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a b s t r a c t
AZ31B magnesium alloys with various grain sizes and oxygen contents were prepared by powder metallurgy (P/M) combined with hot extrusion, and the P/M magnesium alloys were subjected to gas tungsten
arc welding (GTAW). Porosities are observed in weld joints of the P/M AZ31B alloys with high oxygen
contents. Gas composition analysis of porosity shows that the porosity originates mainly from the
decomposition of magnesium hydroxide formed during the fabrication of magnesium alloys. The porosity
can be decreased or prevented by reducing the amount of magnesium hydroxide (which is expressed as
oxygen content in the present study) in the base materials, through controlling the P/M processing time.
Use of a ﬁller rod and/or an insert sheet containing rare earth element La tends to decrease the porosity in
weld joints. When oxygen content in P/M AZ31B alloys is reduced to 440 ppm or less, sound weld joints
without porosity are obtained. Mechanical test demonstrates that tensile strength of the sound weld
joints of P/M AZ31B alloys is at the same level as that of weld joint of a commonly hot-extruded
AZ31B alloy.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Magnesium alloys are attractive engineering materials because
of their low density and high speciﬁc strength. They offer a high
potential for use as lightweight structural materials in such transport applications as automobiles and aircraft. Nevertheless, the low
toughness and poor room temperature formability of magnesium
alloys are limiting their widespread applications [1]. In order to
overcome these problems, grain reﬁnement techniques including
equal-channel angular processing [2–4], accumulative roll bonding
[5] and powder metallurgy (P/M) processes [6–7] have been investigated. Former studies show that P/M process is an effective way
to produce magnesium alloys with high strength [6], superior
impact toughness [7] and excellent corrosion resistibility [8].
In order to apply the newly developed high-performance P/M
magnesium alloys to various kinds of structures, welding or joining
technology is indispensable. There have been some studies dealing
with the joining of P/M steels, copper alloys and their composites
[9–11], but works on the welding of P/M magnesium alloys are rare
[12–13]. In general, P/M parts with porous or low density can be
joined by solid state joining processes such as friction welding
and diffusion bonding, while the P/M parts with high density or
minimal porosity may be joined by fusion welding processes such
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as gas tungsten arc welding and laser welding [14]. Previous works
demonstrate that a P/M magnesium alloy can be successfully
jointed by friction stir welding [12]; however, weld porosity is
formed in laser weld joints of the P/M magnesium alloy even
though it has extremely high density [13]. The porosity is argued
to result from the expansion of gases that have been entrapped
in the base material during the initial production processes and
later on are released during welding, although no porosity is
observed in the base material by means of microstructural
examination [13].
It is well known that magnesium alloys are easily corroded in
atmospheric environment, since magnesium is an extremely active
metal. The corrosion of magnesium alloys leads to the formation of
magnesium hydroxide on the surface of magnesium alloys [15].
Therefore, it is reasonable to suggest that magnesium hydroxide
may form on the surface of magnesium alloy powders during
P/M process, and magnesium hydroxide is likely entrapped in the
ﬁnal P/M magnesium alloys. The magnesium hydroxide entrapped
in the magnesium alloys may lead to porosity formation in fusion
welding processes. In the present work, the P/M AZ31B alloys with
various magnesium hydroxide amounts, which are measured and
expressed as oxygen content in the present work, are produced
and subjected to gas tungsten arc welding, aiming to comprehensively understand the formation mechanism of porosity in fusion
weld joints of P/M magnesium alloys. The formation mechanism
of weld porosity is discussed on the basis of gas composition
analysis of porosity. Meanwhile, attempts are made to prevent
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The chemical compositions of AZ61 and AZXE7113 magnesium
alloys are given in Table 1, in which the chemical composition of
AZ31B base material is also presented. The GTAW parameters are
given in Table 2. By the use of the parameters presented in Table
2 and with the help of a copper backing plate, full-penetration
single pass weld joints were achieved. The sketch of the copper
backing plate is given in Fig. 1c. No back shielding gas was used
during welding.
2.3. Metallurgical analyses and mechanical test

