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Abstract: A new Mg-14A1-0.5Mn alloy that exhibits a wide solidification range and sufficient fluidity for semi-solid forming was
designed. And the microstructure evolution of semi-solid Mg-14Al1-0.5Mn alloy during isothermal heat treatment was investigated.
The mechanism of the microstructure evolution and the processing conditions for isothermal heat treatment were also discussed. The
results show that the microstructures of cast alloys consist of a-Mg, f-Mg;Al}; and a small amount of AI-Mn compounds. After
holding at 520 °C for 3 min, the phases of p-Mg;;Al;, and eutectic mixtures in the Mg-14Al-0.5Mn alloy melt and the
microstructures of a-Mg change from developed dendrites to irregular solid particles. With increasing the isothermal time, the
amount of liquid increases, and the solid particles grow large and become spherical. When the holding time lasts for 20 min or even

longer, the solid and liquid phases achieve a state of dynamic equilibrium.
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1 Introduction

Semi-solid forming is expected to be widely applied
to magnesium alloys in producing near-net shaped and
light structural components that offer high performance
at a favorable cost in various industries[1-3]. It provides
some advantages, such as ease of handling, lower
operating temperature that reduces solidification
shrinkage and less thermal shock that leads to prolonged

die and shot sleeve lives compared with die-casting[4—6].

Whereas, magnesium alloys currently used in semi-solid
processing are restricted to a few commercial alloys such
as AZ91, AMS0 and AMO60[7—8]. Although the
feasibility of semi-solid processing has been
demonstrated, its acceptance on a commercial scale has
been limited. Success with these alloys has generated
interest in other alloy systems and compositions[9—10].
Increasing the content of Al in magnesium alloys in
a certain extent could broaden the solidification range
and obtain sufficient fluidity for semi-solid forming.
However, some studies on Mg-Al alloys have been
reported that Mg;;Al,, compound crystallizes in the

alloys with high aluminum content and this significantly
impairs the mechanical properties of the alloys,
especially at low temperatures[11—-13]. Here, a small
quantity of Mn was added to suppress the formation of
Mg;Al;, and increase the comprehensive performance
of the alloys[14—15]. Based on the above ideas, a new
Mg-14A1-0.5Mn alloy was developed. In this work, the
semi-solid microstructure of the alloys was obtained by
isothermal heat treatment with low processing costs[16].
And the microstructure evolution of the alloys during
isothermal heat treatment was discussed. The results
could be useful for the development of new semi-solid
magnesium alloys.

2 Experimental

Material used for this study was cast
Mg-14A1-0.5Mn alloy, and a practical composition
(mass fraction, %) was 13.84Al, 0.48Mn, 0.02Zn,
0.006Fe, 0.02Si, and Mg balance. The Mg-14Al1-0.5Mn
melts were poured into a copper mold preheated at about
100 °C to produce circular column samples of d16
mmXx100 mm. The isothermal heat treatment was
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performed in an electric resistance furnace under a
protective atmosphere of flowing gas of SFg (1%,
volume fraction) and CO, (Balance). When the furnace
was heated to 520 °C, the circular column samples (d16
mm>< 10 mm) were placed into the furnace and held for
3, 5, 10, 15 and 20 min, respectively. After the
isothermal treatment, the samples were taken out
immediately for water quenching.

The samples were carefully ground and polished,
and then etched in 4% (volume fraction) nitric acid
ethanol solution. Microstructure and phase analyses were
carried out by optical microscopy (OM) (PMG3) and
X-ray diffractometry (XRD) (D/Max2500PC Rigaku,
Japan). Detailed morphological and microchemical
characterizations were conducted with scanning electron
microscopy (SEM) (Model JSM-5310, Japan) equipped
with an energy dispersive spectrometer (EDS) (Model
Link-Isis, Britain). In this work, self-programmed
software with VC++ was used for quantitative
metallographic analysis of microstructure images,
including the actual solid fraction and the average size of
solid particles.

3 Results and discussion

3.1 Microstructure of as-cast Mg-14AI-0.5Mn alloy
Fig.1 shows the phase compositions of as-cast
Mg-14A1-0.5Mn alloy by XRD analysis. It demonstrates
that the alloy is mainly composed of a-Mg and
[-Mg;Al,. As the content of Mn in the alloy is less than
1% (mass fraction), the diffraction peaks of manganese
compounds do not appear in the XRD pattern. The
optical micrograph of the as-cast alloy is shown in Fig.2.

The microstructure consists of primary a-Mg and
intermetallic compounds that mainly distribute at the
grain boundaries.

The typical SEM image and area analysis of
elements for the as-cast Mg-14Al1-0.5Mn alloy are shown
in Fig.3. The SEM image indicates that the bone-like and
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Fig.1 XRD pattern diffraction of as-cast Mg-14A1-0.5Mn alloy

Fig.3 SEM image and area analysis of elements for as-cast Mg-14A1-0.5Mn alloy
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particle-like precipitates coexist along the grain
boundaries. Ordinary EDS measurements confirm the
elementary contents of the precipitates. The bone-like
phases are mainly f-Mg;;Al;; (point 1 in Fig.3). And the
particle-like phases are Al-Mn compounds as listed in
Table 1 (point 2 and point 3 in Fig.3). From the analysis
of SEM image and EDS measurements, it can be seen
that in the Mg-Al alloys most of the Mn element exists in
the form of AI-Mn compounds in the eutectic mixture,
and only a small amount of Mn element is dissolved in
the matrix a-Mg.

