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a b s t r a c t

Non-combustive Mg–9Al–Zn–Ca magnesium alloy was friction stir welded with rotation speeds ranging
from 500 to 1250 rpm at a constant welding speed of 200 mm/min. Defect-free joints were successfully
produced at rotation speeds of 750 and 1000 rpm. The as-received hot extruded material consisted of
equiaxed a-Mg grains with b-Mg17Al12 and Al2Ca compounds distributed along the grain boundaries.
Friction stir welding produced much refined a-Mg grains accompanied by the dissolution of the eutectic
b-Mg17Al12 phase, while Al2Ca phase was dispersed homogeneously into the Mg matrix. An increase in
rotation speed increased the a-Mg grain size but not significantly, while microstructure in the heat
affected zone was almost not changed compared with the base material. The hardness tests showed uni-
form distributed and slightly increased harness in the stir zone. Results of transverse tensile tests indi-
cated that the defect-free joints fractured at the base material, while longitudinal tensile tests showed
that the strength of the defect-free welds was improved due to microstructural refinement and uniform
distribution of intermetallic compounds.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Magnesium alloys are potential candidates to replace alumi-
num alloys in many structural applications owing to some of their
unique properties of low density, high strength/weight ratio and so
on. They are also considered as advanced materials in terms of
electromagnetic shielding, energy conservation and environmental
pollution regulation. In a wide range of the industries such as auto-
motive, electronics and aerospace, magnesium alloys are increas-
ingly widely used and expected to become one of the most
promising lightweight materials in the 21st century [1]. However,
oxidation and combustion of magnesium alloys in the melting,
forging and heat treatment process obstruct their application
greatly. Fortunately, there have been enormous efforts in develop-
ing non-combustive magnesium alloys in recent years. Alloying
method by adding elements such as alkaline [2,3], rare earth [4–
6] and their combination [7] to magnesium alloys to improve
oxidation and combustion resistance is of great research and
application prospect. For the non-combustive magnesium alloys
developed so far, the Mg–Al–Zn–Ca system is promising for
industrial applications due to satisfactory comprehensive proper-
ties and relatively low cost [8–14].
ll rights reserved.

: +81 6 6879 8658.
In order to apply magnesium alloys to structures, on the other
hand, welding or joining technology is indispensable. Magnesium
alloys are currently welded by almost all conventional fusion weld-
ing processes including gas tungsten arc welding (GTAW), gas metal
arc welding (GMAW), plasma arc welding (PAW), electron beam
welding (EBW) and laser beam welding (LBW). In recent years, some
new processes like arc welding-bonding, laser welding-bonding and
laser-arc hybrid welding are proposed for magnesium alloys. How-
ever, fusion welding technologies resulted in the formation of poros-
ity, coarse microstructure, severe deformation and high residual
stress in the joints. Brazing is also applied to magnesium alloys,
but the joints are with low strength and poor heat resistance. There-
fore, solid-state joining processes would appear to be more suitable
for avoiding the problems associated with the melting of materials
to be welded. Friction welding (FW) is used to achieve high perfor-
mance joints of magnesium alloys, but it is limited because of the
requirement for special geometric specifications and weld flash
removal.

Friction stir welding (FSW) is a novel solid-state joining process
invented by The Welding Institute (TWI) [15]. It can avoid many
problems associated with conventional fusion welding processes,
thereby producing defect-free welds with excellent properties,
even in some materials with poor fusion-weldability. Compared
with conventional friction welding process, this technology is
versatile for workpiece geometry and the annoying flash removal

http://dx.doi.org/10.1016/j.matdes.2012.06.005
mailto:zhouli@hitwh.edu.cn
http://dx.doi.org/10.1016/j.matdes.2012.06.005
http://www.sciencedirect.com/science/journal/02613069
http://www.elsevier.com/locate/matdes


