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In this work, the equilibrium phase constituents and compositions in the Mg-Al-Mn ternary system
at 400 °C were determined through equilibrated alloy method and diffusion couple technique by using
scanning electron microscopy (SEM), X-ray diffraction (XRD) and electron probe micro-analyzer (EPMA).
The isothermal section in the Mg-rich corner at 400°C was thus constructed. No ternary compounds
were detected in the Mg-rich corner. Therefore, there exist the equilibrium relationships between the
a-Mg solid solution and Mgy7Al;; compound or the other Al-Mn compound phases. The solubility of Mn
in the phases a-Mg and Mgy7Al;; is almost negligible, while the element Mg can slightly dissolve in the
compound Aly; Mng. The lattice parameter dependence of a-Mg solid solution on Al content in Mg-Al-Mn
system was finally determined by the XRD results.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

AM-series magnesium alloys have been extensively applied in
the automotive and aerospace industry due to their sufficiently
high strength, good castability and better corrosion [1]. Much work
has mainly been focused on micro-alloying, casting technology
and formability to improve comprehensive mechanical properties
of AM magnesium alloys [2-7], among which one fundamental
work is how to modify 3-Mg;7Aly; phase [5-7]. However, little
work has been paid attention to the formation and evolution of
the Al-Mn intermetallic phases in these alloys up to date [8]. Actu-
ally, the AlI-Mn phases have close connection with the mechanical
properties of the Mg-Al series alloys [9,10]. Moreover, the Al-Mn
intermetallic phases can also act as heterogeneous nucleation sites
leading to grain refinement [11-13]. However, no agreement has
been reached about the refinement mechanism, i.e. the role of the
AlgMns5 or e-AlMn phase [11,12], since the AlI-Mn binary phase dia-
gram in the Mn-rich side is not clear at elevated temperatures.

Ma et al. [8] suggested that there exist several kinds of Al-Mn
intermetallic phases such as AlgMns, Al;1Mngy, AlgMn, AlggMnq4 and
AlMn in the as cast AM50 magnesium alloy followed by solid solu-
tion treatment and aging. However, Medved et al. [6] reported that
only the Al;Mn compound phase exists in the commercial AM50
magnesium alloy. The right understanding of the microstructural
constituents in the AM series alloys can not be obtained, since
the phase diagram of the Mg-rich corner in the Mg-Al-Mn sys-
tem is not well established [14-16]. Although the phase diagram
of Mg-rich corner in the Mg-Al-Mn ternary system has been ther-
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modynamically assessed by Ohno et al. [17], the phase equilibria
at lower temperatures were based on the constituents in the alloys
solidified under practical casting conditions, which was far away
from the thermodynamic equilibrium state. Therefore, it is neces-
sary to experimentally determine a series of the isothermal sections
in the Mg-rich corner so that the thermodynamic parameters can
be well established, and then the microstructure constituents of an
alloy with a certain composition can be predicted in the Mg-Al-Mn
ternary system. The purpose of the present work is to determine
the phase equilibria at 400°C in the Mg-Al-Mn system by means
of the equilibrated alloy method and diffusion couple technique in
order to better understand the relationships among composition,
microstructure and mechanical properties.

2. Experimental procedures

The desired alloys were prepared by using high purity Mg, Al, Mn (99.99 mass%)
or Al-Mn master alloy, and their nominal compositions were list in the Table 1. The
Mg-Al and Mg-Al-Mn alloys were melt in a high purity graphite crucible in the
argon atmosphere using an induction furnace, and the Al-Mn master alloy were arc
melt. Then the diffusion couple of the Mg-Al master alloy and Mn were prepared
by using diffusion welding method. Finally, the diffusion couple and AM alloys were
held at 400 °C for 446 or 672 h, and followed by water quenching.

The phase constituents of the heat treated alloys were determined by X-ray
diffraction on a Philips PW3040/60 diffractometer. The microstructures and com-
positions of the diffusion couple and AM alloys were carried out on a Shimadzu
EPMA-1610 Electron Probe Micro-analyzer.

