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3-D morphology and growth mechanism of a-Al(FeMnCr)Si crystal were investigated by extracting Fe-
containing intermetallics in slow-cooled Al-7Si-1Fe-1.5Mn-0.5Cr (wt%) alloy. It is found that cube is
the dominated growth morphology of a-Al(FeMnCr)Si intermetallic crystal. It is covered by six {100}
faces and shows preferential growth in eight points of the cube. Series of transition morphologies are also
observed which corresponds to different growth stages of the crystal before forming a final cube. After a
careful interconnection of these morphologies and further combination of crystal growth theory, the
growth mechanism and the transition evolution of the cubic a-Al(FeMnCr)Si intermetallic crystal are
put forward. This is reasonably identical with the experimental results.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Fe is one of the main impurities in aluminum alloys, which
tends to form Fe-containing intermetallics and potentially induce
brittleness of the alloys [1–4]. Much research [1,5,6] has focused
on the crystal growth morphologies of typical b-AlFeSi and a-Al
(FeMn)Si in order to understand their growth mechanism and thus
seek methods to eliminate the negative effects of the Fe-containing
intermetallics. Various morphology has been observed, typically
acicular and plate-like shapes [5] for b-AlFeSi and dodecahedron
[6] for a-Al(FeMn)Si in Al-Si cast alloys. Terzi et al. [5] suggested
that the b-AlFeSi shows non-crystallographically interconnected
plates, which grow rapidly in the lateral direction and with much
slower rates for thickening. Gao et al. [6] proposed that the a-Al
(FeMn)Si exhibits rhombic dodecahedron which are covered by
twelve {110} faces due to their lower growth rates. The chemical
difference between b-AlFeSi and a-Al(FeMn)Si induces the large
difference in their growth morphology and pattern.

In Al-Si cast alloys, Mn and Cr are added to strengthen the
mechanical properties, but high Fe level (>0.3 wt%) in Al-Si-Mn-
Cr alloy results in the formation of the quinary a-Al(FeMnCr)Si
phase [7–10]. This intermetallic compound precipitates from liquid
at a higher temperature than that for b-AlFeSi and a-Al(FeMn)Si
due to the introduction of the refractory Cr. Correspondingly, the
intermetallic crystal tends to be coarse in size and exhibit a wide
range of morphologies due to its inherent faceted growth pattern
with strong anisotropy. Results by in-situ examination of X-
radiographic [11] show complex growth morphologies of a-Al
(FeMnCr)Si during solidification at different cooling rates, typically
rhombic dodecahedron, elongated rod, star-shape and dendrite.

Because the coarse Fe-containing intermetallics are detrimental
to mechanical properties of Al-Si alloy, it is necessary to separate
them from melt, decrease the Fe level and thus reduce its detri-
mental effect to the alloy. Physical separation process, such as
gravity sedimentation and electromagnetic separation, is com-
monly used to separate Fe-containing intermetallic from Al melt
[12–14]. The morphology of the intermetallic crystal is important
to the separation efficiency [13]. Typically, the intermetallic with
regular morphology shows less moving resistance in melt. Chen
et al. suggested that electromagnetic separation efficiency was
increased by 20% when the morphology of Fe-containing inter-
metallic transformed from acicular to bulk shapes after Mn addi-
tion [14]. However, the Fe-containing intermetallics with
complex composition shows complicated growth patterns and
morphologies.

Therefore, a further research on 3D morphology and the growth
mechanism of this intermetallic compound is still needed in order
to control and optimize its morphology and thus develop better
physical means to efficiently remove it from the melt, eliminating
the negative effect of high Fe level. In this work, we focus on the
crystal growth of a-Al(FeMnCr)Si during solidification at a low
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cooling rate. The resulted growth morphology is studied for clari-
fying the potential growth behavior and mechanism.
Fig. 2. Typical 3D morphologies of a-Al(FeMnCr)Si crystals: (a) perfect cube; (b)
truncated cube; (c) agglomeration of cube; (d) elongated hexahedron.
2. Experimental procedures

