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Abstract: The morphological evolution and growth behavior of Fe-rich phases in the Al−7.0Si−1.0Fe−1.2Mn alloy 
during melt holding were studied using scanning/transmission electron microscopy, thermodynamic calculations and 
synchrotron X-ray imaging. The results show that with a decrease in holding temperature, the Fe-rich phase underwent 
a morphological transformation from coarse star-like and polygonal structures to fine Chinese-script and coupled 
structures consisting of Chinese-script and polygonal shapes. The 3D structure of the star-like phase was composed of 
multibranched primary phases and irregular secondary phases; the coupled structure was composed of polyhedrons and 
dendrites; the Chinese-script phase was composed of dendrites. When the holding temperature was decreased, the 
number and volume fraction of Fe-rich phases were significantly reduced. A similar trend was also obtained for the 
largest volume particles and their connectivity. In situ synchrotron X-ray radiography results indicated that two types of 
primary Fe-rich phases were formed during the solidification process, and the smaller phase that remained in the melt 
could act as nucleation sites for the formation of the coupled eutectic structures. 
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1 Introduction 
 

Aluminum alloys have been widely used in 
aerospace, automobile, railway, communications 
and electronics and other fields owing to their high 
specific strength and stiffness, good processability, 
ease of casting and corrosion resistance. Although 
aluminum production represents one of the largest 
greenhouse gas producers and is an energy- 
intensive industry [1−4], the infinite recyclability  
of the aluminum alloys [5,6] results in energy 

consumption and greenhouse gas emissions of only 
4.7% and 5.0% of conventional metal-production 
processes, respectively [7]. Recycled alloys contain 
various impurities, such as Fe, Si, Cu, Zn, Sn and 
Mg, introduced from “dirty” aluminum alloys [1,8], 
among which Fe is prone to form Fe-rich 
intermetallic compounds in Al alloys due to its  
low solubility [9]. These intermetallic compounds, 
normally exhibiting a networked plate-like 
morphology, can separate the matrix and cause 
stress concentration during tensile testing, which  
is detrimental to mechanical properties of the alloy,  
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especially ductility [10−14]. 

Reducing the Fe content is an effective 
strategy to minimize these adverse consequences in 
recycled aluminum [15]. However, it is highly 
challenging and uneconomical to separate Fe from 
molten aluminum directly. In recent decades, many 
efforts have been made to remove Fe with an 
Fe-rich phase by ceramic filtration, electromagnetic 
sedimentation, centrifugal separation and gravity 
sedimentation [16−20]. MORAES et al [16] 
combined Mn addition, melt holding and ceramic 
filtration to separate primary Fe-rich particles, 
achieving an Fe removal rate of 83%. KIM et al [17] 
employed melt holding and centrifugation to reduce 
the Fe content in an Al−12Si−3.4Fe alloy, and the 
maximum Fe removal rate reached 82%. XIAO   
et al [21] reported an Fe removal rate of more than 
90% by Mn doping and electromagnetic directional 
solidification. Gravity sedimentation has attracted 
increasing attention because it is a simple process 
and has wide application prospects. FLORES     
et al [22] studied the effects of holding temperature, 
Mn and Fe contents on the Fe removal rate   
during gravity sedimentation, and 80% of Fe was 
decreased at a higher Mn addition and a lower 
holding temperature. CAO and CAMPBELL [23] 
reported that a larger Mn/Fe ratio can result in a 
higher Fe removal rate under the same gravity 
sedimentation conditions, while BECKER et al [24] 
claimed that Cr addition is more suitable for Fe 
removal than Mn. Based on gravity sedimentation, 
ZHANG et al [25] proposed rotor stirring and argon 
blowing during melt holding, which significantly 
improved the Fe removal rate of Al−7Si−0.3Mg− 
0.56Fe−1.64Mn−0.51Cr. However, the addition of 
excessive Mn and Cr leads to the formation      
of a Mn-rich phase and a Cr-rich phase, thereby 
hindering further improvement in sedimentation 
efficiency [26,27]. In our previous works, we found 
that Mn doping combined with low-temperature 
insulation can not only reduce the Fe concentration 
but also promote the formation of Fe-rich phases 
with a fine, compact polygonal, Chinese-script 
morphology [28−30]. These Fe-rich phases can   
be divided into solid polyhedrons, hollow solid 
polyhedrons and multibranched hollow polyhedrons 
in a three-dimensional (3D) structure. It should be 
stressed that the gravity sedimentation approach is 
still focused on Fe removal and related parameters, 
but 3D morphological evolution of the Fe-rich 

phases involved in the sedimentation process still 
needs to be investigated. 

Therefore, the objective of the present study is 
to reveal the morphological evolution and growth 
behavior of the Fe-rich phase in an Al−7.0Si− 
1.0Fe−1.2Mn alloy during melt cooling and holding. 
Synchrotron X-ray imaging was used to analyze the 
3D structural characteristics and in situ growth 
process of the Fe-rich phase. The crystal structures 
of Fe-rich phases with different morphologies were 
identified by transmission electron microscopy 
(TEM). Thermodynamic calculations were carried 
out to analyze the phase transitions in Fe-rich 
compounds. 
 