3. Results and discussion

Fig. 1(a) shows the microstructure of the Mn/Mg7Al; couple
held at 400°C for 446 h. A diffusion layer forms between the Mn
metal and Mg-Al master alloy, and its thickness is about 10-15 pm.
The concentration profiles, determined by EPMA, were illustrated
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Table 1

The nominal compositions of the desired alloys (at.%).

Alloy Mg Al Mn

Mg-Al 55.0 45.0 -

Mg-Al-Mn 87.6 7.7 4.7
85.6 9.7 4.7
80.7 14.5 4.8
65.6 29.6 4.8

Al-Mn - 55.0 45.0

in the Fig. 1(b). According to the local equilibrium principle, the
compositions of the equilibrium phases Mgy7Al;2/Al;1Mny can be
obtained, as listed in Table 2. It can be found that the solubility of Mn
in the Mg7Al;, phase is very little, while the Mg can be dissolved
in the Al;;Mn4 compound phase, with a maximum solubility of
about 1 at.%. However, no phases can be found between the Mn and
Al11Mn4 phase, which is not in agreement with the Al-Mn binary
phase diagram [18]. This is probably due to that the phases between
the Mn and Aly; Mn4 phase such as AlgMns grow very slowly, while
the Al Mny4 phase very quickly. But it is interesting to find Al hardly
passes across the Al;;Mny4 phase into the Mn side to form the high-
Al-content 3-Mn phase.

In addition, there also exists the diffusion layer between the
unmelted Mn and Mg matrix in the Mgg7cAl77Mng; alloy held
at 400°C for 672 h, and its microstructure and concentration pro-
files are shown in Fig. 2. Similar to the diffusion couple mentioned
above, the phase compositions of the equilibrium phases o-Mn/[3-
Mn and 3-Mn/a-Mg were also listed in Table 2. It can be seen from
the results that the Mg can dissolve in the a-Mn and [3-Mn phases
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Fig. 1. The microstructure (a) and concentration profiles (b) of the Mn/Mgy7Al;2
couple held at 400 °C for 446 h.

Table 2
The equilibrium phase constituents and compositions in the Mg-Al-Mn system at
400°C.

Specimen Equilibrium phase Equilibrium phase
constituent composition (at.%)
Mg Al Mn
Mn/Mg;7Al;; couple Al;;Mny 1.0 72.7 26.3
Mgi7Al12 57.6 42.0 0.4
Mn/Mg matrix couple a(Mn) 1.1 14.2 84.7
B(Mn) 2.6 30.7 66.7
Mn/Mg matrix couple B(Mn) 0.3 36.4 63.3
a-Mg 99.1 0.8 0.1
Mges.6Al296Mnyg a-Mg 90.9 9.1 0.0
Al Mny 0.7 71.4 279
Mg17A112 62.5 37.5 0.0
Mggo7Al145Mnyg a-Mg 91.2 8.8 0.0
Alj1 Mny 0.6 711 28.3
Mgi7Al12 64.7 35.3 0.0
Mgsg76Al77Mny 7 a-Mg 96.1 3.9 0.0
Alj1 Mny 0.4 72.2 274
Mggs 7Alg gMny 7 a-Mg 94.2 5.7 0.1
Alj1 Mny 0.3 71.9 27.8

when the a-Mn phase is in equilibrium with the 3-Mn phase. In
contrast, the solubility of the Mg in the 3-Mn phase is very little
when the 3-Mn phase is in equilibrium with the a-Mg phase. The
contents of the Al in the equilibrium phases «-Mn and (3-Mn are
14.2 and 30.7 at.%, respectively, which is apparently different from
the phase boundary of a-Mn/3-Mn at 400°C in the Al-Mn binary
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Fig. 2. The microstructure (a) and concentration profiles (b) of the unmelted Mn
and Mg matrix couple in the Mgg7Al77Mng4 7 alloy held at 400°C for 672 h.
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Fig. 3. The BSE image (a) and X-ray diffraction pattern (b) of the Mggs sAl296Mnag
alloy held at 400°C for 672 h.

phase diagram [18]. Moreover, the solubility of the Al in the 3-Mn
phase is much higher when it is equilibrated with the a-Mg phase
than that with the AlgMns; compound phase in the Al-Mn binary
system [18].

