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The present paper described the investigation of the joint properties of friction welded joint between pure magnesium
(CP-Mg) and pure aluminium (CP-Al) with post-weld heat treatment (PWHT). The joint in as-welded condition
fractured from the adjacent region of the weld interface, although that had the same strength as the tensile strength
of the CP-Al base metal. This joint had the intermediate layer (interlayer) consisting of intermetallic compound
(IMC) on the weld interface, and its thickness was below approximately 1 μm. Most of joints subjected to PWHT
autogenously fractured at IMC interlayer and that mainly occurred between Mg2Al3 and Mg17Al12 although those
layers had a little each other at the fractured surfaces. The IMC interlayer grew to CP-Mg and CP-Al sides, and its
thickness increased with increasing heating temperature and/or heating time. The main reasons for the autogenous
fracture from the adjacent region of the weld interface of the joint were considered the growth of IMC interlayer of
the joint during PWHT process. Furthermore, that fracture of the joint was thought the generating of the thermal
stresses in the radial and/or circumferential directions during the cooling stage of PWHT process.
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1. Introduction
Dissimilar metal joints (referred to as dissimilar
joints) have some advantages such as high functionality
characteristics for the industrial usage. Since an
expansion in the use of dissimilar joints is expected and
widely used in various component parts, easy welding
method for dissimilar joints is strongly required. On the
other hand, the dissimilar joints have several severe
problems. In particular, one problem will occur when
the dissimilar joints are operated at elevated temperature
environment, and/or after post-weld heat treatment
(referred to as PWHT). In addition, the intermediate
layer (interlayer) consisting of a brittle intermetallic
compound (IMC) will generate at the joint interface of
both dissimilar metals, so that IMC interlayer will give
fatal damage to equipments [1]. Some researchers had
reported the mechanical and metallurgical properties of
dissimilar joint, which was made with various welding
method subjected to PWHT such as friction welding
[2-4], friction stir welding [5-7], explosion welding [8],
laser welding [9-11], electron beam welding [12,13],
and arc welding [14-16]. However, even the PWHT
condition of dissimilar joint made by friction welding
method that has less generating IMC interlayer at the
weld interface, has not been fully clarified. In particular,
it is one of the main reasons for the concerned point
that the joint will be fractured from the weld interface
after PWHT [17,18]. To utilize of dissimilar joint for
industrial usage, it is very essential to clarify the joint
strength and fractured portion of that under various
PWHT conditions, because it is considered that the joint

will be used into high temperature conditions.
Moreover, if the characteristics of dissimilar joint
subjected to PWHT will be clarified, it will be also
useful under extreme conditions such as aerospace
industry.
In previous works, some of the authors were
investigated as basic research that the effect of friction
welding conditions on the mechanical (mainly tensile
strength) and metallurgical properties of the joint with
various PWHT conditions in addition to as-welded
condition up to now for dissimilar joints made by
friction welding method as following combinations:
pure titanium (Ti) and austenitic stainless steel [19],
pure Ti and pure aluminium (Al) [20], pure Ti and Al
alloys [21], pure Ti and pure nickel (Ni) [22], Al alloys
and low carbon steel (LCS) [23], pure Al and LCS [24],
brass and LCS [25], and pure Al and pure Ni [26,27].
From those reports, even though the friction welding
process can minimize the generation of IMC interlayer
between dissimilar metals, it was estimated that IMC
interlayer will be affected to PWHT condition for the
joint fracture. In particular, it is very useful to clarify
the fractured portion of dissimilar joint and that reason
to design of the joint. However, the fractured portion of
dissimilar joint differs, since mechanical properties such
as the tensile strength and thermal properties such as the
thermal conductivity are different in their combinations.
Hence, to clarify the cause of the fractured portion of
dissimilar joint subjected to PWHT is strongly required
for design of the joint made by friction welding method,
because the guideline of that joint for using into high

