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ABSTRACT

The principal difficulty when joining magnesium (Mg) and aluminium (Al) lies in the
existence of oxide films and formation of brittle intermetallic in the bond region. However diffusion
bonding can be used to join these alloys without much difficulty. In this investigation, an attempt was
made to develop Temperature-Time and Pressure-Time diagrams for diffusion bonding of AZ61A
magnesium (Mg) and AA6061 aluminium (Al) dissimilar materials. The bonding quality of the joints
was checked by microstructure analysis and lap shear tensile testing. Based on the results
Temperature-Time and Pressure-Time diagrams were constructed. These diagrams will act as
reference maps for selecting appropriate diffusion bonding process parameters to join AZ61A
magnesium alloy and AA6061 aluminium alloy without trial experiments.
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1. Introduction

Magnesium (Mg)-Aluminium (Al) alloys have
good features such as low density, good damping
characteristics, dimensional stability, machinability and
low casting costs and hence recently attracted greater
attention in academic research and industrial
applications [1]. They are used in a wide variety of
aerospace structural applications due to some unique
performance such as low density, high specific strength
and good ductility. For example, they are considered as
advanced materials applied to parts in the automotive
and aerospace industries, where lightweight metals are
needed to minimize weight or to reduce stress at high
accelerations [2-3]. The research and application of Mg
and Al alloys have been extended from navigation and
military fields to civil products of high additional value
such as automobile, computer and communication
equipments. Dissimilar welding of Mg and Al alloys
would achieve weight reduction and high efficiency of
production by substitution of Mg and Al alloys for steels

[4].

However, the refractory oxide film of Mg and
Al results in inclusions at the weld metal. Moreover, the
conventional fusion welding technique causes severe
thermal cracking and easy formation of brittle
intermetallics in the joints produced. Therefore the
welding of Mg and Al dissimilar materials by the fusion
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welding method is very difficult [5]. Hence, the
researchers recommend diffusion bonding technique to
join these dissimilar materials. The selection of
diffusion bonding process variables affecting the
interfacial ~ structure, compound formation and
morphology is critical to attain good quality bonds [6].

The predominant process parameters in
diffusion bonding process are: (bonding) temperature,
(bonding) pressure and (holding) time [7]. From the
literature review, it is understood that the reported
literature [8-11] on diffusion bonding of Mg-Al
dissimilar materials could be counted with fingers.
Moreover, those literatures are focusing on
microstructure analysis, phase formation studies,
hardness survey at the interface and their subsequent
influence on bonding strength. Mahendran et al., [11]
developed diffusion bonding windows for joining
AA2024 aluminium and AZ31B magnesium alloys.
However, no literature was found on constructing
Temperature-Time (T-t) and Pressure-Time (P-t)
diagrams for joining Mg-Al dissimilar materials.
Hence, the present investigation was carried out to
construct  Temperature-Time and  Pressure-Time
diagrams for joining two important alloys, namely
AZ61A magnesium alloy and AA6061 aluminium alloy
and the details are presented in this paper.
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2. Experimental work

Square shaped specimens (50 mm X 50 mm)
were machined from rolled plates of 6 mm thick
magnesium (AZ61A) and 6 mm thick aluminium
(AA6061) alloys. The chemical composition of the base
metals used in this investigation is shown in Table 1.

Table 1: Chemical Composition (wt. %) of Base
Metals

Mg Si Ti Cr Mn Fe Cu Zn Al

AA6061-T6 10 0.5 0.15 0.1 0.15 0.7 0.2 0.25 Bal.