The microstructures, equilibrium phase constituents and com-
positions in all designed alloys held at 400 °C for 672 h were carried
out by means of SEM, XRD and EPMA, respectively. The typical
microstructure and XRD pattern of the Mggs gAlog sMny g alloy held
at400°C for 672 h were shown in the Fig. 3. There are three equilib-
rium phases consisting of a-Mg, Al;; Mn4 and Mg7Al;, phases. The
compositions of the three phases were determined by using EPMA,
as listed in the Table 2. The equilibrium phase constituents were
also a-Mg, Al;1Mny4 and Mgq7Aly; phases in the Mggg7Al145Mngg
alloy held at 400°C for 672 h, then the equilibrium phase compo-
sitions obtained by EPMA were also listed in the Table 2. It can be
found that the solubilities of the Mn in both a-Mg and Mgy7Al;,
phases are very negligible. Moreover, the average contents Al in the
Mgi7Al1> phase is about 36.4 at.% when the a-Mg, Al;1Mng and
Mg17Al;; phases are in equilibrium, which is considerably different
from that of the Mgq7Aly, phase (about 41 at.%) in equilibrium with
the a-Mg phase at 400 °C in the Mg-Al binary system [19].

Fig. 4 showed the backscattering electron (BSE) image and X-ray
diffraction spectrum of the Mgg753Al770Mny 7, alloy held at 400°C
for 672 h. There are two phases consisting of the dark matrix and
light phase. It can be obtained by composition analysis that the
dark phase is a-Mg solid solution and the light phase is Al;1Mny
compound, as shown in the Table 2. The amount of the Al;1Mny
compound is very small, which is also verified by X-ray diffrac-
tion spectrum (Fig. 4(b)). The diffraction peaks are mainly of the
a-Mg solid solution. And the equilibrium phase constituents were
also a-Mg and Aly; Mn4 phases in the Mggs 7Alg sMny 7 alloy held at
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Fig. 4. The BSE image (a) and X-ray diffraction pattern (b) of the Mgg;sAl77Mna 7
alloy held at 400°C for 672 h.

400°C for 672 h, then the equilibrium phase compositions obtained
by EPMA were listed in Table 2.

Fig. 5 showed the changes of the X-ray diffraction peak posi-
tions of a-Mg solid solution in the four alloys held at 400°C for
672 h. All the peaks clearly shift to the high diffraction angles due
to the dissolution of Al in the a-Mg solid solution (Fig. 5(a)). This
is because the atomic radius of the element Al is smaller than
that of Mg. The peaks shift to the higher diffraction angle with
increasing of the Al contents in the alloys (Fig. 5(b) and (c)). More-
over, the differences of the diffraction angles between the alloys
and pure Mg also increase with the increasing of the diffraction
angle, which increasingly appear linear (Fig. 5(c)). The maximum
solubility of Al in the a-Mg phase reaches ~9.0at.% when the a-
Mg/Mg17Al12/Al;;Mny three phases are in equilibrium at 400°C.
Cohen least squares method [20] was adopted to determine the
lattice parameters dependency of the a-Mg solid solution on the
Al content in the Mg—Al-Mn ternary system, according to the X-ray
diffraction results of the four alloys held at 400 °C (Fig. 5), as shown
in Fig. 6. The solute Al has smaller atomic size as compared to Mg,
which thus causes a contraction of lattice both in a and c values
as the solute Al concentration increases (Fig. 6). The a and c values
of a-Mg do not appear linear with the Al content, which is a little
different from the results of Nayeb-Hashemi et al. [21] or park et
al. [22] who used Mg-Al binary alloys. This is possibly due to the
small amount of Mn in the a-Mg solid solution.