temperature condition will be obtained.
According to the back ground described above, the
authors have been carrying out research to clarify the
fracture mechanism of dissimilar joint made by friction
welding method subjected to PWHT. In this report, the
authors chose in the present work the combination of
between pure magnesium (Mg) and pure Al, because an
expansion in the use of those materials are expected in
various component parts, and the joint of those
combination will be expected to be used in the transport
industry. Furthermore, this dissimilar joint in as-welded
condition for those material combinations had IMC
interlayer at the weld interface which will be described
later. Hence, the authors investigate the fracture of the
friction welded joint between pure Mg and pure Al,
under various PWHT conditions, and also will clarify
the composition of IMC interlayer and its growth
mechanism, because it will be considered that the
interlayer will grow during PWHT process. In addition,
the authors will present about how the fracture will
occur at the adjacent region of the weld interface of
friction welded joint between pure Mg and pure Al
during the cooling stage of PWHT process.
2. Experimental procedure
2.1 Materials and friction welding condition
Commercially pure Mg (referred to as CP-Mg) and
commercially pure Al (referred to as CP-Al) of 16 mm
diameter round bars were used throughout in the
experiments in this study. CP-Mg bar had the chemical
compositions of 0.006Al-0.01Mn-0.01Si-0.004Fe-Mg in
balance (mass%), and that was supplied with an
ultimate tensile strength of 219 MPa and an elongation
of 8.0%, respectively. CP-Al bar had the chemical
compositions of 0.25Si-0.40Fe-0.05Cu-0.05Mn-0.05Mg0.05Zn-0.03Ti-Al in balance (mass%), and that was
supplied with an ultimate tensile strength of 82 MPa, a
0.2% yield strength of 44 MPa, and an elongation of
42.5%, respectively. Both round bars were used for the
experiments in this study as received condition. Those
materials were machined to 70 mm length, i.e. the
diameter of the weld faying (contacting) surface was 16
mm. Then, all weld faying surfaces were polished with
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Fig. 1 Dimension of joint for fracture test during
PWHT.

a buff before joining in order to minimize the effect of
its surface roughness on the joint properties [21].
A continuous (direct) drive friction welding machine
was employed for joining. During friction welding
operations, the friction welding condition was set to the
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following combinations: a friction speed of 25 s (1500
rpm), a range of friction pressures from 10 to 50 MPa, a
range of friction times from 0.5 to 2.5 s, a forge
pressure of 90 MPa, and a forge time of more than 6.0
s. All joint tensile test specimens were machined to 12.5
mm diameters and 60 mm in parallel length. Then, the
joint tensile test was carried out in as-welded condition
(hereafter the joint with this condition called as the AW
joint) at room temperature. In addition, analysis via
SEM-EDS was carried out to analyse the chemical
composition at the adjacent region of the weld interface
for the joint in as-welded condition.
2.2 Fracture test of joint and PWHT condition
The fracture test of joint subjected to PWHT was
carried out as follows. The specimen for the fracture
test was machined to 8 mm in diameter in parallel
length as shown in Fig. 1, and it was machined to AW
joint. Figure 2 shows the fracture test equipment with a
vacuum furnace that carried out with PWHT in order to
progress with IMC interlayer growth. The joint (the
specimen for the fracture test) was set on the spacer that
was put into a vacuum furnace, CP-Mg side of its joint
was set to like as a cantilever. Furthermore, two kinds
of thermocouples were attached to CP-Mg and CP-Al
sides respectively, for the fracture test. One
thermocouple was used for measuring temperature of
the joint, and another was for measuring occurrence of
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Fig. 2 Schematic illustration of joint fracture test equipment.
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Fig. 3 Pressure and temperature cycle diagrams of
PWHT.