2 Experimental  
 
2.1 Material preparation 

The experimental alloys were designed based 
on commercially pure aluminum (99.7%), pure 
magnesium (99.9%), Al−20Si, A1−20Fe and 
Al−10Mn. Approximately 6 kg raw materials were 
melted in an electrical resistance furnace at 
(800±5) °C. After holding the temperature for 
30 min, the temperature was decreased to 
(720±5) °C. Subsequently, approximately 20 g 
preheated (~250 °C) refining agent composed of a 
halogenated salt was added to the melt using a 
titanium bell jar. Finally, the slag was cleaned after 
holding the temperature for 30 min, and the melt 
was poured into a preheated (~250 °C) cylindrical 
mold with a diameter of 110 mm. To investigate  
the influence of holding temperature on the 
characteristics of Fe-rich phases, the prepared ingot 
was divided into several equal parts, and each ingot 
was remelted at (800±5) °C. The refining treatment 
was performed at (720±5) °C, and then the 
temperature was dropped to (615−680) °C. After 
holding at this temperature for 1 h, the melts were 
poured into preheated (~250 °C) rectangular molds 
with sizes of 30 mm × 200 mm × 150 mm. 
 
2.2 Microstructural analysis 

The chemical compositions of each ingot were 
measured by an optical emission spectrometer 
(SPECTRO-MAX). The initial compositions of the 
ingots were as follows: 6.87 wt.% Si, 1.02 wt.% Fe, 
1.17 wt.% Mn, and 0.29 wt.% Mg and balanced Al. 
The specimens were intercepted at the same 
position (20 mm from the bottom) of the ingot by 
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wire electric discharge cutting. After grinding, 
polishing and etching using 0.5 vol.% HF aqueous 
solution, the two-dimensional (2D) morphologies of 
each specimen were observed by scanning electron 
microscopy (SEM, Gemini SEM 300), and the 
chemical compositions of the Fe-rich phase    
were analyzed by energy dispersive spectrometry 
(EDS, OXFORD−7412). Transmission electron 
microscopy (TEM, FEI 3010, Philips microscope) 
was used to identify the type of Fe-rich phase. The 
equilibrium solidification phase diagram of the 
Al−7.0Si−1.0Fe−Mn alloy was constructed based 
on the Pan Aluminum 2016 database [31]. 
 
2.3 Synchrotron radiation X-ray computed 

tomography 
The synchrotron X-ray tomography experiments 

were carried out on the BL13HB beamline of 
Shanghai Synchrotron Radiation Facility (SSRF), 
China. The experimental description can be found 
in detail in previous works [30,32]. The specimens 
were machined into rods with a diameter of 1 mm 
and fixed on a rotatable sample table. Subsequently, 
the specimens were placed on the optical path of a 
high-energy X-ray beam and rotated 180° at a 
constant speed, and 1200 projection images were 
obtained using a 2048 pixel × 2048 pixel CCD camera. 
The image resolution and exposure time were 
0.65 μm/pixel and 0.3 s, respectively. The energy of 
the X-ray was 20 keV, and the distance between the 
specimens and the camera was 13 cm. Finally, 
PITER and AvizoTM softwares were used to recover 
and reconstruct the 3D structure of the Fe-rich 
phase, and the volume fraction, equivalent diameter 
(Deq), sphericity (Ф), mean curvature (H), connectivity 
(I) and surface thickness (d) were quantitatively 
characterized as shown in Ref. [33]. 
 
2.4 In situ observation and solidification analysis 

In situ synchrotron X-ray radiography 
experiments were also conducted on the BL13W1 
beamline. To characterize the growth behavior of 
Fe-rich phases, a programmable electrical resistance 
furnace was used to heat and cool the samples. The 
samples were thinned to 200−300 μm and sealed 
between two ceramic sheets. The samples were first 
heated to 750 °C at a rate of 30 °C/min, held at this 
temperature for 5 min, and then cooled at a cooling 
rate of 1 °C/min. When the temperature reached 
675 °C, a continuous capture mode was initiated 

until 550 °C. The resolution and the exposure time 
of the images were 3.25 μm and 0.15 s, respectively. 
Image Pro-Plus software was used to reduce the 
background and analyze the growth behavior of the 
Fe-rich phase. 
 
3 Results 
 
3.1 Fe removal rate 

Figure 1 shows the residual contents of Fe and 
Mn and the Fe removal rate in the alloy at different 
holding temperatures. With decreasing holding 
temperature, the contents of Mn and Fe decreased 
gradually (Fig. 1(a)), whereas the Fe removal rate 
increased (Fig. 1(b)). It is worth noting that the 
residual Fe content declined to 0.43%, and the Fe 
removal rate reached 57.8% when the melt holding 
temperature was 615 °C. 
 