Fig. 2. Schematic illustration for dimension of transverse and longitudinal tensile
specimen.
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process can be avoided. Due to its many advantages, FSW attracts a
great deal of attention in the industrial world and has been suc-
cessfully applied to the joining of various aluminum, magnesium
and copper alloys. In recent years, FSW of high melting tempera-
ture materials such as steels, nickel and Ti alloys has become a re-
search hotspot [16–18]. Though FSW of conventional magnesium
alloys has been intensively investigated, especially for the Mg–
Al–Zn (AZ) series [19–23], few studies dedicated to non-combus-
tive magnesium alloys have been reported [24–27]. Zhang et al.
[24] studied microstructural evolution of the non-combustive
Mg–6%Al–3%Ca–0.5%R.E.–0.2%Mn magnesium alloy due to friction
stir welding. Yamamoto et al. [25] and Chen et al. [26] conducted
friction stir spot welding and friction stir welding of non-combus-
tive Mg–6%Al–0.5%Mn–2% Ca (AMX602) magnesium alloy, respec-
tively. Choi et al. [27] made microstructure evaluation of friction
stir welded AZ91 with CaO non-combustive Mg Alloy. Until now,
there has been no report about FSW of the non-combustive Mg–
Al–Zn–Ca magnesium alloys. In the present study, the Mg–9Al–
Zn–Ca magnesium alloy, denoted as AZX911, is friction stir welded,
and microstructural characteristics and mechanical properties of
the friction stir welded joints are investigated.

2. Experimental details

The as-received material was 300 � 75 � 4 mm3 AZX911 plate
hot extruded from starting ingot with the nominal chemical com-
position of Al 9.00, Zn 1.00, Ca 1.00 and Mg balance (all in wt.%).
The plates were butt-welded together along the extrusion direc-
tion using a load-controlled type FSW equipment, as illustrated
in Fig. 1. The rotating tool for FSW was made from tool steel con-
sisted of a concave shoulder of 15 mm in diameter and a cylindrical
pin with right-hand threads of 3.9 mm in length and 5 mm in
diameter. The rotation speed was varied from 500 to 1250 rpm
and the welding speed was kept constant at 200 mm/min. During
the FSW, a 3� tilt and an applied force of 14 kN were applied to
the FSW tool.

The welds were examined by X-ray radiography and metallurgi-
cal inspections were performed on the cross-section of the joints.
The transverse joint cross-sections were cut by electrical discharge
machining and prepared by standard metallographic procedure.
The polished weld cross-sections were chemically etched using a
solution of 10 g picric acid, 175 mL ethanol, 25 mL acetic acid,
and 25 mL distilled water. The microstructures were observed by
a Keyence VHX-200/100F optical microscope (OM) and a Hitachi
SU-70 scanning electron microscope (SEM) equipped with an en-
Fig. 1. Schematic illustration for friction stir welding.
ergy dispersive spectrometer (EDS). As shown in Fig. 1, BM, HAZ,
TMAZ, and SZ in the joint cross-section stand for the base material,
the heat affected zone, the thermomechanically affected zone and
the stir zone, respectively. The advancing side is marked ‘‘AS’’ and
the retreating side as ‘‘RS’’.

Vickers hardness along the transverse weld centerline was
measured every 1 mm spacing on an Akashi AAV-500 Vickers
hardness tester using a load of 0.49 N for 15 s. Transverse and lon-
gitudinal tensile test samples with geometric details shown in
Fig. 2, were cut perpendicularly to the welding direction from
the joint and parallel to the welding direction from the SZ, respec-
tively, with the top and bottom surfaces eliminated. The configura-
tion and size of the transverse tensile specimens were prepared
according to JIS Z2201 [28], while small pieces were used for the
longitudinal tensile test due to limitation of the weld geometry.
Tensile tests were carried out on an Instron-5500 mechanical tes-
ter at room temperature using a crosshead speed of 0.2 mm/min.
Furthermore, the facture surface after the tensile test was exam-
ined by SEM.
3. Results and discussion

3.1. Joint appearance

Joints with preferable surface appearance are obtained at rota-
tion speeds of 500 and 750 rpm under the welding speed of
200 mm/min, as shown in Fig. 3. However, flash appears at the
retreating side of the joints obtained at higher rotation speed due
to increasing heat input, and it becomes more serious with increas-
ing rotation speed. No obvious defects are observed on the X-ray
radiography images for the joints obtained under rotation speed
ranging from 500 to 1000 rpm. As for the 1250 rpm joint, there ex-
ist some internal defects indicated by red arrow at the advancing
side.