fracture for it during this process. The former
thermocouple was connected to the large diameter part
of the joint (CP-Mg side), and the latter one was
connected to the 8 mm diameter part of that (CP-Al
side). When the joint fractured from the adjacent region
of the weld interface during PWHT, the latter
thermocouple indicated its temperature and timing with
a breaking of measuring current. Figure 3 shows the
pressure and temperature cycle diagrams of PWHT. The
heating temperatures were at 423 to 673 K (150 to 400
℃) and the heating times were from 43.2 to 86.4 ks (12
to 24 hours), and those were set under the vacuum
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environment of approximately 0.1 Pa (7.5× 10 torr),
which was shown in Fig. 3. Then, when PWHT to the
joint was finished with a setting heating time, it was
cooled to room temperature by furnace cooling, i.e. the
heating was stopped. Thereafter, this joint (hereafter the
joint with this condition called as the PWHT joint) was
taken out from the furnace. The details of this
experimental method were the same of those in a
previous report [26]. After fracture test, analysis via
SEM-EDS was carried out to analyse the chemical
composition at the cross-section of PWHT joint. In this
case, some samples for SEM observation of the
cross-sections of PWHT joints were mounted into resin
for ease of handling, and those were analysed.
Furthermore, the fractured surfaces of PWHT joints
were also analysed using X-ray diffraction analysis.
2.3 In situ observation of IMC interlayer of joint
To clarify the characteristics of the IMC interlayer of
the joint, the continuous in situ observation during
PWHT process was carried out. The specimen (AW
joint) was used with the shape wherein the adjacent
region of the weld interface of the joint was processed
with 3 mm in diameter and 3 mm in thickness by wire
electric discharge machining. Then, the continuous in
situ observation during PWHT process was carried out
at a heating temperature of 573 (300 ℃ ) and/or 673 K,
and it was heat treated in a vacuum environment. A
high temperature microscope was used for the
observation of the IMC interlayer growth at the weld
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Fig. 5 Relationship between friction time and joint
efficiency of AW joint.
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Fig. 6 Example of appearance of joint tensile tested
specimen for AW joint.

interface, which was recorded continuously using digital
video. The detailed method of this in situ observation
has been described in previous reports [20,24].
3. Results
3.1 Properties of as-welded joint
To clarify the characteristics of AW joint, the tensile
and metallurgical properties of that was investigated.
Figure 4 shows an example of the joint appearance at a
friction time of 50 MPa and a friction time of 1.0 s. The
flash (burr or collar) of CP-Mg and CP-Al was
exhausted from the weld interface. That is, the
appearance of AW joint was displayed as completely
joined, although the quantities of the flash differed at
the joint with other friction welding conditions. Figure 5
shows the relationship between the friction time and the
joint efficiency of AW joint. The joint efficiency was
defined as the ratio of joint tensile strength to the
ultimate tensile strength of the CP-Al base metal. Figure
6 shows an example of the appearance of the joint
tensile tested specimen for AW joint. When the joint
was made with a friction pressure of 10 MPa as showed
by the open rhombus symbols in Fig. 5, the joint
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Fig. 8 Example of fractured surfaces of PWHT joint.
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Fig. 7 SEM image and EDS analysis result at central
portion on adjacent region of weld interface for
cross-section of AW joint; friction pressure of 50 MPa
and friction time of 1.0 s.

efficiency was approximately 60% at a friction time of
0.5 s. The joint efficiency at other friction times was
also around 60% although that had a scattering. In
addition, the joint efficiency with a friction pressure of
20 MPa as showed by the solid inverted triangle
symbols was approximately 60%. That is, the joint
efficiency of AW joint with a friction pressure of 10
MPa was kept around 60% regardless of friction time.
On the other hand, when the joint was made with a
friction pressure of 50 MPa as showed by the open
circular symbols, the joint efficiency was around 100%
at friction times of 1.0 to 2.0 s. That is, the joint with
high friction pressure and opportune friction time had
high tensile strength that was similar to the tensile
strength of CP-Al base metal. However, all joints
fractured at the adjacent region of the weld interface as
shown in Fig. 6, although those joints with around
100% joint efficiency had the plastic deformation on the
CP-Al side which was indicated by an arrow in this
figure. In this case, the joint efficiency of some joints
was obtained 100% or higher, because the parallel part
length of the joint tensile test specimen was shorter. The
IMC interlayer at the weld interface of the joint affected
to the tensile strength of its joint, and that was also
reported by some authors although the friction welding
conditions differed [28-30].
Figure 7 shows the SEM image and EDS analysis
result at the central portion on the adjacent region of the