Table 1 Composition of particle-like compound in grain
boundaries examined by EDS (molar fraction, %)

Point in Fig.3 Mg Al Mn
2 49.95 37.39 12.66
3 58.23 32.50 9.27

3.2 Microstructure evolution during isothermal
treatment

The solidus and liquidus of Mg-14Al1-0.5Mn alloy

Spo-ar
IE".- _‘3:‘?‘_ “:.'.{"-'ﬁ /0 :

: bt
RO, X« BF Oy TR BN

are about 437 °C and 560 °C, respectively. Studies[17]
have shown that the semi-solid slurry will have good
rheology and thixotropy when the solid fraction of the
slurry is 20%—60%[17]. So, the isothermal temperature
of 520 °C is chosen, at which the solid fraction is about
50% in the solid—liquid equilibrium.

When the as-cast alloy is put into the furnace at
520 °C, the f-Mg;;Al; and eutectic mixtures with low
melting point begin to melt immediately. The melting of
the alloy and increasing in liquid volume fraction make
the microstructures of a-Mg change from developed
dendrites to irregular solid particles. The size of the solid
particles is not uniform, as shown in Fig.4(a). With
increasing the holding time; the amount of liquid
increases; the solid particles grow large and become
globular; and reunion takes place between some of the
particles, as illustrated in Figs.4(b), (c), (d) and (e). Fig.5
shows the variations of solid volume fraction and
average size of the particles with isothermal time at 520
°C. It can be seen from Fig.5 that the solid fraction
decreases and the average size of the particles increases
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Fig.4 Microstructures of Mg-14A1-0.5Mn
alloy after isothermal heat treatment at 520
for 3 min (a), 5 min (b), 10 min (c), 15 min (d)

and 20 min (e)
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Fig.5 Variations of solid volume fraction and average size of
particles with isothermal time at 520 °C

with increasing the isothermal time.

3.3 Evolution
treatment

Fig.6 shows the microstructure evolution of as-cast
Mg-14A1-0.5Mn alloy during the isothermal treatment.
In the Mg-14A1-0.5Mn alloy, as a result of increasing the
Al content, the amounts of f-Mg;;Al}, and eutectic
mixtures increase obviously. These intermetallic
compound and mixtures with low melting point
distribute at the grain boundaries around the primary
0-Mg, as shown in Fig.6(a). When the alloy is put into
the furnace at 520 °C, the f-Mg;;Al;, and eutectic
mixtures begin to melt immediately. At the bend of a-Mg
dendrite arm, the melting point lowers down because of
the large curvature. These areas are first melted, making
the morphology of a-Mg change from dendrites to
irregular solid particles, as shown in Fig.6(b). At the first
few minutes, melting plays a major role on the size of the

mechanisms during isothermal
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Fig.6 Illustration of microstructure evolution dunng isothermal

treatment

solid particles, which makes the average size reduce, as
illustrated in Fig.5. With increasing the isothermal time,
the amount of liquid increases and the solid particles
grow large and become globular. At this stage,
spheroidizing and particle coarsening determine the
morphology of the solid particles. Due to the effect of
interface curvature, the spheroidization of the particles
takes place in order to decrease the free energy. With the
increase of holding time, Ostwald ripening mechanism
begins to do an effect on structural coarsening[18]. The
small solid particles disappear and the large particles
grow larger. During the isothermal heat treatment,
combination and reunion also take place among some
solid particles, as shown in Figs.6(c) and (d). When the
isothermal time lasts for 20 min or even more, the solid
and liquid phases achieve a dynamic balance.

The semi-solid alloy billets are the basic and key for
the semi-solid forming. The main requirement for alloys
to be shaped in the semi-solid state is that they should
exhibit a fine spheroidal or non-dendritic grain
structure[5, 19-20]. From the analysis of microstructure
evolution mechanisms, it can be revealed that the
following processing parameters should be considered
when using isothermal treatment method to prepare the
semi-solid slurry.

1) Composition of the alloy. Adequate amount of
the second phase with low melting point is needed, so
that the semi-solid alloy will achieve an ideal solid
fraction in a short isothermal time.

2) Microstructure of the as-cast alloy. The finer the
size of the initial grain, the smaller the size of the
semi-solid particles.

3) The isothermal time and temperature. Select high
isothermal temperature between the solid—liquid range
and short isothermal time to prevent the solid particles
from growing up.

4 Conclusions

1) The microstructure of as-cast Mg-14Al-0.5Mn
alloy consists of primary a-Mg and f-Mg;Al;,
intermetallic compound that mainly distributes at the
grain boundaries. Small amount of Mn element dissolves
in the matrix a-Mg, and most of Mn element exists in the
form of Al-Mn compounds in the eutectic mixture of
a-Mg and f-Mg,Al,.

2) The microstructure evolution of semi-solid
Mg-14A1-0.5Mn alloy during the isothermal treatment is
as follows: f-Mg;Al, and eutectic mixtures melt—
a-Mg dendrites melt into irregular solid particles—
spheroidizing and particle coarsening accompanied with
Ostwald ripening, combination and reunion—achieving a
solid—liquid dynamic balance when the isothermal time
is long enough.
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3) Three important parameters should be considered

when using the isothermal treatment method, including
composition of the alloy, microstructures of the as-cast
alloy, isothermal time and temperature. Mg-14A1-0.5Mn
alloy held at 520 °C for 5-8 min can obtain good
semi-solid microstructures.
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