The joints are further evaluated by cross-section check. It is
shown that the 750 and 1000 rpm joints are defect-free, which is
consistent with the radiographic examination. However, tiny flaws
caused by insufficient heat input and thus plastic flow, which can
not be detected by X-ray radiography, appear at the bottom of
500 rpm joint cross-section. As for the 1250 rpm joint, internal cav-
ity defects are found at the advancing side. Generally, a large mass
of flash appears in friction stir welded joints due to the excess heat
input at higher rotation speed. However, cavity caused by the
abnormal stirring would be formed under improper combination
of high rotation speed and welding speed [29], which is just the
case for the joint obtained at 1250 rpm.
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Fig. 3. Surface appearances and cross-sectional macrostructures of friction stir welded joints of hot extruded AZX911 magnesium alloy at various rotation speeds.
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3.2. Microstructures in friction stir welded joint

Fig. 4 shows OM microstructures at different zones in the cross-
section of typical joint welded with rotation speed of 500 rpm and
welding speed of 200 mm/min. The BM exhibits a typical hot
deformation structure formed in the extrusion process, having an
equiaxed microstructure with a-Mg matrix and precipitated phase.
Compared with the BM, microstructure in the HAZ is almost not
changed. Grains in the TMAZ have been deformed and refined
greatly due to the heat effect and mechanical deformation, and
Fig. 4. OM micrographs of: (a) BM, (b) HAZ, (
the grains have certain orientation along the metal-flow direction
induced by stirring. The SZ contains a fine recrystallized micro-
structure, and the precipitated phase seems to be uniformly dis-
persed in the SZ.

With higher magnification image by SEM, a typical hot extruded
microstructure is observed in the as-received AZX911 magnesium
alloy, which is characterized by equiaxed primary a-Mg matrix
and intermetallic compounds at the grain boundaries, as shown
in Fig. 5. For the Mg–Al–Zn magnesium alloys with a high Al
content, b-Mg17Al12 phase will be formed by a eutectic reaction
c) TMAZ and (d) SZ in the 500 rpm joint.



Fig. 5. EDS mapping of BM: (a) SEM micrograph, (b) Mg, (c) Al and (d) Ca.

Fig. 6. EDS mapping of SZ in the 500 rpm joint: (a) SEM micrograph, (b) Mg, (c) Al and (d) Ca.
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(L ? a-Mg + b-Mg17Al12) during the non-equilibrium solidification
[30]. However, the introduction of Ca to Mg-Al-Zn magnesium al-
loys will reduce the quantity of eutectic b-Mg17Al12 phase, and form
new Al2Ca phase [8,9]. As for the hot-extruded AZX911 magnesium
alloy used in the present study, EDS mapping indicates coarse eu-
tectic b-Mg17Al12 phase and relatively fine Al2Ca phase formed
due to Ca addition exist in the BM, which is consistent with the re-
lated studies.

Compared with the BM, the SZ consists of fine dynamically
recrystallized equiaxed a-Mg grains and dispersed intermetallic
compounds on SEM image, as shown in Fig. 6. However, EDS map-
ping of the SZ shows the coarse eutectic b-Mg17Al12 phase is dis-
solved into the a-Mg matrix, but the Al2Ca phase remains. The
eutectic b-Mg17Al12 phase is of poor thermal stability and will dis-
solve into the a-Mg matrix at temperature higher than 370 �C [30],
which means the temperature of the SZ is over 370 �C during the
welding process. However, the heating temperature does not ex-
ceed the solidus temperature, 500 �C, of the alloys because no cast
microstructure was observed. As for the Al2Ca phase with high
thermal stability, the dissolution point is about 545 �C, which
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exceeds the solidus temperature and much higher than that of the
b-Mg17Al12 phase [14], and thus it will be retained but dispersed
due to stirring.