weld interface for the cross-section of AW joint. This
joint was made with a friction pressure of 50 MPa and a
friction time of 1.0 s. The distribution lines
corresponding to Mg and Al had a slightly plateau part
at the weld interface, although the weld interface was
slightly unclear. The chemical composition of the
location (1) was 91.1%Mg-8.9%Al (in mol.%). It was
considered that this location was CP-Mg side. The
composition of the location (2) was 74.4%Mg-25.6%Al
and this part will be considered as the transition area.
Those of locations (4) and (5) were 7.5%Mg-92.5%Al
and 1.0%Mg-99.0%Al, respectively. It was considered
that those locations were CP-Al side although those had
scattering. On the other hand, the composition of the
location (3) was 44.0%Mg-56.0%Al. That is, it was
considered that the location (3) was the IMC interlayer.
However, it was difficult to identify the IMC interlayer
based on the SEM observation level because that
thickness was very thin such as below 1 μm, and the
peak was unclear by X-ray diffraction analysis.
Therefore, although further investigation will be needed
to establish the friction welding condition for obtaining
the joint without IMC interlayer at the weld interface,
that interlayer seems to be the cause of the fracture of
AW joint from the adjacent region of the weld interface
as shown in Fig. 6. In addition, it was clarified that the
joint fractured portion was affected to IMC interlayer,
of which thickness was below 1 μm, although the joint
had 100% joint efficiency. The similar IMC interlayer
was also observed in some dissimilar joints in other
welding method such as diffusion welding [31], friction
stir welding [32], friction stir spot welding [33],
ultrasonic welding [34], explosion welding [35], laser
welding [36], and roll welding [37].
3.2 Properties of PWHT joint
To clarify the effect of the joint properties on IMC
interlayer at the weld interface of AW joint, PWHT was
carried out to that joint. However, when the joint
(PWHT joint) took out from a vacuum furnace, almost
all joints already fractured from the adjacent region of
the weld interface as shown in Fig. 6, although it did
not have the plastic deformation on the CP-Al side.
That is, the joint autogenously fractured during PWHT
process. Furthermore, the PWHT joint with low heating
temperature of below 623 K (350 ℃ ) did not have the
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Fig. 9 SEM images and EDS analysis results at central portion on adjacent region of weld interface for cross-section of
PWHT joint; heating temperature of 673 K and heating time of 86.4 ks.
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Fig. 10 X-ray diffraction analysis results of fractured surfaces of PWHT joint; heating temperature of 673 K and heating
time of 86.4 ks.

autogenous fracture, but that had the fracture at the
adjacent region of the weld interface (data not shown
due to space limitations). In brief, all PWHT joints
fractured at the adjacent region of the weld interface
through PWHT. Figure 8 shows an example of the
fractured surfaces of joint fracture test specimen after
PWHT. This joint was made with a friction pressure of
50 MPa and a friction time of 1.0 s, and it was treated
with a heating temperature of 673 K and a heating time
of 43.2 ks, i.e. it had the autogenous fracture during

PWHT process. The fractured surfaces showed an
almost flat face, i.e. the PWHT joint had a brittle
fracture. Hence, it was considered that the generating
and growing of IMC interlayer seems to be the cause of
the autogenous fracture of the joint, because AW joint
had also the interlayer at the weld interface (see Fig. 7).
Figure 9 shows the SEM images and EDS analysis
results at the central portion on the adjacent region of
the weld interface for the cross-section of PWHT joint.
This PWHT joint was treated with a heating
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Fig. 11 Microstructures at central portion on adjacent region of weld interface for cross-section of AW joint during
PWHT; heating temperature of 673 K.