Al-7Si-1Fe-1.5Mn-0.5Cr (wt%) alloy was prepared by medium
frequency induction melting. Al-20 wt%Si master alloy was first
melted at 780 �C, and then Al-10 wt%Fe, Al-20 wt%Mn and Al-
10 wt%Cr master alloy were added in the melt. After holding at
810 �C for 30 min, the alloy melt was poured into a cylindrical gra-
phite mold (diameter 120 mm, height 100 mm), preheating to
720 �C. As-cast samples were taken from the 1/2 height location
of mold. The measured cooling rate of the melt is about 1.5 K/s.
Microstructural analysis for the samples was carried out using
scanning electron microscopy (SEM) equipped with X-ray energy
dispersive spectroscopy (EDS). The Al matrix was dissolved by
electrolyzing specimen in 2% NaCl solution, in order to extract
the a-Al(FeMnCr)Si intermetallics for 3D morphology analysis.
The cathode of lead bulk was used. The voltage of electrolytic pro-
cess was controlled in the range of 10 ~ 15 V, and the current of
electrolytic process was 2 ~ 3 A. The time of electrolytic extraction
was about 30 ~ 50 min. Additionally, thermal history during solid-
ification of the alloy were characterized using a NETZSCH 420 dif-
ferential scanning calorimeter (DSC). The solidification sequence of
the alloy was calculated by JMatPro thermodynamic software.
3. Results and discussion

Fig. 1 shows the microstructure and solidification sequence of
Al-7Si-1Fe-1.5Mn-0.5Cr (wt%) alloy. Fe-containing intermetallics,
a-Al and Al-Si eutectic are found in Fig. 1(a). A faceted growth of
the Fe-containing intermetallics can be observed clearly, which
exhibits polygonal and irregular shapes, as shown in Fig. 1(b).
The chemical composition (at%) of the Fe-containing intermetallics
is determined by EDS in Fig. 1(c), typically Al 63.39%, Mn 18.05%, Si
8.89%, Fe 6.73% and Cr 2.94%. The calculated solidification
Fig. 1. (a) OM micrograph of the alloy; (b) SEM image showing 2D morphology of a-A
(FeMnCr)Si at position 2; (e) calculated solidification path of the alloy; (f) DSC pattern o
sequence for the alloy shows that the a-Al(FeMnCr)Si is the pri-
mary phase during solidification with a precipitation temperature
at about 710 �C, as shown in Fig. 1(d). This temperature is nearly
identical with the measured result by DSC in Fig. 1(e).

Fig. 2 shows the typical 3D morphologies of a-Al(FeMnCr)Si
intermetallics. A perfect cubic crystal is observed in Fig. 2(a), and
the truncated cube a-Al(FeMnCr)Si can be observed in Fig. 2(b).
In addition, the agglomeration of cubic a-Al(FeMnCr)Si inter-
metallics in Fig. 2(c) and an elongated hexahedron in Fig. 2(d)
l(FeMnCr)Si; (c) EDS result of a-Al(FeMnCr)Si at position 1; (d) EDS result of a-Al
f the alloy.
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are also found. Actually, the morphologies in Fig. 2(b), (c) and (d)
can be regarded as the derivative morphologies of cube a-Al
(FeMnCr)Si. Their difference is mainly attributed to the difference
in growth conditions for each crystallographic plane, related to
the chemical and thermal aspects. Thus, it can be deduced that
one single crystal of the a-Al(FeMnCr)Si in homogeneous liquid
tends to form perfect cube during nearly equilibrium solidification.

