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A B S T R A C T

Spheroidizing treatment is of crucial importance for producing ductile irons. A novel Mg–Fe master alloy has
been achieved through the recycling procedure of Al–Si–Fe alloys in this paper. The alloy of Mg–50Fe–16Al–8Si
with amounts of block–like Al2Fe3Si particles was synthesized by adding Al–14Si–2Fe alloy into Mg melt. It was
found that the Mg–Fe master alloy exhibits attractive spheroidizing performance on a ductile iron Q10. This
work confirms the significance for achieving Mg–Al and Mg–Fe alloys simultaneously through recycling Al–Si–Fe
alloys.

Introduction

The concept of energy saving and materials recycling is widely ac-
cepted nowadays [1]. Producing primary electrolytic Al is energy
consuming and environment damaging whereas the recycling and re-
using of scrap Al is promising [2]. Fe, as an impurity, is common in
Al–Si alloys and prefers to form brittle β–Al5SiFe intermetallic com-
pounds, which is quite harmful for the mechanical properties [3,4].
Based on the theory to modify β–Al5SiFe or to remove the intermetallic,
the methods by overheating the melt, adding neutralized elements,
centrifugal separation, and electromagnetic separation have been in-
vestigated for decades [5–8]. In our recent work, a new method has
been developed by using Mg melt to recycle Al–Si–Fe alloys [9]. During
this process, Al and Fe can be separated from β–Al5SiFe, as a result, Al
can be recycled and Fe can be gathered.

Ductile iron is a ferrous metal, which has been widely used in the
components of mechanical industries due to its excellent mechanical
properties, e.g. high strength, toughness and abrasive resistance
[10–13]. Except for Fe, the main elements contained in ductile irons are
Si and C. Since graphite prefers to exhibit flake–like with sharp edges,
easy to cause stress concentration of the matrix, thus spheroidizing
treatment is quite important for producing ductile iron [14–16]. Gra-
phite particles can be modified to be sphere–shape through spher-
oidizing, while the most efficient element to achieve spheroidizing is
Mg, and several hypotheses about the spheroidizing mechanism have
been put forward [11,17]. In the past decades, purity Mg, RE–Mg alloy
and RE–Fe–Si–Mg alloy have been successively used as spheroidizing
agents whereas the most applicable method is pour–over treating

process [18,19].
As mentioned above, during the recovery process of Al–Si–Fe alloys

by the new method, a separation layer containing Mg matrix and high
content of Fe can be obtained. By separating the layer, a novel Mg–Fe
master alloy was achieved and the microstructure was characterized.
Since Mg is beneficial for spheroidizing graphite particles and Fe is easy
to dissolve into iron melt, the Mg–Fe master alloy may be applied in
ductile irons. Therefore, the ductile iron Q10 was chosen and spher-
oidizing performance of the Mg–Fe alloy was analyzed.

Experimental

Fig. 1a is the schematic diagram indicating the preparation of
Mg–Fe master alloy. First, 400 gMg was melted to 750 ± 10 °C in a BN
ceramic crucible by using resistance furnace under the protection of
1 wt% RJ–2 flux (40–50wt% MgCl2, 35–45wt% KCl, 5–8wt% BaCl2,
5–8wt% CaF2, 5–8wt% NaCl & CaCl2), and 60 g Al–14Si–2Fe alloy was
added into the melt. After holding for 30min, the crucible was trans-
ferred into the air and cooled to room temperature. A separation layer,
i.e. Mg–Fe alloy which will be described later, can be successfully ob-
tained at the bottom. The reason why 750 ± 10 °C and 30min were
chosen as the melting temperature and holding time can be referred in
our previous work [9], since under this condition a dense separation
layer with Fe–rich particles is easy to be obtained.

The spheroidizing experiments were conducted in a high frequency
furnace. Ductile iron Q10 (3.8 wt% C, 1.0 wt% Si, 0.2 wt% Mn, 0.05 wt
% S, 0.05 wt% P and Fe balance) with the weight of 200 g was melted in
an Al2O3 crucible to 1500 ± 30 °C, holding for 5min. Then the melt
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was poured into a mould with pre–heated Mg–Fe master alloy (Fig. 1b).
During the following solidification procedure, the Mg–Fe master alloy
melted and performed spheroidizing effect on the graphite particles in
Q10 alloy.

The samples were cut from the cooled ingots then mechanically
grinded by SiC metallographic sandpaper. After that, the samples were
polished using Cr2O3 turbid liquid (5%) for Al–14Si–2Fe alloy and Q10,
and using MgO turbid liquid (5%) for Mg–Fe master alloy by a polishing
machine. The microstructure observation and analysis were carried out
by a Leica DM2700 High–Scope Video Microscope (HSVM) and a
Hitachi SU–70 field emission scanning electron microscopy (FESEM)
operated at 15 kV and linked with an energy dispersive X–ray spec-
trometry (EDX) attachment. Image J software was used to characterize
the area fraction, size distribution and aspect ratio (AR) of the graphite
particles.