Fig. 1. Schematic illustration of gas tungsten arc welding of Mg alloy plates
produced by powder metallurgy: (a) butt welding without insert sheet, (b) butt
welding with insert sheet and (c) copper backing plate with a groove.

the weld porosity by reducing the oxygen content and using ﬁller
rods and/or insert sheets that contain rare earth element La. In addition, the microstructures and mechanical properties of sound
weld joints of the P/M AZ31B alloys are also investigated.
2. Experimental details
2.1. Materials
The materials employed in the present work were AZ31B alloys
produced by P/M process combined with hot extrusion. The initial
material for the preparation of P/M AZ31B alloys was an ASTMspeciﬁed AZ31B cast ingot. Table 1 gives the chemical composition
of the AZ31B ingot. The ingot was cut into plates of 210 mm in
length, 50 mm in width and 4.5 mm in thickness, and rolled to
sheets of 0.7 mm in thickness once by a twin-roller at room
temperature, and subsequently crushed to ﬂakes of about 5 mm
in diameter by a granulator. The ﬂakes were then collected and
pressed again by the twin-roller at room temperature, and the
sheets with microcracks, which were formed as a result of pressing
the collected ﬂakes, were again crushed to ﬂakes of about 5 mm in
diameter by the granulator. The above process was repeated 2–50
times under a controlled atmosphere, so that magnesium ﬂakes
produced through above process had various plastic strains and
oxygen contents. Subsequently, the ﬂakes were collected and consolidated to billets, and hot-extruded to plates of 75 mm in width
and 4 mm in thickness at the extrusion ram speed of 0.5 mm s1
and the extrusion temperature of 623–673 K. Five types of P/M
AZ31B plates (marked as sample A, B, C, D and E in the present
paper hereafter) having different mean grain sizes in the range of
1.40–2.68 lm and oxygen contents in the range of 140–3500
ppm were produced by changing rolling time of ﬂakes or powders
(i.e. powder processing time). For comparison, commonly hotextruded AZ31B plates (marked as sample F in the present paper
hereafter) with extremely low oxygen content were also produced
by hot extrusion of billets machined directly from the AZ31B ingot.
2.2. Welding parameters
The AZ31B plates including both P/M AZ31B alloys and commonly hot-extruded one were butt welded using gas tungsten
arc welding (GTAW) process, as schematically illustrated in
Fig. 1. For the purpose of reducing the porosity, butt joints of
P/M AZ31B alloys were also designed with an insert sheet of
extruded-cast AZXE7113 magnesium alloy (Fig. 1b). Two kinds of
ﬁller rods, which were made from extruded-cast AZ61 and
AZXE7113 magnesium alloys, were used in the present study.

Before welding, microstructures of P/M AZ31B alloys and
commonly hot-extruded one were examined with an optical
microscope and transmission electron microscope (TEM, JEOL:
JEM-2010), and oxygen content in the AZ31B alloys was analysed
with CPAA (Charged Particle Activation Analysis) method, as
described in more detail in previous studies [16]. Chemical
compositions of magnesium hydroxide and/or oxide particles were
analysed with an energy dispersive X-ray (EDX) spectrometer
equipped to the TEM. After welding, porosity and microstructures
in weld joints were observed by means of an optical microscope
and scanning electron microscope (SEM, JEOL: JSM-7000F). An
EDX spectrometer equipped to the SEM and X-ray diffractometer
(Rigaku: RINT-2000, with a copper target) were employed to ascertain the intermetallic phases in the welds. Specimens for optical
microscopy were polished and then etched with a solution of 10
g picric acid, 175 mL ethanol, 25 mL acetic acid, and 25 mL distilled
water. Thin foils for TEM observation were prepared by using a
focused ion beam instrument and examined with the TEM
operated at 160–200 kV.
In addition, gas compositions within the porosity and base
metal (BM) of welded specimens were analysed using Anelva
AGS-7000 quadruple-pole mass analysis meter, which can measure
the gas released from the porosity or BM by drilling the specimens
in a vacuum chamber, with the parameters shown in Table 3. The
diameter of the drill was 2 mm, and the depth of the drilled conical
holes was ca. 3 mm. More information on this analysis is described
in Refs. [17–19].
For the sound weld joints, the Vickers hardness proﬁles of the
weld joints were measured on cross sections perpendicular to
welding direction. For the hardness measurement, the load was
0.49 N, and dwell time was 20 s. The distance between measurements was 0.5 mm. Tensile specimens with reduced section of
12.5 mm in width, 60 mm in length and 3.8 mm in thickness were
machined from the sound weld joint samples as illustrated in Fig.
1, and tensile test was performed according to Japanese Industrial
Standards JIS Z 3121 [20] and JIS Z 2241 [21] at room temperature
using an Instron servohydraulic load frame operating at a constant
crosshead velocity of 1 mm min1. An average of three measurements was used to evaluate the tensile strength of the weld joints.
3. Results and discussion
3.1. Microstructures and oxygen content in P/M AZ31B alloys
Microstructures of P/M AZ31B alloys (samples A–E) and
commonly hot-extruded one (sample F) are shown in Fig. 2, where
the mean grain size and oxygen content are given for each sample.
All the P/M AZ31B alloys exhibit essentially equiaxed ﬁne grains
with mean grain size in the range of 1.40–2.68 lm. The oxygen
content in these P/M AZ31B alloys varies from 140 to 3500 ppm,
depending on magnesium alloy powder processing time. As the
powder processing time is longer, oxygen content in the P/M
AZ31B alloy is more. The commonly hot-extruded AZ31B alloy is
also essentially equiaxed, but the mean grain size is much larger
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Table 1
Chemical compositions of magnesium alloys used.
Magnesium alloy