3.3. Effect of rotation speed on microstructural evolution

TMAZ, where both the thermal and the plastic deformation ef-
fect are received, experiences partially recrystallization during
the welding, and the microstructure is dependent on process
parameters. High magnification SEM images of the TMAZ show
there exist equiaxed dynamically recrystallized grains as well as
elongated deformed grains, as shown in Fig. 7. The intermetallic
Fig. 7. Effect of rotation speed on SEM microstructure in the TMAZ of

Fig. 8. Effect of rotation speed on SEM microstructure in the SZ of:
phase has obvious orientation in TMAZ, and some of them have
been fractured to smaller particles due to the mechanical deforma-
tion caused by stirring. Different from the SZ, coarse eutectic b-
Mg17Al12 phase may remain in the TMAZ due to the inhomoge-
neous temperature distribution across the joint during the weld-
ing, and similar results have also been reported by Lee et al. [31].
With increasing rotation speed, the size of a-Mg matrix increases
and the coarse eutectic b-Mg17Al12 phase decreases or even disap-
pears through dissolution due to increasing heat input and thus
temperature in the TMAZ.

The SEM microstructures in SZ welded at various rotation
speeds with a constant welding speed of 200 mm/min are shown
: (a) 500 rpm, (b) 750 rpm, (c) 1000 rpm and (d) 1250 rpm joint.

(a) 500 rpm, (b) 750 rpm, (c) 1000 rpm and (d) 1250 rpm joint.
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Fig. 9. Effect of rotation speed on grain size in TMAZ and SZ.
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Fig. 10. Hardness distribution across the joints produced at different rotation
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Fig. 11. Effect of rotation speed on: (a) transverse tensile properties and
(b) longitudinal tensile properties.

Fig. 12. Fracture location of the transverse tensile specimens for: (a) 500 rpm,
(b) 750 rpm, (c) 1000 rpm and (d) 1250 rpm joint.
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in Fig. 8. The microstructures in SZ obtained at various rotation
speeds indicate recrystallized structure in SZ changes with welding
conditions. At lower rotation speed, the a-Mg matrix is finer but
the intermetallic compounds tend to aggregate at the grain bound-
aries as that in the BM. With increasing rotation speed, the size of
a-Mg matrix increases due to increasing heat input, but the inter-
metallic compounds are more dispersed and homogeneously dis-
tributed in the matrix, which can be attributed to more obvious
mechanical deformation effect in the SZ at higher rotation speed.

Grain size statistics show FSW produced much finer microstruc-
ture in the TMAZ and SZ compared with that in the BM, and grain
size in the SZ is even finer than that in the TMAZ, which could be
explained by recrystallization refinement and the recrystallization
process is more significant in the SZ due to more significant
mechanical deformation, as shown in Fig. 9. In addition, grain size
in the TMAZ and SZ increases with increasing rotation speed due to
increasing heat input. However, the effect of rotation speed on
grain size is not so obvious, which probably can be attributed to
that the dispersed Al2Ca particles suppress grain growth via Zener
pinning of the grain boundaries, and finally fine grains are formed
even at high rotation speeds [32].
3.4. Hardness profile across the joints

Vickers hardness distribution across the joints is shown in
Fig. 10. The BM has a very wide range of hardness, which is mea-
sured approximately from 70 to 85 Hv. The BM is composed of
a-Mg matrix and precipitated intermetallic compounds. The a-
Mg phase, which is softer than the intermetallic phase, has a large
volume fraction. If the measured hardness indenter were located
near primary a-Mg phase than precipitated phase, the hardness
shows relatively low value of about 70 Hv. However, in the
opposite situation, the hardness of the BM shows about 85 Hv.
Compared with the BM, the hardness tests showed uniform distrib-
uted and slightly increased harness in the SZ, and the hardness va-
lue decreases with increasing rotation speed but not significantly.
No obvious hardness difference between the AS and RS is observed
because there is no obvious microstructure difference between the
AS and RS.

The dissolution of b-Mg17Al12 phase into a-Mg matrix will low-
er hardness in the alloy, but the homogenous recrystallization
refinement of a-Mg matrix and dispersed distribution of Al2Ca
phase result in uniform distribution and slight increase of hardness
in the SZ. Furthermore, the average grain size has a great influence
on hardness in the friction stir weld according to the Hall–Petch
relation. As for the as-received AZX911 magnesium alloy, grain size
in the SZ increases with increasing rotation speed but not



Fig. 13. Fracture surface morphology of transverse tensile specimens for: (a) BM/750 and 1000 rpm, (b) 500 rpm and (c) 1250 rpm joint.

