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Abstract
In order to investigate the relationships between microstructure and mechanical properties
of extruded Mg–9mass%Al–1mass%Zn–2mass%Ca (AZX912) alloy, the AZX912 alloy
ingots with and without solution treatment (ST) were extruded at a low temperature of
523 K, and some extrusions were subsequently annealed at 473–573 K. The as-extruded
bar exhibited dynamically recrystallized fine grains, and the amount of fine Mg17Al12
precipitates in grains. Grain coarsening occurred with an increased grain size from *2 to
*8 lm after annealing. Solution treatment seems to affect grain coarsening during
extrusion. All extruded bars exhibited basal texture, and the extruded bar annealed at 573 K
exhibited slightly lower texture intensity than the others. The extruded bar exhibited high
mechanical strength of 377 MPa and medium elongation of 6.6%, when solution treatment
before extrusion and final annealing were not applied. The high mechanical strength was
likely attributed to the small grain size, large work hardening and a great amount of fine
Mg17Al12 precipitates in the extrusions.
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Introduction

Mg alloys are attractive for applications in transportation and
electronics for weight-saving as structural metals due to their
low densities and high specific strength. However, easy
ignition of Mg alloys induces safety problem especially for
aerospace application [1]. It is therefore important to develop
flame retardant Mg alloys with excellent mechanical

properties. It has been found that the addition of Ca
exceeding 1mass% into Mg alloys can improve ignition
resistance significantly [2]. However, the formation of large
amount of Ca-containing interrmetallic compounds deterio-
rates deformation capability and workability [3].

It has been reported that fine-grained microstructure
obtained by a combination of low extrusion temperature and
artificial cooling [4] or slow speed [5] during extrusion due
to the restriction of grain growth, resulted in the remarkable
enhancement of mechanical strength for AZ31 and AZ80
alloys. Tensile ductility is also sensitive to grain size, tex-
ture, precipitates [6–9]. It is therefore possible to improve
mechanical properties remarkably by the optimization of
microstructure. Deformation at low temperature tends to
increase the possibility of cracking in metals. Compared
with the other processing methods such as rolling, extrusion
may restrict the occurrence of cracking due to compressive
stress state [3]. This enlarges the range of available pro-
cessing conditions, resulting in fine-grained microstructures
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without cracking. Flame retardant Mg alloys (Mg–Al–Ca
alloys) contain a great amount of intermetallic compounds.
Solution treatment possibly reduces the amount of inter-
metallic compounds and annealing can change grain size
after processing. This results in a variation in microstructure
and thus may affect mechanical properties. However, little
work has been done on the effects of solution treatment and
final annealing on the microstructures and mechanical
properties of flame retardant Mg alloys.

In this study, AZX912 alloy (Mg–9Al–1Zn–2Ca–0.2Mn
in mass%) was extruded at a low extrusion temperature of
523 K, and effects of solution treatment before extrusion and
effects of final annealing on the microstructures, textures and
mechanical properties of the as-extruded bars were investi-
gated, aiming at the achievement of superior mechanical
properties with both high mechanical strength and high
ductility.

Experimental Procedure

AZX912 alloy ingots were extruded to the round bars with a
diameter of 6 mm at an extrusion ratio of 44 using a die with
a diameter of 40 mm. The extrusion was carried out at a
temperatures of 523 K, which was measured by a thermo-
couple in the die. The ram speed was 2 mm/min corre-
sponding to 89 mm/min for extrusion exit speed. In order to
investigate effects of microstructural variations on mechan-
ical properties, the ingots with and without solution treat-
ments (ST), in which the ingots were homogenized at 693 K
for 48 h and followed by water quenching, were used for the
extrusion. In addition, after the extrusion, some extrusions
were subjected to the final annealing, in which the extrusions
were annealed at 473, 523 and 573 K for 1 h.

The microstructures and tensile properties of the extruded
bars were investigated. The samples with a length of 10 mm
in the extrusion direction (ED) were cut from the extruded
bars, and were further cut to be two pieces along the central
line parallel to the ED. The cutting surfaces (i.e. the middle
sections of the extruded bars) were investigated by optical
microscopic observation and X-ray measurement after pol-
ishing. The X-ray measurements were carried out using a
Rigaku RINT2000, in order to obtain macro-textures.
Transmission electron microscope (TEM) observation was
carried out to investigate second-phase particles using a
JEM-2010, which was operated at 200 kV. The composi-
tions of some second-phase particles were analyzed by
qualitative energy-dispersive spectroscopy (EDS) during
TEM observation. The tensile samples were machined with a
gauge length of 14 mm parallel to the ED and a
cross-sectional diameter of 2.5 mm. The tensile tests were

performed using an Instron 5565 with an initial strain rate of
2.4 � 10−3 s−1 at room temperature.

Results and Discussion

Optical micrographs of AZX912 alloy ingots without and
with ST are shown in Fig. 1. The ingot without ST exhibited
mainly two kinds of intermetallic compounds, i.e. large
Mg17Al12, Al2Ca compounds with morphology of large
network. After ST, the Mg17Al12 phase disappeared due to
solid solution into a-Mg matrix. However, the Al2Ca com-
pounds still maintained the network-like morphology with a
distribution along interdendritic regions. The width of net-
work morphology was about 50–100 lm, and there was no
difference in the width between the AZX912 ingots without
and with ST.