Chemical composition (mass %)

AZ31B alloy
AZ61 ﬁller rod
AZXE7113 ﬁller rod and insert sheet

A1

Zn

Mn

Si

Fe

Cu

Ni

Be

Ca

La

3.19
6.25
6.81

1.05
0.98
0.96

0.39
0.29
0.01

–
0.01
–

0.003
0.001
0.008

0.010
0.001
0.001

0.0020
0.0001
0.0003

0.0007
0.0006
–

–
–
1.00

–
–
2.96

Table 2
Welding parameters.
Process

Dia. of tungsten electrode

Current

Arc length

Welding speed

Flow rate of Ar shield gas

GTAW

3.2 mm

160–165 A

1.7 mm

100 mm/min

10 ‘/min

Table 3
Parameters of quadruple-pole mass analysis meter for gas analysis.

a

Ionisation energy

70 eV

CEM voltagea
Mass number range
Scanning time
Beginning vacuum degree
Cutting tool

1400 V
2–100
0.52 s/scan
about 5  106 Pa
2/ drill

CEM refers to channel electron multiplier.

Fig. 3. TEM micrographs, electron diffraction patterns and EDX analysis results of
magnesium hydroxide and oxide particles in sample B: (a) bright ﬁeld image, (b)
dark ﬁeld image, (c) electron diffraction pattern of magnesium hydroxide indicated
in (a) by a square, (d) electron diffraction rings of magnesium oxide indicated in (a)
by a circle, (e) EDX analysis result of magnesium hydroxide particles indicated in (a)
by a square, and (f) EDX analysis result of magnesium alloy matrix indicated in (a)
by a rhombus.
Fig. 2. Microstructures of AZ31B alloys with various grain sizes and oxygen
contents.

(11.1 lm) and oxygen content is much less (5.6 ppm). No porosity
is observed for all samples.
Fig. 3 reveals TEM micrographs, electron diffraction patterns
and EDX analysis results of magnesium hydroxide and oxide
particles in sample B, as an example. Magnesium hydroxide and
oxide are present in all P/M AZ31B alloys. The magnesium hydroxide and/or oxide particles are in the range of several nanometres
to about 30 nm, and exist in the matrix of P/M AZ31B alloys (Fig. 3a
and b). Most of the particles are Mg(OH)2 (Hexagonal, a = 0.3144
nm, c = 0.4777 nm) (Fig. 3c), but some of them are MgO (Cubic, a
= 0.4211 nm) (Fig. 3d). The magnesium hydroxide is formed as a