temperature of 673 K and a heating time of 86.4 ks.
The distribution lines corresponding to Mg and Al had a
plateau part at the weld interface of the CP-Mg side as
shown in Fig. 9a. The compositions of the locations (1)
to (3) were 100%Mg, and that of the location (4) was
94.8%Mg-5.2%Al, respectively. It was considered that
those locations were CP-Mg side, although it had
scattering. However, the composition of the location (5)
was 49.5%Mg-50.5%Al. That is, the location (5) was
the IMC interlayer, and its width was approximately 46
μm. It was considered that this interlayer was Mg17Al12.
The composition of this location was similar to that of
AW joint (see Fig. 7). On the other hand, the
distribution lines had also a plateau part at the weld
interface of the CP-Al side, as shown in Fig. 9b. The
composition of the location (1) was 46.8%Mg-53.2%Al,
and then that at (2) and (3) were (36.2-37.1)%Mg(62.9-63.8)%Al, respectively. Those locations were the
IMC interlayer, and its width was approximately 173
μm. That is, the chemical composition of the location
(1) differed with that of locations (2) and (3). Therefore,
it was considered that the IMC interlayer composed two
layers. In addition, it was considered that the IMC
interlayer of the location (1) was Mg17Al12 and that at
locations (2) and (3) was Mg2Al3, respectively. The
compositions of locations (4) and (5) were
(1.3-2.2)%Mg-(97.8-98.7)%Al, and it was considered
that those were CP-Al side. The joint with other PWHT
conditions as well as the other observed portion in this
PWHT joint had two layers at the weld interface,
although those results were not shown here. Hence, it
was clarified that the joint had the autogenous fracture
by the growth of IMC interlayer.
Figure 10 shows the X-ray diffraction analysis results
of the fractured surfaces on CP-Mg and CP-Al sides of
PWHT joint, respectively. In this case, PWHT joint was
also treated with a heating temperature of 673 K and a
heating time of 86.4 ks. Mainly Mg17Al12 and Mg2Al3
diffraction patterns were detected on the CP-Mg side
fractured surface as well as Mg and Al was detected on
it (Fig. 10a). In addition, mainly Mg17Al12 and Mg2Al3
diffraction patterns were detected on the CP-Al side
fractured surface as well as Al was detected on it (Fig.

CP-Mg Mg Al
17 12
side

CP-Al
side

Mg2Al3

Al
Mg

(1)

(2)

(3)

(4)

(5)

100 μm
Located Chemical composition, mol.%
portion
Mg
Al
(1)
(2)
(3)
(4)
(5)

100.0
46.6
34.8
33.2
0.0

0.0
53.4
65.2
66.8
100.0

Fig. 12 SEM image and EDS analysis result at central
portion on adjacent region of weld interface for
cross-section of AW joint through PWHT; heating
temperature of 673 K and heating time of 43.2 ks.

10b). That is, both fractured surfaces had Mg17Al12 and
Mg2Al3, and the IMC interlayer of the PWHT joint was
composed with those layers. Therefore, it was clarified
that the joint had the autogenous fracture from between
Mg17Al12 and Mg2Al3 layers.
3.3 In site observation of IMC interlayer
Figure 11 shows the microstructures at the central
portion on the adjacent region of the weld interface for
the cross-section of AW joint during PWHT process. In
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Fig. 13 Relationship between heating time and thickness of IMC interlayer at central portion of weld interface for AW
joint during PWHT at various heating temperatures.

this case, a heating temperature was set to 673 K. In
addition, the region for in site observation had the
indentation marks produced by Vickers hardness test
machine to clarify the generating and growing of IMC
interlayer. The IMC interlayer was not observed at the
weld interface of AW joint as shown in Fig. 11a,
because that interlayer was very thin as shown in Fig. 7.
However, the IMC interlayer grew toward CP-Mg and
CP-Al sides, and its thickness was increased with
increasing heating temperature (see Figs. 11b through
11d). That is, the IMC interlayer grew with increasing
heating time. The growth of IMC interlayer was
observed in other heating temperatures, although those
results were not shown here. In this connection, the
growth of IMC interlayer was also reported of other
welding technique [38,39], although those were not in
site observation results.
Figure 12 shows the SEM image and EDS analysis
result at the central portion on the adjacent region of the
weld interface for the cross-section of AW joint through
PWHT with a heating temperature of 673 K and a
heating time of 43.2 ks. The IMC interlayer was
observed clearly, and its width was approximately 147
μm. The composition of the location (1) was 100%Mg,
and that at (6) was 100%Al, respectively. Those
locations were each base metals. The composition of the
location (2) was 46.6%Mg-53.4%Al, and it was
Mg17Al12. The compositions of the locations (3) and (4)
were (33.2-34.8)%Mg-(65.2-66.8)%Al, and it was
Mg3Al2. The compositions of those interlayers of AW
joint by in site observation, which was treated with
PWHT, corresponded to that of PWHT joint. Hence,
AW joint had IMC interlayer through PWHT, of which
composed with Mg17Al12 and Mg3Al2.
Figure 13 shows the relationship between heating
time and thickness of IMC interlayer at the central
portion of the weld interface for AW joint during
PWHT process at various heating temperatures. The
data in Fig. 13 were measured from the recorded digital
video camera by in site observation as shown in Fig. 11.