Optical micrographs with a horizontal ED of extruded
AZX912 alloy bars without and with ST and without and
with final annealing are shown in Fig. 2. Coarse Al2Ca
particles in cast structure were broken during extrusion, and
the fragmented particles were aligned parallel to the ED for
all extruded bars. The particles existed in the interior of
grains and also grain boundaries. There was no distinct
difference in the size and distribution of Al2Ca particles
among the extruded bars. As shown in Fig. 2, the grain size
of the as-extruded bar was significantly refined due to the
occurrence of dynamic recrystallization (DRX) during
extrusion. Some unDRXed grains elongated in the ED were
observed in the as-extruded bar. It is noted that grain
coarsening occurred with an increased grain size from *2 to
*8 lm after annealing. Solution treatment seems to affect
grain coarsening during extrusion, since the Mg17Al12
compounds, which likely became nucleation sites of
dynamically recrystallized grain, disappeared.

Figure 3 shows TEM images of the extruded bars with
ST and without final annealing. As indicated in Fig. 3,
dynamically precipitated particles with much smaller sizes of
50–200 nm and a spherical shape were observed. The
composition of the precipitation particles was Mg17Al12 as
confirmed by EDS analysis. The extruded bar exhibited a
great amount of Mg17Al12 precipitates, which dispersed
densely both at grain boundaries and in the interiors of
grains.

X-ray analyzed (0002) pole figures of extruded AZX912
alloy bars without and with ST and without and with final
annealing are shown in Fig. 4. All specimens exhibited basal
textures with basal planes roughly parallel to the ED and the
large spread of (0002) orientation in the radial direction of
bar (the TD here), which is often observed for extruded Mg
alloys. As shown in Fig. 4, almost no change occurred for
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Fig. 1 Optical micrographs of
AZX912 alloy ingots without and
with solution treatment
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Fig. 2 Optical micrographs with
a horizontal extrusion direction
(ED) of AZX912 alloy bars
extruded at 523 K without
solution treatment (left part) and
with solution treatment (right
part) before extrusion. The
conditions of subsequent
annealing are shown in the upper
left part of the micrographs. The
grain sizes are shown in the lower
right part of the micrographs
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the basal texture distribution and intensities between the
extruded bar without and with ST. It is noted that the basal
texture intensity slight decreased with annealing at 573 K.
The slightly weaker texture for the annealed bar is likely
related to static recrystallization of remanent unDRXed
grains, because DRX-ed grains are suggested to exhibit a
weaker texture compared with that associated with deformed
parent grains in the extruded Mg alloys [10].

The results of tensile tests including ultimate tensile
strength (UTS), 0.2% offset yield strength (YS), and fracture
elongation (FE) are summarized in Fig. 5. It is obvious that
the as-extruded bars exhibited high mechanical strength and
medium elongation, while the extruded bar annealed at high
temperature (573 K) exhibited low mechanical strength. In
addition, the extruded bar with ST exhibited lower
mechanical strength compared with those without ST. The
excellent mechanical strength and medium elongation of the
extruded bar without ST and without annealing is attributed
to the smaller grain size, large work hardening and a great
amount of fine Mg17Al12 precipitates.

It is known that YS is affected by grain size for poly
crystalline metals, and a smaller grain size leads to a higher
YS [11]. The relationship between YS and grain size for the
extruded bars is shown in Fig. 6. The variation in YS
roughly obeyed the Hall-Petch law at small grain size.
However, it did not obey at large grain size, indicating that
the decreased YS for the bar annealed at 573 K can not be

only explained by the effect of grain size. The first reason is
due to the decreased amount of dislocation density, and the
second reason is suggested to be due to the decreased
amount of fine Mg17Al12 precipitates, which make the
movement of dislocation easy and thus soften materials.
Another reason can be likely attributed to the weak basal
texture, which induces material softening by the promotion
of basal slip.

Anyway, it is demonstrated that the bar extruded at low
temperature of 523 K exhibited excellent mechanical
strength of 377 MPa and medium elongation of 6.6%, when
solution treatment before extrusion and final annealing were
not applied, since smaller grain size, large work hardening
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Fig. 3 TEM micrograph of AZX912 alloy bars extruded at 523 K
with solution treatment and without final annealing
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Fig. 4 (0002) pole figures of AZX912 alloy bars extruded at 523 K
without solution treatment (a, c, e) and with solution treatment
(b, d, f) before extrusion. The condition of subsequent annealing is
shown in the upper part of the pole figure, and the basal texture
intensity is shown in the bottom part of the pole figure
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and a great amount of fine Mg17Al12 precipitates were
attained.

Summary

Effects of solution treatment before extrusion and effects of
final annealing on the microstructures, textures and me-
chanical properties of the AZX912 alloy extruded at 523 K
were investigated. As a result, it was revealed that the
extruded bar exhibited high mechanical strength of 377 MPa
and medium elongation of 6.6%, when solution treatment

before extrusion and final annealing were not applied. The
high mechanical strength was likely attributed to the small
grain size, large work hardening and a great amount of fine
Mg17Al12 precipitates in the extrusions.
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Fig. 5 Results the tensile tests of AZX912 alloy bars extruded at 523 K
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