result of the corrosion of magnesium in the atmosphere where
moisture is present [15]. The magnesium hydroxide and/or oxide
are also identiﬁed by the elemental analysis of the particles and
their adjacent matrix (Fig. 3e and f), but they are hardly distinguished from each other only by the elemental analysis because
the hydrogen element cannot be detected by the EDX analysis.
It should be noted that the boundaries of AZ31B powders or
ﬂakes are hardly observed with optical microscopy and TEM,
indicating that most of the powder boundaries have disappeared
after hot extrusion, probably because friction and dynamic recrystallisation occurred at the boundaries of powders during hot extrusion [12]. There is no b phase (Mg17Al12) in samples A–F, but a few
Al–Mn intermetallic particles (dark grey phase in Fig. 2), e.g. Al6Mn
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Fig. 5. X-ray radiographs of GTAW joints.

Fig. 4. Appearance of GTAW joints of sample B: (a) with AZ61 ﬁller rod but without
insert sheet and (b) with both ﬁller rod and insert sheet of AZXE7113..

and/or Al8Mn5, are present in the interior of grains and at grain
boundaries [16]. The P/M AZ31B alloys have comparatively high
ultimate tensile strength and yield strength. The yield strength
and mean grain size of all samples in the present work are in agreement with the Hall–Petch relationship. Previous works show that
the relation between yield strength (ry, unit: MPa) and mean grain
size (d, unit: lm) can be expressed as ry = 150.6 + 115.7 d1/2 [16].

Fig. 6. Macrographs of cross-sections of GTAW joints.

3.2. Porosity in welds
The appearance of GTAW joints of sample B is given in Fig. 4, as
an example. The GTAW joints of P/M AZ31B alloys exhibit good
appearance, and no weld defect is observed from both the front
and back surfaces of the joints. However, X-ray radiography reveals
that there are enormous volumes of porosity in the GTAW joints of
samples A and B, and some porosity in the joint of sample C welded
with an AZ61 ﬁller rod, as can be seen from Fig. 5. This is in conformity with the macrostructural examination result of cross-sections
of GTAW joints, which are shown in Fig. 6. It is obvious from Fig. 6
that the amount and the size of porosity in the joints of samples A
and B are large when they are welded with AZ61 ﬁller rods, and become smaller as AZXE7113 ﬁller rods are used. When both the
AZXE7113 ﬁller rods and the insert sheets are used, the amount
of porosity in the joints of samples A and B is remarkably
decreased. It can also be seen that the amount of porosity is decreased from samples A to C, and almost no porosity is observed
in samples D–F. The above results suggest that (i) the use of the
ﬁller rod comprising rare earth element La can reduce both the
amount and the size of porosity in weld joints, and the use of the
insert sheet further diminishes the amount of porosity; (ii) the

Fig. 7. Relation between area ratio of porosity in weld joint and oxygen content in
P/M AZ31B alloy.
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Table 4
Gas composition at different positions in weld joint of sample A welded with AZ61
ﬁller rod but without insert sheet, %.

a

Composition

WM 1

WM 2

BM

H2 (M/Za 2)
CH3 (M/Za 15)
H2O (M/Za 18)
N2 (M/Za 28)
Total

97.9
–
1.8
0.3
100

98.7
–
1.1
0.2
100

2.6
19.2
–
78.2
100

M/Z refers to mass number.