When AW joint was heat treated at a heating
temperature of 673 K as shown in Fig. 13a, the
thickness of IMC interlayer increased with increasing
heating time. In addition, the thickness of IMC
interlayer increased with increasing heating time at a
heating temperature of 573 K as shown in Fig. 13b.
However, the growth percentage of IMC interlayer by
heating time differed. That is, the thickness of IMC
interlayer at a heating temperature of 673 K was thicker
than that of 573 K. Hence, the IMC interlayer grew by
increasing heating temperature and/or heating time, and
it was clarified. This autogenous fracture of the joint
was the same result of that between pure Ni and pure
Al [26].
4. Discussion
Based on the above results, the joint between CP-Mg
and CP-Al had the IMC interlayer, which was mainly
composed of Mg17Al12 and Mg2Al3, at the weld interface,
and those layers grew by increasing heating temperature
and/or heating time. Furthermore, this joint had the
autogenous fracture from between those layers by
PWHT (see Figs. 8 and 9). To clarify the autogenous
fracture of the joint during PWHT process, the
calculation of the thermal stress at the adjacent region
of the weld interface of the joint by thermal
elastic-plastic analysis with the finite element method
(FEM) method were carried out.
4.1 Calculation method for thermal analysis of joint
during PWHT process
FEM analysis program was developed by some of the
authors, which used FORTRAN in order to elucidate the
thermal stress distribution at the adjacent region of the
weld interface of the joint during the cooling stage of
PWHT process. FEM model, i.e. the directions of
stresses and its mesh design are illustrated in Fig. 14.
The dimensions of the model were determined, and that
corresponded to the experimental result of the
investigation for the properties of PWHT joint (see
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Fig. 14 Calculation model of thermal stress at
adjacent region of weld interface for joint by
thermal elastic-plastic analysis.
section 3.2). The directions of thermal stresses for the
calculation were the radial, circumferential, and axial
(longitudinal) directions, and those were shown in Fig.
14a. Also, this model had an axi-symmetric body, and
the mesh size of the adjacent region of the weld
interface was smaller than that of another region,
because the residual stress at the adjacent region of the
interface of dissimilar joint was affected by the mesh
size [40], as shown in Fig. 14b. In this case, the IMC
interlayer was not considered because to clarify the
effect of the properties of welding materials. Then, the
calculation for the thermal elastic-plastic analysis was
carried out. The materials properties such as tensile
strength [41-43], yield strength [41-43], Young's
modulus [43-45], Poisson's ratio [44,45], and thermal
expansion coefficient [43,46,47] of both base metals
depend on temperature, and those were used for
calculation, and those were summarized in Figs. 15a to
15e. By the way, one of the purposes of this study was
to clarify the effect of thermal stress incited by PWHT
for the joint fracture. Therefore, the initial stresses (e.g.
residual stress) in the radial and circumferential
directions of AW joint was not considered, i.e. the
thermal elastic-plastic analysis of AW joint during the
friction and forge processes was not carried out in
actual calculation. In this connection, the residual stress
of many dissimilar joints will be relaxed by PWHT
[40]. That is, the generated residual stress at the
adjacent region of the weld interface of the joint after
welding (AW joint) is reduced during PWHT process
since the soft material side of dissimilar joint is relaxed.
However, it was reported that some joints was not
necessarily reduced through PWHT [48,49], because
new thermal stress is generated during the cooling stage
of PWHT process. Hence, the residual stress of AW
joint could be considered being negligible in this study,
and the calculation of the thermal stress of the joint