Results and discussions

Fig. 2 shows the microstructure and EDX of the Al–14Si–2Fe alloy. It
was found that the primary Fe–rich intermetallics are β–Al5FeSi, ex-
hibiting flake–like. The nominal atomic ratio between Al and Fe in the
β–Al5FeSi phase is up to 5:1, thus a large proportion of Al atoms are
bounded by Fe atoms and can hardly be recovered by traditional
methods. Using the above method, i.e. introducing the Al–14Si–2Fe
alloy into Mg melt, a separation layer was obtained in the cooled ingot,

as shown in Fig. 3a and b. Through this process, β–Al5FeSi evolves to a
Fe-rich phase and settles to the bottom of the melt, which is mainly due
to the density difference between Mg melt and the Fe–rich particles as
similarly reported in [9,20]. As a result, Mg–Al alloy can be obtained at
the top of the ingot while Mg–Fe alloy can be achieved at the bottom
part. Fig. 3d displays the microstructure of the separation layer and
amounts of block–like Fe–rich intermetallics have formed, which is
quite different from the flake–like β–Al5FeSi. EDX result (Fig. 3c) in-
dicates that the block–like particles can be approximately expressed by
the formula Al2Fe3Si. This phase has a much lower content of Al in-
dicating that a greater proportion of Al has been released to Mg melt by
β–Al5FeSi and thus can be recycled. This is also the key point of re-
cycling scrap Al–Si–Fe alloys by this method, and Mg–Al and Mg–Fe
alloys can be obtained simultaneously.

It is necessary to mention that since no standard samples with high
Fe–content Mg alloys can be referred, therefore the composition of the
Mg–Fe master alloy cannot be accurately detected by spectrometer
machines. However, the Al and Fe content in the upper Mg–Al alloy was
detected to be 11.723 wt% and 0.015wt% respectively, also indirectly
indicating that this method is efficient to gather Fe–rich particles in the
bottom. Besides, the statistic area fraction of Al2Fe3Si in the bottom part
can be measured by Image J software (Fig. 3e), which is 42.3%. Based
on the density of Mg and Al2Fe3Si particles [21], the Mg–Fe master
alloy can be roughly calculated to be Mg–50Fe–16Al–8Si (wt.%).

To check spheroidizing performance of the Mg–Fe master alloy,

Fig. 1. Schematic diagram showing the preparation of Mg–Fe master alloy (a) and the spheroidizing experiment on Q10 (b).

Fig. 2. Microstructure (a) and EDX (b) of β–Al5FeSi in Al–14Si–2Fe alloy.
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experiments on ductile iron Q10 were conducted. Fig. 4a is the mi-
crostructure of raw Q10, in which the graphite particles exhibit irre-
gular. Using Image J to clearly distinguish the matrix and graphite
particles (Fig. 4b), the AR of the graphite particles can be obtained.
Fig. 4c is the histogram showing the distribution of AR through ana-
lyzing more than 400 particles. It indicates that the AR values of most
graphite particles are far away from 1.0, i.e. the raw alloy has no
spheroidizing performance before adding Mg–Fe alloy.

With the addition of 0.5 wt% Mg–Fe master alloy into Q10 melt, the
obtained microstructure is shown in Fig. 5a. Fig. 5b and c show the
statistic of the diameters and the AR of graphite particles, respectively.
It can be found that most of the graphite particles exhibit sphere–like
(Fig. 5a), confirmed by the AR histogram (Fig. 5c). From Fig. 5b, the
average size of the graphite particles is calculated to be 0.9 μm.

Fig. 6a, b and c are the corresponding microstructures of Q10 when
the addition of Mg–Fe master alloy is increased to 1.0 wt%. It was found
that the graphite particles have smaller average size, which is about
0.6 μm (Fig. 6a and b). The histogram in Fig. 6c obviously indicates that
the particles are approximate perfect sphere shape.

Based on above results, it can be seen that the novel Mg–Fe master
alloy performs attractive spheroidizing effect on Q10. Therefore,
through the method for Al–Si–Fe recovering shown in Fig. 1a, the fi-
nally obtained Mg–Al alloy at upper part can be used to produce Mg
alloys or act as master alloys in Al industries, while the Mg–Fe master
alloy at the bottom part can exhibit spheroidizing effect in ductile irons.
Compared with traditional spheroidizing agents, the preparation of

Mg–Fe master alloy is material saving and energy saving. However, it is
still necessary to mention that since impurities in Al–Si–Fe alloys may
affect the separation performance of Al and Fe by this method, there-
fore detailed work revealing the effect of Mn, P, Cr, etc., should be
carried out in the further study. These impurities may also directly af-
fect the spheroidizing efficiency of the Mg–Fe master alloy. Besides,
related equipment to achieve melt separation is also needed for pro-
moting its application in industries in the future.

Conclusions

A novel Mg–Fe master alloy has been prepared in this paper along
with the recycling process of scrap Al–Si–Fe alloys. An alloy of
Mg–50Fe–16Al–8Si with amounts of block–like Al2Fe3Si has been ob-
tained, which has been proven to exhibit obvious spheroidizing per-
formance on graphite particles in ductile iron Q10. With 1% addition of
the Mg–50Fe–16Al–8Si master alloy, the average size of the graphite
particles in Q10 can be lower to 0.6 μm.
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Fig. 3. (a, b) The bottom part of the cooled ingot, showing the separation layer; (c) EDX of the Fe–rich particles in the separation layer; (d) Microstructure of Al2Fe3Si
phase in the separation layer; (e) The colored image of (d) by using Image J software to calculate the volume fraction of Al2Fe3Si.
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Fig. 4. (a) Microstructure of cast iron Q10, indicating the morphology of graphite particles; (b) The image of (a) processed by Image J software; (c) The histogram of
aspect ratio by analyzing graphite particles.

Fig. 5. (a) Microstructure of Q10 alloy spheroidized by 0.5 wt% of Mg–Fe master alloy; (b) Histograms of graphite particles’ diameter; (c) Aspect ratio of graphite
particles’ diameter.
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