloy superplastic
materials have been widely used in aerospace

. However, investigations of the pos-

industry'®
sibility of SPF/DB processing magnesium alloy
superplastic materials are still in progress.

In this paper, the superplastic behavior of as
rolled magnesium alloy sheets was investigated at
first. Successively, diffusion bonding tests were
carried out in superplastic conditions, and the me-
chanical properties of joints were tested for the
possibility of joining magnesium alloys by diffusion
bonding. As a result, the optimized diffusion
bonding was obtained through a series of bonding
tests carried out in a wide range of bonding tem-

perature, bonding pressure and holding time.
2 EXPERIMENTAL

A commercial ZK60 magnesium alloy was em-
ployed in as-cast ingots, with a chemical compost
tion of Mg-6% Zn0. 35% Zr( mass fraction). The

ingots were extruded into sheets of 20mm in
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thickness. The sheets were rolled with a reduction
ratio of 15% per one pass to a final thickness of 1.
0O mm, with an average grain size of 8.2 Hm. The
specimens to be diffusion bonded were directly cut
from the as-rolled sheet. The length was 30 mm
and the width was 12 mm, respectively. And the
lap length of bonding was 3~ 5 mm.

In order to investigate the superplastic form-
ing behavior, the tensile tests and metallograph
analyses were carried out, after the superplastic
forming was performed with a strain rate of 5. 56 X
107%75.56x 107" s~ ' at 573 673K .

Diffusion bonding tests were carried out on
the Gleeble-1500 testing machine under a condition
similar to superplastic characteristics. Before diffu-
sion bonding, the bonding surfaces were cleaned in
order to remove the oxides. The solution of bond-
ing surfaces cleaning mainly included: acetone and
chrome-anhydride. At 673 K the bonding pressure
varied from 3 to 15 MPa and the bonding time was
between 0.5 h and 5 h. The joint quality was in-
vestigated through shear strength tests and scan-
ning electron microscope( SEM) observations.

3 RESULTS AND DISCUSSION

3.1 Superplasticity

Fig. 1 shows the double logarithm relation of
the flow stress and the strain rate sensitivity expo-
nent with strain rate at 573 K to 673 K, indicating
that the flow stress increases with the increase of
strain rate. In the low strain rate range, at 573 ~
673 K, the strain rate sensitivity exponent m varies
between 0. 4 and 0. 5, and the materials possess
superplasticity. While in the high strain rate
range, at 573 ~ 673 K, m varies between 0. 3 and
0.9 for most of materials. Generally it is accepted
that the m values of 0.2 and 0. 5 are predicted for
climb-controlled dislocation creep and slip-
accommodated grain boundary sliding, respective
ly. At a low temperature of 473 K the climb-
controlled dislocation creep is suggested to be the
dominant deformation mechanism. With the in-
crease of temperature, the grain boundary sliding
dominates the deformation behavior''”. The rela
tion of elongation-to-failure with strain rate is
shown in Fig. 2. The elongation decreases with the
increase of strain rate, showing strong strain rate
sensitivity. The maximum elongation obtained is

1 106% at a strain rate of 5.56x 10" *s™ ' at 673 K.

3.2 Microstructure

Fig. 3 shows the microstructures of fractured
specimens deformed with the strain rate of 5. 56 X
100 *s ' at 573 7673 K (the tensile direction is hor-
izontal). It is shown that the average grain size
slightly superplastic
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Fig. 2 Relation between strain rate
and elongation

deformation. The grains are slightly elongated a-
long the tensile direction, but the grain shapes re-
main close to equiaxial, indicating the dominant
superplastic deformation mechanism is grain
boundary slide for ZK60 magnesium alloy in the
temperature range of 573 ~ 673 K. Meanwhile the
slight elongation of grains along the tensile direction
suggests the occurrence of intragranular slip during the

superplastic deformation of ZK60 magnesium alloy.

3.3 Diffusion bonding

Because ZK60 magnesium alloy possesses out-
standing superplasticity at in temperature range of
573 = 673 K, diffusion bonding can be carried out
through composite technique of SPEF/DB at this
temperature range. In order to compare the joint
with the base metal, the specific strength is calcu-
lated, which is the ratio of the shear strength of
the joint and that of the base metal. In the present
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Fig.3 Microstructures of fractured specimens

deformed at 573 K(a) and 673 K(b)

7ZK60 alloy the shear strength is 86.5 MPa. The
results of the shear strength tests for the joints af-
ter diffusion bonding are listed in Table 1. It is
shown that the diffusion bonding strength depends
on bonding pressure and time, and it tends to in-
crease with the increase of bonding time and pres-
sure.