during the friction process at the welding was not
carried out because the target for this study was
clarification of the fracture mechanism for the dissimilar
joint during PWHT process. Therefore, the element was
assumed to be uniformly subjected to the temperature
change during the cooling stage of PWHT process. In
addition, the axial direction and the fixed ends of the
CP-Mg and CP-Al sides were restrained. The details of
the mesh design and calculation method were similar to
those in a previous report [27]. In this connection, the
calculated thermal stress at the outer surface was not
considered, because the singular point of thermal stress
occurred at this portion [27,50].
4.2 Thermal stress of joint subjected to PWHT
Figure 16 shows examples of the analytical results of
the thermal stress in the axial direction of the joint
subjected to PWHT. In this case, Fig. 16a showed the
stress distribution across the weld interface at room
temperature, Fig. 16b showed the stress distribution of
the radial direction on the weld interface at room
temperature, and Fig. 16c showed the relationship
between cooling temperature during PWHT process and
stress, respectively. Also, the tension of the thermal
stress was shown as the plus (+), and the compression
of that was shown as the minus (-), respectively. The
joint at room temperature after PWHT had large thermal
stress across the weld interface below about 13.2 mm
(about 6.6 mm on each side), as shown in Fig. 16a. The
maximum thermal stress was -59.8 MPa at the distance
from the weld interface of 0.35 mm in the CP-Mg side,
and that was +28.4 MPa at 0.9 mm in the CP-Al side,
respectively. In addition, the thermal stress at the axial
centre portion was smaller than that of the adjacent
region of the outer surface (outer surface portion), as
shown in Fig. 16b. The maximum stress at the outer
surface portion was obtained -12.8 MPa at the distance
from the axial centre of 3.945 mm in the CP-Mg side
and -9.8 MPa at 3.945 mm in the CP-Al side,
respectively. Moreover, the thermal stress was generated
at a cooling temperature below 613 K (340 ℃ ) during
PWHT process, and the maximum stress was obtained
at room temperature after PWHT, as shown in Fig. 16c.
That is, those results were meaning that the joint was
generating thermal stress in the axial direction through
the cooling stage until room temperature during PWHT
process. Hence, it was considered that the thermal stress
in the axial direction of the joint subjected to PWHT
will be affected to the joint fracture from the adjacent
region of the weld interface.
Figure 17 shows those results in the radial direction.
The joint at room temperature had also large thermal
stress across the weld interface below about 13.2 mm,
as shown in Fig. 17a. The maximum thermal stress was
+82.3 MPa at the distance from the weld interface of
0.05 mm in the CP-Mg side, and that was -60.8 MPa at
0.05 mm in the CP-Al side, respectively. The direction
of the thermal stresses differed with the result of Fig.
16a. In addition, the thermal stress at the axial centre
portion was larger than that of the outer surface portion,
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directions of joint at room temperature after PWHT.

as shown in Fig. 17b. The maximum stress at the outer
surface portion was obtained +82.3 MPa at the distance
from the axial centre of 0.75 mm in the CP-Mg side,
and -60.8 MPa at 0.75 mm in the CP-Al side,
respectively. The thermal stress was also generated at a
cooling temperature below 613 K during PWHT
process, and the maximum stress was obtained at room
temperature after PWHT, as shown in Fig. 17c.
Furthermore, the results in the circumferential direction
were similar to that of the radial direction, and this
analysis was axi-symmetric thermal elastic-plastic
analysis in this study, so that the stress of the radial
direction was theoretically equal to that of the
circumferential direction at the centre axis (axial centre)
of the joint [27]. Hence, those results were meaning that
the joint was generating thermal stress in the radial
direction through the cooling stage until room
temperature during PWHT process. Therefore, the
thermal stress in the radial direction of the joint
subjected to PWHT will be also affected to the joint
fracture from the adjacent region of the weld interface.
Figure 18 summarized the schematic illustrations of
the analytical results of the thermal stress in the axial,
radial, and circumferential directions of the joint at
room temperature after PWHT. The typical portions
along the axial direction, i.e. the axial centre,
half-radius, and peripheral portions are illustrated. In
addition, the arrow direction indicates the stress
direction. The thermal stress in the axial direction of the
outer surface portion at room temperature was
compression and the others were tension, as shown in
Fig. 18a. However, the tension thermal stresses of those
portions were smaller than the compression thermal
stress of the outer surface portion (see Fig. 16). Hence,
it was considered that those tension thermal stresses
were not affected to the joint fracture. On the other
hand, the thermal stress in the radial direction of the
CP-Mg side was tension, and that of the CP-Al side was
compression, as shown in Fig. 18b. The thermal stress
in the circumferential direction of the CP-Mg side was
tension, and that of the CP-Al side was compression as
shown in Fig. 18b. Hence, those thermal stresses were
affected to the joint fracture. Furthermore, those thermal
stresses were obtained at room temperature. That is, the
thermal stresses in the radial and circumferential
directions were generated at a cooling temperature
below 613 K during PWHT process and the maximum
values were obtained at room temperature after PWHT

