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Diffusion bonding of AZ91 alloy with a silver interlayer was carried out at 480 �C for different times under
1 MPa in a vacuum of 2 � 10�3 Pa. Shear test was applied to measure the shear strengths of the joints in
the room temperature. The shear strength values of all bonded samples were found around 65–70 MPa.
SEM–EDS studies indicated that the melting occurred along the interface of bonded samples as a result of
transfer of atoms between the interlayer and the matrix during bonding. XRD results confirmed that the
interlayer dissolved in the interface of joints. Investigations of the fracture surfaces showed that a good
bonding was obtained by plastic deformation.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Die-cast magnesium alloys offering good combination of cast-
ability, corrosion resistance and mechanical properties are widely
used for structural applications including automotive, industrial,
materials-handling, commercial, and aerospace equipment [1,2].
The disadvantages of these materials are the poor workability, lim-
ited ductility and low stiffness because of their hexagonal structure
and the degradation of mechanical properties at elevated temper-
atures [3–5]. As a general means of materials manufacturing, weld-
ing can be used to optimize product design and minimize the cost
production. Information published on welding of magnesium al-
loys were still limited. Welding methods such as TIG, LBW, electron
beam welding, friction welding and diffusion welding have already
been applied to join magnesium alloys [6,7].

Diffusion bonding is a solid state joining technique and has
widely used in titanium alloys, aluminum alloys, steels, and iron
aluminides [8–10]. During diffusion bonding two clean surfaces
are brought into contact under vacuum or atmosphere at low pres-
sure and elevated temperature less than 0.7 Tm [10,11]. Many fac-
tors affect the quality of diffusion bonds, including temperature,
pressure, time, metallurgical effects and interlayer. The optimal
conditions to produce high quality diffusion bonds have already
been reported for aluminum alloys, titanium alloys and steels [11].

Recently, the use of interlayers has been investigated for bond-
ing of the magnesium alloys. Aluminum foil was used as interlayer
on the bonding of TiC reinforced magnesium metal matrix compos-
ites (TiCp/AZ91D) and magnesium alloy (Mg–3Al–1Zn). These stud-
ll rights reserved.

: +90 272 6116353.
ies demonstrate the possibility of fabricating magnesium alloy
products using suitable interlayer [12,13]. In the present paper,
the possibility of joining AZ91 alloy using a silver foil interlayer
was investigated. The microstructure and mechanical properties
of bonded samples were examined.
2. Experimental

The alloy AZ91 (Mg–9Al–1Zn) was melted in a graphite crucible in vacuum fur-
nace under argon atmosphere at 750 �C. Then the molten metal was cast into metal
molds with 10 mm diameter under protective gas. The samples were machined to
8 mm diameter and 10 mm height. They were ground, polished with 1 lm diamond
paste and then cleaned in acetone. The silver foil used as interlayer was also cleaned
in acetone. Thickness of the interlayer was measured around 100 lm. Bonding pro-
cess was carried out at 480 �C for durations of 0.5, 1 and 2 h under 1 MPa pressure
in a vacuum of 2 � 10�3 Pa using diffusion welding furnace [14]. The heat rate of the
furnace was kept 1 �C/s. After the diffusion bonding, the samples cooled to room
temperature in air and no heat treatment was applied.

Bonded samples were cut perpendicular to the bonding interface. The speci-
mens were prepared according to standard metallographic procedures. Micro-
structures of original AZ91 alloy, bond region and fracture surfaces were
characterized by optical microscopy and scanning electron microscopy. The chem-
ical compositions of the bond interface and the matrix were determined using en-
ergy dispersive X-ray spectrometry (EDS). Microhardness measurements were
made on both sides of the bonded samples by means of Vickers indenter with a
load of 50 g with 20 s indenting time. Phase identification was performed using
X-ray analysis on the fractured specimen surfaces using Copper X-ray radiation
with a nickel filter.