AZB1A Bal. 0.17 128 5.96

Table 2: Experimental Conditions and Lap Shear
Strength Results

Joint Bonding Bonding Ho_lding Bonding Shear
No Temperature  Pressure Time strength
(°C) (MPa) (min) (Yrﬁs)or (MPa)
)
1 350 10 15 No
2 375 2 30 No
3 375 5 15 No
4 400 5 5 No
5 400 5 30 Yes 10
6 400 5 60 Yes 20
7 400 5 90 No
8 400 10 15 No
9 400 10 30 Yes 18
10 400 10 60 Yes 24
11 400 15 5 No
12 400 15 30 Yes 22
13 400 15 60 Yes 30
14 425 2 15 No
15 425 5 5 No
16 425 5 20 Yes 28
17 425 5 30 Yes 34
18 425 5 60 No
19 425 10 5 No
20 425 10 15 Yes 42
21 425 10 30 Yes 52
22 425 10 45 No
23 425 15 10 Yes 28
24 425 15 15 Yes 24
25 425 15 30 Yes 26
26 425 20 15 No
27 450 5 10 No
28 450 5 15 Yes 12
29 450 5 20 Yes 12
30 450 10 5 No
31 450 10 10 Yes 10
32 450 10 15 Yes 10
33 450 15 5 Yes 10
34 450 15 10 Yes 10
35 475 5 5 No
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The bonding surfaces of the samples were
ground flat by 200#, 400# and 600# grit SiC papers and
cleaned in acetone prior to diffusion bonding [12]. The
polished and chemically treated  specimens were
stacked in a die made up of 316L stainless steel and the
entire diffusion bonding setup, shown in Fig. 1, was
inserted into a vacuum chamber (vacuum pressure of -
29 mm Hg was maintained). The specimens were heated
up to the bonding temperature using induction furnace
with a heating rate of 25°C/min, simultaneously the
required pressure was applied. After the completion of
bonding, the samples were cooled to room temperature
before removal from the chamber. By this procedure, 35
joints were fabricated using different combinations of
bonding temperature, bonding pressure and holding time
and they are displayed in Fig. 2. Microstructure analysis
was carried out using a light optical microscope to
check the formation of diffusion layer at the interface.
The magnesium side was etched with a solution
containing ethanol, picric acid, acetic acid and water
whereas the aluminium side was etched with Keller’s
solution. As the joints were not large enough for normal
lap shear testing, a non-standard test was devised to
measure the shear strength of the bonds. The dimensions
of lap shear tensile test specimen are shown in Fig. 3
and these specimens were prepared from the Mg/Al
diffusion bonded joints by a line cutting machine
(electric spark cutting). Test was carried out in 100 kN
capacity servo controlled Universal Testing Machine
and the results are presented in the Table 2.
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Fig. 1 Configuration of the Diffusion Bonding Setup

Fig. 2 Some of the Fabricated Diffusion Bonds
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3. Results

From the experimental results presented in
Table 2, the following inferences were obtained:

i If the bonding temperature was lower than 400
°C, then no bonding was occurred between
AZ61A magnesium alloy and AA6061
aluminium alloy and this was due to the
insufficient temperature to cause diffusion of
atoms (Fig. 4a).

il If the bonding temperature was greater than
450 °C, then the bonding pressure decreased
automatically after few minutes and this was
due to the melting of AZ61A magnesium alloy
due to higher temperature (Fig. 4b).

iii. If the bonding pressure was lower than 5 MPa,
then no bonding was occurred and this was due
to less number of contacting points (between
surface asperities) through which diffusion of
atoms generally should occur (Fig. 4c).

iv. If the bonding pressure was greater than 15
MPa, then the plates were deformed plastically
causing reduction in thickness and bulging at
the outer edges (Fig. 4d).

\2 If the holding time was less than 5 min, then no
bonding was occurred and this was due to the
insufficient time allowed for the diffusion
reaction to take place (Fig. 4e).

Vi. If the holding time was higher than 60 min,
then excessive grain growth followed by
melting of AZ61A magnesium alloy was
observed (Fig. 4f, 7c &7d).

Fig.3 Dimensions of Lap Shear Tensile Test
Specimen
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(a) Temperature < 400 °C  (b) Temperature > 450 °C

(c) Pressure <5 MPa (d) Pressure > 15 MPa

(e) Time <5 Min

() Time > 60 Min

Fig. 4 Photographs of Bonds Fabricated using Lower
and Upper Limits of Process Parameters

4. Developing Temperature-Time (T-t)
Diagram

The bonding temperature of 400- 450 °C,
bonding pressure of 5 MPa to 15 MPa and holding time
of 5-60 min yielded diffusion bonding between AZ61A
magnesium alloy and AA6061 aluminium alloy.
Temperature-time (T-t) diagram was constructed,
keeping bonding temperature in Y axis and holding time
in X axis. At a constant bonding pressure of 5 MPa, the
bonding temperature and holding time was varied to
find out the processing (working) limits. Similarly, the
experiments were conducted to find out the working
limits for the bonding pressures of 10 MPa and 15 MPa
respectively. These points were used to construct the
Temperature-time (T-t) diagram for the three bonding
pressures and they are displayed in Fig. 5a—c. The
selection of diffusion bonding process parameters inside
the region in the Temperature-time (T-t) diagram (Fig.
5a—c) always yielded good bonding between AZ61A
magnesium alloy and AA6061 aluminium alloys and
this was validated by conducting few more experiments.
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Fig. 5 Temperature-Time (T-t) Diagrams

From the Temperature-Time diagram the
following inferences can be obtained:

If bonding pressure increases, the holding time required

to get good bonds decreases, irrespective of bonding
temperature. However, the bonding pressure does not
have significant influence on bonding temperature. The
maximum and minimum bonding temperature to get
good bonds remain unaltered, irrespective of bonding
pressure.