Fig. 14. Fracture surface morphology of longitudinal tensile specimens for: (a) 500 rpm, (b) 750 rpm, (c) 1000 rpm and (d) 1250 rpm joint.
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obviously, which gives explanation for hardness in the SZ de-
creases with increasing rotation speed but not significantly.

3.5. Transverse and longitudinal tensile test

Tensile test results and fracture location of the joints are sum-
marized in Figs. 11 and 12, respectively. The defect-free joints frac-
ture at the BM and the tensile strength is equivalent to that of the
BM, while the joints with defects fracture at the advancing side,
where the defects are formed, and the tensile strength is much
lower than that of the BM. However, longitudinal tensile tests
show the tensile strength of the defect-free joints is improved,
and there is little difference between the joints obtained at 750
and 1000 rpm.

Many studies have demonstrated that a friction stir welded
joint having heterogeneous hardness distribution fails in the min-
imum hardness region, and the tensile property of the defect-free
joint is dependent on the minimum hardness region in the entire
joint [33,34]. As for the defected joints, it is certainly that the frac-
ture occurs at the location of defects during transverse or longitu-
dinal tensile test despite of the hardness distribution, and the
tensile strength is much lower than that of the BM. The defect-free
transverse tensile specimens fracture at minimum hardness re-
gion, the BM, and thus the tensile strength is equivalent to that
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of the BM, as shown in Fig. 11a. For metallic materials, the strength
is generally proportional to the hardness, and thus tensile strength
of the defect-free longitudinal specimens cut from the SZ is higher
than that of the BM due to the increase of hardness induced by
microstructural refinement and dispersed distribution of interme-
tallic compounds. In addition, there is little difference in hardness
of the SZ obtained at 750 and 1000 rpm, therefore the longitudinal
tensile strength is almost the same, as indicated by Fig. 11b.

The fracture surfaces of the transverse and longitudinal tensile
specimens are shown in Figs. 13 and 14, respectively. The fracture
surface morphology of BM and defect-free joints shows plastic
fracture characterized by dimples. In addition, the fracture surface
of defect-free joints exhibits small dimples, which are probably re-
sulted from the homogeneous microstructure of fine grains. As for
the defected joints, the fracture surface presents brittle rupture
characteristics at the defective areas, as indicated by red frame.
As for the 500 rpm joint with a tiny defect (see Fig. 3), it should
be noted that the tensile force is parallel to the defect during the
transverse tensile test, and thus no obvious brittle rupture area is
observed on the fracture surface (see Fig. 13b). However, the ten-
sile force is vertical to the defect during longitudinal tensile test
and obvious brittle rupture area is formed (see Fig. 14a). It can
be concluded from the above results that FSW is a very useful mod-
ification method for the mechanical property improvement of non-
combustive Mg–9Al–Zn–Ca magnesium alloy, because it refines
and uniforms the microstructure and intermetallic compounds.
4. Conclusions

In the present study, hot extruded non-combustive Mg–9Al–
Zn–Ca magnesium alloy is friction stir welded with rotation speeds
ranging from 500 to 1250 rpm at a constant welding speed of
200 mm/min, and microstructural characteristics and mechanical
properties of friction stir welded joints are investigated. Defect-
free joints are obtained under tool rotation speed of 750 and
1000 rpm. At the rotation speed of 500 and 1250 rpm, a tiny defect
and abnormal stirring induced cavity-defect due to insufficient or
excessive heat input and plastic flow are formed, respectively.
The as-received material consists of equiaxed a-Mg grains with
b-Mg17Al12 and Al2Ca compounds distributed along the grain
boundaries. Friction stir welding produces much refined a-Mg
grains accompanied by the dissolution of the eutectic b-Mg17Al12

phase, while Al2Ca phase is dispersed homogeneously into the ma-
trix. An increase in rotation speed increases the a-Mg grain size but
not significantly, while microstructure in the heat affected zone is
almost not changed compared with that in the base material. The
hardness tests show uniform distributed and increased harness
in the stir zone. The defect-free joints fracture at the base material
during transverse tensile test, while longitudinal tensile tests show
that the strength of the defect-free welds is improved due to
microstructural refinement and dispersed distribution of interme-
tallic compounds.
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