The result in Fig. 2 clearly shows that the cubic crystal is the
dominated growth morphology of the a-Al(FeMnCr)Si in the pre-
sent alloy. In order to further observe the transitional morpholo-
gies, the alloy melt was holding at 680 �C for different times (5–
40 min) after being poured into a preheated cylindrical graphite
mold and then the melt was slowly cooled at ~1.5 K/s. After short
holding times (5–15 min), some other morphologies of the inter-
metallic crystal are also observed in the alloy, as shown in Fig. 3.
They correspond to different growth stages of the crystal since
the nucleation and growth of crystals occur alternately during
the bulk solidification process. A trace of the crystal growth can
be deduced after a careful comparison and interconnection of
these morphologies. Fig. 3 shows the corresponding morphology
evolution at different growth stages. In initial stage of growth,
the growth tip in Fig. 3(a) preferentially appears and acts as the
Fig. 3. Various morphologies of a-Al(FeMnCr)Si crystal at different
preferential growth parts in Fig. 3(b). With the further growth
of the crystal, defects of hollow and edge appear in {100} faces
of the cubic crystal in Fig. 3(c). In this growth stage, the preferen-
tial growth parts in Fig. 3(b) have interconnected and defects of
hollow and edge do not fill completely. This clearly shows the
growth anisotropy of this intermetallic crystal. In Fig. 3(d), the
edge defects have been filled gradually and the hollow defects
still retain. Normally, the edge of crystal is easier to growth com-
pletely and the center of crystal face is more difficult to fill solute
atoms resulting in the hollow defect [15]. Fig. 3(e) shows the
crystal with only hollow defects. In this stage, the edge defects
have been filled completely. Fig. 3(f) shows the complete cube
a-Al(FeMnCr)Si when the hollows in the face centers were finally
filled. Meanwhile, the truncated cube a-Al(FeMnCr)Si can be
observed in Fig. 3(g). It suggests that the growth rates of {110}
faces decrease in some cubic a-Al(FeMnCr)Si crystal and the
{110} faces retain finally.

Fig. 4 shows the predicted growth process of the cubic a-Al
(FeMnCr)Si crystal based on the observation in Figs. 2 and 3. Dur-
ing the initial solidification, the nucleation of the crystal preferen-
tially happens at the position with high concentrations of Fe, Si,
Mn, Cr in the melt. It tends to be sphere according to minimum
growth stages and the evolution transition to the final cube.



Fig. 4. Schematic growth process of the cubic a-Al(FeMnCr)Si crystal.

4 D. Wang et al. /Materials Letters 277 (2020) 128384
energy principle (Fig. 4(a)). Preferential growth along 8 vertical top
angle directions is expected for the crystal, as shown in Fig. 4(b).
This results in the formation of skeleton of a cubic crystal with 8
parts of small truncated polyhedron (Fig. 4(c) and Fig. 3(b)). These
polyhedrons closely contact on their {100} faces, and the collec-
tion of some {111} faces on the corner of each polyhedron forms
a hollow space in the middle of the large cube (Fig. 4(d)). With
the continued growth, the defects of edges and {100} faces are
filled by solute atoms in Fig. 4(e) and (f). In order to further
decrease interface energy of crystal, the hollow defect gradually
be filled at the final growth stage and a complete cubic crystal
forms in Fig. 4(f). A truncated cube a-Al(FeMnCr)Si is also possible,
because the filling of solute atoms on the edge of {100} faces is
restrained, which may be caused by impurity concentrating on
the edge. As shown in Figs. 3 and 4, preferential growth along 8
vertical top angle directions is a main feature which is different
from lateral growth of b-AlFeSi and [111] edge growth of a-Al
(FeMn)Si. Moreover, with appearance of {100} faces in growth
process, it forms F faces (flat faces) of the crystal surface when
supersaturation of 2D nucleation and growth is low enough. The
faces in the defects of hollow and edge can be regarded as S and
K faces (stepped and kinked faces), which provide more kinked
locations for growth and high growth rate, as show in Fig. 4(c)
and (d). These aspects result in that the complete cube a-Al
(FeMnCr)Si crystal is the dominated morphology rather than
defected-cube crystal.
4. Conclusion

In this paper, the morphology evolution and growth mechanism
of primary a-Al(FeMnCr)Si were investigated. This intermetallic
crystal exhibit cubic morphology at a low growth rate, which is
covered by six {100} faces and shows preferential growth in eight
points of the cube. A potential growth process of the cubic a-Al
(FeMnCr)Si crystal is derived according to the observation of tran-
sition morphologies at different growth stages. Commonly, a crys-
tal with a regular cubic morphology shows a low moving
resistance in melt, which is convenient to the high-efficiency elim-
ination by physical separation process. This work indicates that a
low cooling rate combining with an appropriate holding time is
necessary to form regular and cubic a-Al(FeMnCr)Si crystal in alu-
minum alloy melt. This is beneficial to the separation of Fe-
containing intermetallic from melt, decreasing the Fe level and
reducing its detrimental effect to the aluminum alloys.
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