porosity in the GTAW joints is depressed when oxygen content in
the P/M AZ31B alloys is reduced.
Fig. 7 gives a quantitative relation between oxygen content in
the P/M AZ31B alloys and the area ratio of porosity in weld joint.
The area ratio of porosity is the proportion of the area of porosity
to the area of fusion zone or weld metal (WM), and is calculated
according to the photographs of cross-sections of GTAW joints. It
is clear from Fig. 7 that the area ratio of porosity is greatly inﬂuenced by the oxygen content, the type of ﬁller rod and the insert
sheet. The area ratio of porosity decreases with reducing oxygen
content in the P/M AZ31B alloys. In the case that the AZ61 ﬁller
rod is used, the area ratio of porosity decreases to be nearly zero
as oxygen content is 440 ppm or less. In the cases that the
AZXE7113 ﬁller rod or both the AZXE7113 ﬁller rod and the insert
sheet are used, the area ratio of porosity becomes to be approximately zero as oxygen content is below 940 ppm. The use of the
AZXE7113 ﬁller rod signiﬁcantly reduces the area ratio of porosity
in weld joints, as compared to the use of the AZ61 ﬁller rod.
3.3. Gas composition in porosity
Gas compositions in porosity and BM of sample A were
analysed. The analyses were performed at two different locations
in WM and one location in BM. The gas compositions at different
positions are shown in Table 4. It can be seen that H2 is the major
composition of porosity in WM, whereas the gas in BM consists
mainly of N2. Some CH3 is detected in BM, but the origin of CH3
is not understood at present. Considering the accident error of analytical result, there is a possibility that CH3 may be the error of O2
since the M/Z (i.e. the mass number) of O2 is 16, very close to that
of CH3. The gas composition analysis result suggests that the gas in
BM of the P/M magnesium alloys is formed by air entrapment during P/M process, because the principal composition of the gas in
the BM is N2, which is the main composition of air. A little H2 is also
found in BM. N2 and O2 in BM originate from air, whereas H2 in BM
probably comes from the reaction of Mg and moisture on the
surface of Mg alloy plates. The formation of H2, which is developed
by the reaction between Mg and H2O, is discussed in detail in the
following section. The H2 developed by the reaction may diffuse
into metals [22], and this is probably the reason that H2 is detected
in BM of magnesium alloys. The existence of H2 in BM of magnesium alloy is also reported elsewhere [19]. It can also been seen
from Table 4 that N2 inside porosity in WM is scarce although it
is the major component of the gas in BM. This is probably because
the gas inside porosity comes mainly from the decomposition of
magnesium hydroxides, as described in detail in the following section, and the ratio of N2 from BM is too low inside porosity. It
should be noted that gas volume in BM is extremely small as compared to that in WM.
3.4. Porosity formation mechanism and its prevention in welds of P/M
magnesium alloys
It has been documented that porosity formation in weld joints
of magnesium alloys is attributed to (i) hydrogen rejection from

the solid phase during solidiﬁcation [23–24], and/or (ii) coalescence and expansion of small preexisting pores or gas inclusions
in BM due to heating and reduction in internal pressure
[13,19,25–26], and/or (iii) entrapment of shielding gas induced
by turbulent ﬂow in the weld pool or imperfect collapse of the keyhole during laser welding [19,26]. The gas composition in the porosity formed by hydrogen rejection is H2, while that in the porosity
due to coalescence and expansion of small preexisting pores or entrapment of shielding gas consists mainly of N2 or shielding gas
composition, respectively. Since H2 is the principal composition
of porosity in the present work (Table 4), hydrogen rejection seems
to be the mechanism for the porosity formation. However, the porosity formed due to hydrogen rejection is usually small [27], dissimilar to the porosity with large sizes in the present work, and
in particular the conventional hydrogen rejection mechanism cannot explain the phenomenon that the area ratio of porosity in weld
joint is various for different P/M AZ31B alloys (Figs. 6 and 7). Because magnesium alloys are likely corroded in atmospheric environment and magnesium hydroxide is formed on the surface of
magnesium alloy powders [15–16,27], the porosity formation mechanism in weld joints of P/M magnesium alloys can be proposed
as follows.
As demonstrated by TEM observation together with electron
diffraction and EDX analysis, magnesium hydroxide exists in the
P/M AZ31B alloys. The magnesium hydroxide is produced on the
magnesium alloy powder surface due to atmospheric corrosion of
magnesium alloys. The atmospheric corrosion of magnesium alloys
can be expressed by the following reactions [1527]:

Mg ! Mg2þ þ 2e ðanodic reactionÞ

ð1Þ

2H2 O þ 2e ! H2 þ 2OH ðcathodic reactionÞ

ð2Þ

O2 þ 2H2 O þ 4e ! 4OH ðcathodic reactionÞ

ð3Þ

Mg2þ þ 2OH ! MgðOHÞ2 ðproduct formationÞ

ð4Þ

The H2O needed for the corrosion reaction comes from the humidity or moisture in atmosphere, and the corrosion reaction can
occur at room temperature. The corrosion product Mg(OH)2 on
the surface of magnesium alloy powders, which exists as thin ﬁlm
or particles, will be entrapped into powder billets and included in
magnesium alloys ﬁnally produced by hot-extrusion. With the increase in magnesium alloy powder processing time, more magnesium hydroxide particles or ﬁlms are included in P/M AZ31B alloys.
This is the reason why the oxygen content is increased from samples E to A (Fig. 2).
When the P/M AZ31B alloys are welded by GTAW process, the
magnesium alloys are melted at fusion zone, and the magnesium
hydroxide is decomposed into magnesium oxide (MgO), oxygen
and hydrogen gases, as expressed by the following reactions:

MgðOHÞ2 ! MgO þ H2 O

ð5Þ

2H2 O ! 2H2 þ O2

ð6Þ

Oxygen will react with magnesium to form magnesium oxide at
high temperature, and the magnesium oxide formed by both magnesium hydroxide decomposition and reaction of magnesium with
oxygen will ﬂoat onto the surface of weld pool. Hydrogen may react with magnesium to form the magnesium hydride (MgH2) at
high pressure and high temperature with the help of catalysts
[28], but this reaction is extremely difﬁcult without catalysts. Hydrogen can dissolve into the molten magnesium alloy to some extent, as indicated by the binary alloy phase diagram of hydrogen
and magnesium [29], but hydrogen may remain in weld pool to
form porosity in weld joints after solidiﬁcation if the amount of
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hydrogen exceeds the solution limit. In addition, the hydrogen dissolved in molten magnesium alloy will be rejected from the liquid
to solid magnesium during solidiﬁcation to form porosity (i.e. the
hydrogen rejection mechanism), because of the difference in solubility between liquid and solid magnesium.
The above mechanism can explain the phenomena observed in
the present study. The hydrogen in the porosity comes from the
decomposition of magnesium hydroxide formed during manufacturing process of P/M AZ31B alloys. With the decrease in the
amount of magnesium hydroxide, which is expressed as oxygen
content in the present study, the hydrogen produced from decomposition of magnesium hydroxide becomes less, so that the area ratio of porosity in weld joints is reduced (Fig. 7). When oxygen
content is 440 ppm or less, there is almost no porosity in weld
joints (Figs. 6 and 7). This is probably because the amount of hydrogen produced in the weld pool is small, and the hydrogen has
completely dissolved into magnesium alloy matrix after solidiﬁcation or escaped from the weld pool before solidiﬁcation.
It is also interesting to note that there is a little of H2O and N2 in
porosity in WM (Table 4). The existence of H2O in porosity supports the mechanism proposed above. According the mechanism
described above, the H2O comes from the decomposition of magnesium hydroxide Eq. (5). It is because the H2O is not completely
decomposed during welding, a little of H2O is remained and detected in the porosity. The N2 in porosity in WM originates from
the entrapped gas in BM. Therefore, the mechanism of coalescence
and expansion of gas inclusions may, in part, contribute to the formation of porosity.
As shown in Fig. 6, porosity in weld joints is generally of large
size, and most of the pores exhibit globular shape or elongated
globular shape, but some of them have irregular shapes. These irregular pores are probably formed by the coalescence of two or
more globular pores. A few of the pores are located close to the fusion line or connected to the fusion line via a narrow channel.
These characteristics of morphology and distribution of porosity
in WM are similar to those of the porosity formed by the coalescence and expansion of small preexisting pores or entrapped gas
in BM reported in previous works [13,19]; however, most of pores
in WM are not formed by the coalescence and expansion of small
preexisting pores or entrapped gas in BM in the present work, because the gas composition inside porosity is principally H2, different from that inside the porosity formed by the coalescence and
expansion of entrapped gas in BM, which consists mainly of N2.
The porosity is formed predominantly due to the decomposition
of magnesium hydroxide and consequent evolution of H2, and
these pores may expand to become large in size at high temperature, resulting in a similar morphology to those formed by the coalescence and expansion of entrapped gas in BM. Of course, the gas
in BM may also contribute to the formation of porosity in WM by
coalescence and expansion. From both the morphology and gas
composition of porosity, it can be suggested that magnesium hydroxide decomposition is the principal porosity formation mechanism, and the coalescence and expansion of entrapped gas in
BM may also be partly responsible for the porosity formation in
WM in the present work.
In the previous work [13], AZ31B magnesium alloy produced by
rapid solidiﬁcation powder metallurgy, a different P/M process
from that used in the present work, was subjected to laser welding.
Many large pores were formed in WM. This phenomenon is similar
to that observed in the present work. It was reported that porosity
in WM of the laser weld joint originated from BM and was formed
by coalescence and expansion of entrapped gas during welding,
and magnesium oxide particles were found inside porosity. The
major mechanism of porosity formation in the previous work is
different from that in the present work, probably because P/M
process is different and magnesium hydroxides are less or not
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Fig. 8. Microstructures at weld joint of sample D welded with an AZXE7113 ﬁller
rod but no insert sheet.