(see Figs. 16c and 17c). Of course, it is necessary to
clarify the physical meaning of this temperature.
However, it will be estimated that the joint did not have
the autogenous fracture with high temperature
environment (during PWHT) by the thermal stress, and
that occurred through the cooling stage until room
temperature during PWHT process. It was considered
that the joint will be autogenously fractured by the
thermal stress mainly generated at the radius and/or
circumferential directions during the cooling stage of
PWHT process, although further investigation is
necessary to elucidate detailed characteristics of IMC
interlayer and the calculation of the thermal stress with
that interlayer. In this connection, it will be estimated
that the residual stress such as the thermal stress of
almost similar joints will be relaxed during the cooling
stage of PWHT process because the mechanical and
thermal properties are same [51]. However, the thermal
stress of dissimilar joint such as the combination in this
study was not relaxed during the cooling stage of
PWHT process as shown in Figs. 16 through 18. That
is, the thermal stress of a dissimilar joint during the
cooling stage of PWHT process was generated like as
fusion welding [52] due to the difference of mechanical
and thermal properties. Therefore, the dissimilar joint
subjected to PWHT will be able to consider that it was
welded. Hence, the joint between CP-Mg and CP-Al is
not suitable for use in high temperature conditions.
5. Conclusions
This report described the investigation of the joint
properties of friction welded joint between pure
magnesium (CP-Mg) and pure aluminium (CP-Al) with
post-weld heat treatment (PWHT). The followings were
concluded.
1) The joint in as-welded condition, which was made
-1
with a friction speed of 25 s , a friction pressure of
50 MPa, a friction time of 1.0 s, and a forge
pressure of 90 MPa, had approximately 100% joint
efficiency. However, this joint fractured from the
adjacent region of the weld interface. In addition,
this joint had the intermediate layer (interlayer)
consisting of intermetallic compound (IMC) on the
weld interface, and its thickness was below
approximately 1 μm.
2) Most of joints subjected to PWHT autogenously
fractured at IMC interlayer and that mainly occurred
between Mg2Al3 and Mg17Al12 although those layers

had a little each other at the fractured surfaces. That
is, this joint was approximately 0% joint efficiency,
and the IMC interlayer was composed with mainly
Mg2Al3 on CP-Mg side and Mg17Al12 on CP-Al side.
3) The IMC interlayer grew to CP-Mg and CP-Al
sides of the joint, and its thickness increased with
increasing heating temperature and/or heating time.
Then, the thickness of Mg2Al3 was thicker than that
of Mg17Al12.
4) The thermal stress in the radial and/or
circumferential directions of the joint at room
temperature after PWHT was larger than that of the
axial (longitudinal) direction, and those results were
calculated by FEM thermal elastic-plastic analysis.
5) The main reasons for the autogenous fracture from
the adjacent region of the weld interface of the joint
were considered the growth of IMC interlayer of the
joint during PWHT process. Furthermore, that
fracture was thought the generating of the thermal
stresses in the radial and/or circumferential
directions during the cooling stage of PWHT
process.
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