According to the equilibrium phase constituents and compo-
sitions obtained above, the isothermal section of the Mg-Al-Mn
system at 400°C was finally illustrated in the Fig. 7. Besides the
Mg7Al;, phase, the phase equilibria with the a-Mg phase at 400°C
are the Al-Mn phases, such as the 3-Mn, AlgMns and Alj;Mng.
The (o-Mn+[3-Mn) two-phase region in the Mg-Al-Mn system
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Fig. 5. XRD diffraction patterns of the four alloys treated at 400°C for 672 h: (a)

diffraction patterns of the four alloys, (b) higher magnification of XRD patterns at

260 of 36.0-38.0 and (c) the changes of the diffraction angle difference between the
treated alloys and pure Mg.

becomes wider and shifts to the Al-rich side, compared to the cur-
rently accepted Al-Mn binary system [18]. So far, the experimental
work on the Al-Mn binary phase diagram has been mainly focused
on the Al side and Mn side at high temperatures, and the phase
diagram in the Mn-rich side at lower temperatures was obtained
by thermodynamic calculation [23,24]. Therefore, it is necessary to
experimentally determine the Al-Mn phase diagram in the Mn-rich
side atlower temperatures in the future in order to rightly assess the
thermodynamic parameters of the Mg—Al-Mn ternary system. On
the other hand, the Al content of the Mg;7Al;, phase in equilibrium
with the a-Mg phase is about 40 at.% Al in the presently accepted
Mg-Al binary phase diagram, while it is around 36 at.% Al in the

Fig. 6. The lattice parameters dependence of the a-Mg phase on Al content in the
Mg-Al-Mn ternary system.

Al, mole fraction

Fig. 7. Isothermal section of the Mg-rich corner in the Mg-Al-Mn ternary system at
400°C.

present work. Therefore, the current Mg-Al binary phase diagram
should also be determined experimentally and re-assessed thermo-
dynamically in the future in order to get a reasonable Mg-Al-Mn
ternary phase diagram.

From the present isothermal section at 400°C, the AlgMns,
AlgMn, AlggMny4 or Al;Mn compounds were metastable in the
commercial AM50 Mg alloy treated at 400 °C for short time in lit-
erature [6,8]. If prolonging heat treatment time, there should be
only equilibrium phases consisting of the a-Mg matrix and Al;; Mng
compound. Besides, the Mgy7Al;; phase can be suppressed and the
strengthened phases can be modified into the Al-Mn phases if the
Mn content in the AM series alloys is increased to some extent.
Since the Al-Mn phases are very stable at elevated temperatures,
it is thus expected to improve creep resistance of the AM series Mg
alloys through this cost-effective microstructure control.

4. Conclusions

The isothermal section in the Mg-rich corner of the Mg-Al-Mn
ternary system at 400 °C has been determined. It is found that the
phases equilibrated with the a-Mg phase are the Mgq;7Al;; phase
and the Al-Mn phases such as the (3-Mn, AlgMns and Aly;Mny
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at 400°C. No ternary compounds were detected in the Mg-rich
corner at this temperature. Moreover, the solubility of Mn in the
phases a-Mg and Mgy7Al;; was very little. And the element Mg
can slightly dissolve in the compound Aly; Mng4. There is some dif-
ference in phase equilibrium compositions of Mg-Al-Mn system
between the present data and accepted Mg-Al and Al-Mn binary
systems, especially at low temperatures, which is thus needed to
be further investigated in order to establish the appropriate ther-
modynamic parameters of the Mg-Al based alloy systems. Also, the
lattice parameter dependence of a-Mg solid solution on Al content
in Mg-Al-Mn system was finally determined by the XRD results.
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