included in the AZ31B alloy in the previous work. Another reason is
probably that the gas inclusion in BM is more in the previous work
than in the present work. Since the solidiﬁcation speed of laser
welding is extremely high, the magnesium oxides are likely entrapped inside the porosity in the previous work. In contrast, the
solidiﬁcation speed of gas tungsten arc welding is low, thus magnesium oxides have enough time to ﬂoat onto the surface of weld
pool in the present work.
It can be seen from Figs. 6 and 7 that the use of AZXE7113 ﬁller
rods containing rare earth element La has depressed the formation
of porosity. The effect of La on the suppression of porosity is also
reported in other studies [19,30]. It is suggested that rare earth element La can absorb hydrogen or react with hydrogen to form hydrides at high temperatures, thus free hydrogen content in liquid
alloy is reduced, and the amount of porosity is decreased [31].
The use of both AZXE7113 ﬁller rods and insert sheets further decreases the formation of porosity in weld joints, because the portion of P/M magnesium alloy to be melted in weld pool becomes
less due to the use of an insert sheet, leading to the decrease in porosity in weld joints.
In summary, in order to prevent the porosity in weld joints of P/
M AZ31B alloys, it is necessary to reduce the amount of magnesium
hydroxide in the BM. Use of ﬁller rods containing rare earth element La and/or of insert sheets is beneﬁcial to reduce porosity in
weld joints of P/M magnesium alloys.
3.5. Microstructures and mechanical property of sound weld joints
It can be seen from Fig. 6 that sound weld joints without porosity are achieved when oxygen content in P/M AZ31B alloys (e.g. in
samples D and E) is 440 ppm or less. In this section, the microstructures and mechanical properties of the sound weld joints of samples D and E are investigated in detail and compared to those of
commonly hot-extruded AZ31B alloy (i.e. sample F).
Fig. 8 shows microstructures across the weld joint of sample D,
as an example. WM is characterised as equiaxed magnesium grains
and second phases. No porosity is observed in the WM and its adjacent heat affected zone (HAZ). HAZ consists of two parts. At the
HAZ adjacent to WM, lath-like structure is observed probably because the original boundaries of magnesium alloy powders or
ﬂakes, whose cross-section is lath-like before hot-extrusion, are
partly melted during welding. At the HAZ adjacent to BM, the
grains become much coarser as compared to those in BM.
Detailed microstructures in the WMs of sample E welded by
using the AZ61 ﬁller rod and AZXE7113 ﬁller rod are given in Fig.
9a and b, respectively. Many second phase particles are present
in the WMs. The second phase in the WM produced by the use of
the AZ61 ﬁller rod is b phase (Mg17Al12). The second phases in
the WM produced by the use of the AZXE7113 ﬁller rod include
mainly Al4Ca, Al11La3 and Al3La, as indicated by the XRD analysis
result shown in Fig. 10. Elemental mapping analyses using the
EDX attached to SEM reveal that grainy particles at grain
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Fig. 12. Tensile test result of weld joints of samples D–F.

Fig. 9. Microstructures at various zones of weld joints.

Fig. 13. Appearance of tensile tested specimens: (a) sample D welded with
AZXE7113 ﬁller rod but no insert sheet and (b) sample F welded with AZXE7113
ﬁller rod but no insert sheet.
Fig. 10. XRD patterns of weld metal of sample E welded with an AZXE7113 ﬁller
rod.