A specially testing apparatus was designed to determine bond shear strength
because of not enough large of the bonded samples (Fig. 1). Bonded samples were
inserted in the testing apparatus and the testing apparatus was placed on a tensile
machine. Tests were carried out at room temperature and loading speed of 0.3 mm/
min. Three samples were tested for each bonding condition and their averages were
taken. In addition, to compare with the shear strength of bonded samples, cast AZ91
was annealed at 480 �C for 2 h, and then the shear test was applied. The mode of
fracture of the shear test pieces bonded for different times was characterized by
SEM examination.
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Fig. 1. Schematic illustration of shear strength testing apparatus.

Fig. 3. SEM images of the bonded samples for (a) 0.5 h and (b) 2 h.
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3. Results and discussion

Optical microstructure of as-cast AZ91 is shown in Fig. 2. This
image demonstrates the a-matrix and a–b phase mixture formed
along grain boundaries [15]. Scanning electron microscopy exam-
inations in the secondary electron mode using metallographically
prepared samples demonstrated that most of the interlayer dis-
solved in the bond interface of bonded samples for various times,
as seen in Fig. 3. SEM–EDS analysis taken from the center of the
bond interface into the matrix shows that the chemical composi-
tions of the bonded samples for 0.5, 1 and 2 h are similar (Fig. 4).
According to Mg–Ag phase diagram, partial melting occurs at the
bond region during diffusion bonding when the concentration of
solute atoms reach to a certain level. As a result of this situation,
the melting occurred along the bond interface of samples and Ag
interlayer dissolved in the matrix. Scanning electron microscopy
Fig. 2. Optical micrograph of the cast AZ91.
Fig. 4. Distribution of Mg, Al, Zn and Ag atoms in the interface of the bonded

samples for (a) 0.5 h and (b) 2 h.



Fig. 5. Variation of shear strengths of the bounded samples with increasing of the
bonding time.

Fig. 6. Micrographs of fracture surfaces of the bonded samples for (a) 1 h and (b)
2 h.
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examinations and EDS analysis results show that all bonded sam-
ples exhibit same behaviors.

For all bonding times, microhardness measurements taken from
the bond interface and the matrix revealed that there is no signif-
icant hardness variation. The hardness values are almost the same
as for the base metal AZ91. The shear strengths of AZ91 annealed
for 2 h at 480 �C and the bonded samples for various times were
determined using testing apparatus. The shear strengths of the
base alloy and the bonded samples variation of the bonding time
are shown in Fig. 5. Under the experimental conditions, the results
show that increasing the diffusion bonding time does not cause
important variation in the shear strengths of bonded samples.
Fig. 7. X-ray diffraction patterns of fractured surfaces of diffusion bonded samples for (a) 1 h and (b) 2 h.
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The shear strengths of the bonded samples are almost independent
of the bonding time. The shear strengths of bonded samples for dif-
ferent times are very close because the microstructure and the
chemical composition of the bond interface of bonded samples
for different times are similar.

SEM observations of the fractured surfaces of the bonded sam-
ples show the presence of plastic deformation as seen in Fig. 6. No
oxides and/or other contaminants are observed on the fracture sur-
faces. The XRD patterns of the fractured surfaces indicate that
Al0.1Mg0.9 phase forms (Fig. 7).

4. Conclusion

Vacuum diffusion bonding of AZ91 alloy with silver interlayer
was carried out successively at 480 �C for different durations under
1 MPa in a vacuum of 2 � 10�3 Pa. During the bonding process, the
melting occurred along the bond interface of samples and Ag inter-
layer dissolved in the matrix. After the bonding process, the macro
deformation was not observed at the bonded samples. All bonded
samples were produced with sound bonding without any micro-
pore, microcrack and oxide. The shear strengths are very close be-
cause the microstructures and the chemical compositions of the
bonded samples are similar. Under the experimental conditions,
the shear strengths of the bonded samples are almost independent
of the bonding time.
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