Diffusion bonding utilizing a pressing
procedure depends on temperature and time. However,
it needs to be based on the initial mechanical bonding.
The press-bond experiments with aluminium alloys
indicates that high temperature, up to 0.881 of the
homologous temperature (Tn) and deformation are
highly influential on bond strength [13]
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Fig. 6 Pressure-Time (P-t) Diagrams

5. Developing Pressure-Time (P-t)
Diagram

Pressure-time (P-t) diagram was constructed,
keeping bonding pressure in Y axis and holding time in
X axis. At a constant bonding temperature of 400°C the
bonding pressure and holding time was varied to find
out processing (working) limits. Similarly the
experiments were conducted to find out the working
limits for the bonding temperature of 425°C and 450°C
respectively. These points were used to construct the
Pressure-time (P-t) diagram for the three bonding
temperatures and they are displayed in Fig. 6a-c. The
selection of diffusion bonding process parameters inside
the region in the Pressure-time (P-t) diagram (Fig. 6a—c)
always vyielded good bonding between AZ61A
magnesium alloy and AA6061 aluminium alloy and this
was validated by conducting few more experiments.
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From the Pressure-Time diagram the following
inferences can be obtained: If bonding temperature
increases, the holding time required to get good bonds
decreases, irrespective of bonding pressure. The
processing region shifts towards Y axis and the region is
narrowing down, when the bonding temperature
increases. However, the bonding temperature does not
have significant influence on bonding pressure. The
maximum and minimum bonding pressure required to
get good bonds remain unaltered.

(d) 120 min

Fig. 7 Optical Micrographs of the Specimen Bonded
at 400 °C and 5 MPa for the Diffusion Time of (a) 30,
(b) 60, (c) 90 and (d) 120 min.

Evren Atasoy et al., [14] bonded pure titanium
to low carbon steel using a silver interlayer. Bonding at
700 °C for 30 and 60 min of diffusion times could not
be achieved. The failure of bonding at 700 °C for 30 and
60 min of diffusion times can be attributed both low
temperature and insufficient time also. When the
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bonding temperature was increased to 750 °C without
any incremental in diffusion time, bonding could be
effected. It is well known that adequate heat, diffusion
time and pressure are required for atoms to diffuse in
this bonding method. Diffusion time is dependent
operation parameter and is interrelated with
temperature, pressure and the type of bonding.

The microstructures of the joints bonded at 400
°C and 5 MPa for 30 min, 60 min, 90 min and 120 min
was shown in Fig.7. A microstructure analysis indicates
that change in grain morphology is more obvious for
AZ61A magnesium alloy with the increasing diffusion
time than for AA6061 aluminium alloy. Equiaxed and
more homogeneous grains are seen in these specimens
due to absence of HAZ (heat affected zone) which exist
in the fusion welding methods.

Grain growth in the bonded materials can be
attributed to recrystallization and to the enveloping of
small grains by bigger ones. The tendency for grain
growth after recrystallization is related to grain
boundary energy. In order to obtain a lower level of
energy, total grain boundary per unit volume needs
decreasing and this, in turn, requires the growth of
grains. However, it is well known that grain growth is
not desirable [15, 16].

From the results, it is apparent that shear
strength of the bonds depends on bonding temperature,
bonding pressure and holding time. However, shear
strength cannot be used to evaluate the extent of
bonding because the specimens may have different
tempered conditions. But it was reported [17] that the
actual shear strength requirements of the bonds for
aircraft structures are generally in the order of 10-20
MPa. Hence, in this investigation, the shear strength of
the bonds was evaluated by conducting lap shear tensile
strength. From the shear strength values, it could be
inferred that all the bonds satisfy the above requirements
and falls under ‘good bonds’ category.

6. Conclusion

i. The Temperature-Time and Pressure-Time
diagrams, developed in this investigation, will
act as reference maps to the design engineers
and welding engineers for selecting appropriate
diffusion bonding process parameters to join
AZ61A magnesium alloy - AA6061 aluminuim
alloy without trial experiments.

ii. A bonding temperature of 425 °C, bonding
pressure of 10 MPa and holding time of 30 min
yielded highest shear strength due to the
formation of optimum thick diffusion layer at
the interface of AZ61A magnesium alloy -
AAB061 aluminuim alloy.
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