Fig. 11. Hardness distribution across the weld joints of samples D–F.

boundaries (indicated by arrow A in Fig. 9b) are principally Al4Ca
and partly Al2Ca, while grainy particles within the grains
(indicated by arrow B in Fig. 9b) are Al3La, and the rod-like particles within grains (indicated by arrow C in Fig. 9b) are Al11La3.
As shown in Fig. 9c–e, microstructures at HAZs of samples D, E
and F are similar. The grains in these HAZs are coarsened as compared to those in the BMs, and a few of Al–Mn intermetallic particles (grey dark particles in Fig. 9c–e) are observed. Among these
HAZs, the grain size in the HAZ of sample D seems to be the smallest and that in the HAZ of sample F is the largest. It should be
noted that the microstructures in the WMs of samples D–F are
nearly identical provided that the same type of ﬁller rod is used,
because welding parameters are the same. The original microstructures of BMs have little inﬂuence on the microstructures in WMs.
When different type of ﬁller rod is used, the microstructures in
the WMs are different, as shown in Fig. 9a and b.
Fig. 11 gives the hardness proﬁles across weld joints of samples
D–E. The hardness in the WMs of samples D–E is at the same level,
but the hardness in the HAZs or BMs is different for the three samples. The hardness in the HAZ or BM of sample D is the highest,
while that of sample F is the lowest. It can be seen that the
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hardness in the BM and HAZ is higher than that in the WM for
samples D and E, but the hardness in the BM, HAZ and WM is
approximately identical for sample F.
The tensile test results of weld joints of samples D–F are shown
in Fig. 12, where the tensile strength of BM of samples D–F is also
presented for reference. The tensile strength of weld joints of samples D–F is at the same level. As shown in Fig. 13 by the way of example, all the tensile test specimens are broken at WMs whose
hardness is almost the same for these samples. The elongation of
weld joint of sample F is much higher than that of samples D
and E. This is because the hardness at the WM, HAZ and BM of sample F is close, and deformation can occur at whole specimen during
tensile test. In contrast, the deformation concentrates on WM due
to its lowest hardness in the joints for samples D and E.
4. Conclusions
Gas tungsten arc welding was applied to AZ31B magnesium alloys produced by powder metallurgy combined with hot extrusion.
The porosity formation behaviour in weld joints was observed, and
the porosity formation mechanism was discussed on the basis of
gas composition analysis of porosity. Besides, the microstructures
and mechanical properties of sound weld joints of P/M AZ31B alloys were investigated and compared to those of commonly hotextruded AZ31B alloy. The results can be summarised as follows.
(1) Porosity is observed in weld joints of the P/M AZ31B alloys
with high oxygen contents, but not found in weld joints of
the P/M AZ31B alloys with low oxygen contents (e.g. 440
ppm or less). The porosity in weld joints of P/M AZ31B alloys
can be prevented by reducing oxygen content in the alloys.
Use of a ﬁller rod containing La element tends to reduce
the porosity in weld joints. Combinational use of a ﬁller
rod and insert sheet further depresses porosity formation.
(2) The porosity in weld joints of P/M AZ31B alloys results
mainly from the decomposition of magnesium hydroxide
(Mg (OH)2) which forms on the surface of AZ31B alloy
powders during P/M process and is entrapped into the P/M
AZ31B alloys during billet preparation and hot extrusion.
The magnesium hydroxide is decomposed during arc welding and thus hydrogen gas is developed in weld pool, leading
to porosity formation in weld metals. This mechanism can
explain the phenomenon that the porosity is observed in
weld joints of P/M AZ31B alloys with high oxygen contents
but not in weld joints of P/M AZ31B alloys with low oxygen
contents.
(3) Sound weld joints without any defect are achieved for the
P/M AZ31B alloys whose oxygen content is 440 ppm or less.
The tensile strength of weld joint of P/M AZ31B alloys is at
the same level as that of commonly hot-extruded one, but
the elongation of weld joint is lower as compared to the
commonly hot-extruded AZ31B alloy, because the deformation during tensile test concentrates on the weld metal for
the P/M AZ31B alloys.
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