Table 1 Shear strengths of joints bonded at 673 K

Pressure/  Time/ Shear strength/  Specific strength/
MPa h MPa %
3 2 NA NA
3 3 NA NA
3 5 56.2 0.65
5 1 NA NA
5 2 58.0 0. 67
5 3 69.2 0. 80
10 0.5 52.8 0.61
10 1 70.9 0.82
15 0.5 58.8 0. 68
15 1 44.1 0.51

NA: Strength was not determined for specimen lack of bond-
ing after diffusion bonding test.

The maximum specific strength of 0. 82 is ob-
tained at the bonding pressure of 10 MPa for 1h
holding time. Fig. 4 shows the SEM micrographs
of the cross section of the interfaces bonding for
different holding time under a pressure of 10 MPa
at 673 K, the specimens were cooled rapidly to
room temperature after bonding.

Fig. 4

SEM micrographs of cross sections

for different holding times
(a) —0.5h; (b) —Lh

Fig. 4(a) shows the SEM micrograph of the
specimen held for 1 h, which possesses the high
specific strength of 0. 8. Fig.4(b) shows the SEM
micrograph of the specimen held for 0. 5 h. When
the specific strength is high, the bond line is invisi-
ble. On the contrary, when the specific strength is
low, the bond line is observed clearly. It appears
that the original separate interface forms voids,
which gradually disappear during the diffusion
bonding process. So the low bonding strength is
suggested to concern with the presence of voids,
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since the stress within the interfaces would cause a
plastic flow through conventional creep or super-
plasticity, and would diffuse from the interfaces to
the void surface and bonding surface. When the
grain size is smaller than the void size in the case of
superplastic materials, the mass transfer through
the grain boundaries would significantly influence

for the numerous grain
[ 16]

the bonding behavior,
boundaries intersect the void surfaces In order
to obtain high specific strength, a higher bonding
pressure or a longer holding time is required to
make the visible bond line disappear and improve
the joints quality.

Since the superplasticity depends on the grain
size, the diffusion bonding process would also be
grain size dependent''”. For the diffusion bonding
of light metals, sound joining is marked by the
disappearance of the original interfaces. According
to the characteristics of diffusion bonding of ZK60
superplastic materials, the disappearance of the
original interfaces is greatly attributed to the diffu-
sion of interface atoms.

On the other hand, there is obvious variation
in the grain size before and after diffusion bonding.
As shown in Fig. 5, the average grain size of speci-
mens grows from 8. 2 Bm (Fig. 5(a)) to 17.9 Hm
(Fig.5(b)) at 673 K, which leads to the slide of
original boundaries, and the residue of slide is

shown in Fig.5(b).

For grain growth is also

Fig. 5 Microstructures of diffusion bonding
(a) —Origin structure; (b) —673 K

attributed to the diffusion of atoms, it is concluded
that the mechanism of diffusion bonding of super-
plastic ZK60 is atom diffusion and original grain
boundaries slide caused by grain growth'' .

4 CONCLUSIONS

1) ZK60 magnesium alloy exhibits superplas-
ticity at the temperatures from 573 K to 673 K.
The elongation significantly increases when in-
creasing temperature and decreasing strain rate. A
maximum elongation of 1106% is obtained at a
strain rate of 5.56x 10" *s™ " at 673 K.

2) The grain shapes of ZK60 magnesium alloy
remain equiaxial after superplastic deformation, in-
dicating the dominant mechanism in superplastic
deformation of ZK60 magnesium alloy is grain
boundary slide. Meanwhile the slight elongation of
grains along the tensile direction suggests the oc
currence of intragranular slip during superplastic
deformation.

3) The maximum specific strength of 0. 82 is
obtained at the bonding pressure of 10 MPa for 1h
holding time. There is no bond line visible in the
original interfaces.

4) The mechanism of diffusion bonding of
superplastic ZK60 is the slide of original grain
boundaries caused by atom diffusion and grain
growth, and sound joints with high specific
strength are obtained through sufficient diffusion
of the interface atoms.
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