 
Fig. 1 Residual contents of Fe and Mn (a) and Fe removal 
rate (b) of alloy at different holding temperatures 
 
3.2 Microstructure 

Figure 2 shows the SEM images of the Fe-rich 
phase in the alloy at different holding temperatures. 
The Fe-rich phase mainly exhibited coarse star-like 
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and Chinese-script morphologies in the alloy at 
680 °C. These Fe-rich phases were unevenly 
distributed and showed obvious microstructural 
segregation. When the holding temperature dropped 
from 660 to 645 °C, the segregation phenomenon 
did not significantly change, but the morphology  
of the Fe-rich phase was transformed into a  
regular polygon shape, while the area fraction    
of the Chinese-script phase significantly decreased 
(Figs. 2(b) and (c)). When the holding temperature 
was further reduced to 615 °C, the Fe-rich   
phases with fine granularity and Chinese-script 
morphologies were uniformly distributed, which 

greatly improved the microstructural uniformity of 
the alloy. 

Figure 3 shows the high-magnification SEM 
images of typical Fe-rich phases in Fig. 2. With a 
decrease in melt holding temperature, both the 
amount and size of coarse primary Fe-rich phases 
decreased below 645 °C. As seen in Figs. 3(a) and 
(e), many coarse primary Fe-rich phases with sizes 
of approximately 60 μm appeared at 680 °C, and 
the size of these phases significantly decreased to a 
range of 15−20 μm at 615 °C. In addition, the 
morphology of the primary Fe-rich phase gradually 
changed from irregular star-like shape to regular 

 

 
Fig. 2 SEM images of Fe-rich phases in alloy at different holding temperatures: (a) 680 °C; (b) 660 °C; (c) 645 °C;   
(d) 630 °C; (e) 615 °C 
 

 
Fig. 3 high-magnification SEM images of typical Fe-rich phases in alloy at different holding temperatures: (a) 680 °C; 
(b) 660 °C; (c) 645 °C; (d) 630 °C; (e) 615 °C 
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polygonal and Chinese-script shapes, and some 
polygonal particles were connected to the Chinese- 
script particles. The structure consisting of regular 
polygonal and Chinese-script phases is called a 
coupled structure [34]. Although the morphologies 
of the Fe-rich phases showed no obvious changes 
with holding temperature in the range of 
615−630 °C, their sizes gradually decreased, and 
their densities significantly increased. 

Table 1 shows the chemical compositions of 
the Fe-rich phases in Fig. 3 based on EDS analysis 
data. The chemical elements in the typical Fe-rich 
phases are Al, Fe, Mn and Si, which means that the 
constituent elements of primary and secondary 
Fe-rich phases are similar. However, the relative 
contents of Mn and Fe changed to a certain extent 
among different morphologies. For example, the 
Mn content of the star-like phases is close to that of 
the polygonal phases but higher than that of the 
closely connected Chinese-script phases, while the 
Fe content accordingly increases. The total content 
of (Mn+Fe) and molar ratio of (Mn+Fe)/Si are 
unchanged among the three different Fe-rich phases. 
The types of these Fe-rich phases with the above 
morphologies have been described in the previous  
work [28] and are consistent with α-Al15(FeMn)3Si2. 

Figure 4 shows the SEM image and line scan 
of a typical coupled Fe-rich phase. Compared with 
the center of the polyhedron phase, the Mn contents 
in the Chinese-script phases and at the edge of the 

polygonal phases are significantly reduced, while 
their Fe contents are slightly increased. The 
thermodynamic calculations in Ref. [27] showed 
that the higher the Mn content in the Al−Si−Fe−Mn 
alloy is, the higher the formation temperature of the 
Fe-rich phase is. In other words, the formation of 
the polygonal Fe-rich phase in the center occurs 
prior to others, while the formation stage of the 
edge of the polygonal phases is close to that of   
the Chinese-script phase. Competitive growth 
between the secondary Fe-rich phases and α(Al) 
leads to an irregular morphology and a coupled 
structure. 

Figure 5 presents the bright field TEM images 
and selected area diffraction patterns (SADPs) of 
the two typical Fe-rich phases at holding temperature 
of 630 °C. The Chinese-script and polygonal phases 
are identified to have body centered cubic (BCC) 
structures with a lattice constant of 1.235 nm, 
which is consistent with α-Al15(FeMn)3Si2 [32]. The 
incident beam directions of the Chinese-script and 
polygonal Fe-rich phases are [111] and [100], 
respectively. The combined SADPs and EDS results 
further confirmed the crystal structures of Chinese- 
script and polygonal Fe-rich phases. There are some 
compositional differences between the two Fe-rich 
phases with different morphologies and various 
formation stages, which can be attributed to the 
microsegregation caused by different equilibrium 
solidification coefficients of Fe and Mn [35]. 

 
Table 1 Chemical compositions of Fe-rich phases with typical morphologies 

Point in Fig. 3 Morphology Al Si Mn Fe Phase 
A Star-like 60.55 10.50 18.31 10.64 α-Al15(FeMn)3Si2 
B Polygonal 59.07 10.24 19.64 11.05 α-Al15(FeMn)3Si2 
C Chinese-script 62.44 10.29 14.53 12.74 α-Al15(FeMn)3Si2 

 

 
Fig. 4 SEM image (a) and composition line scan maps (b) of Fe-rich phase with coupled structure 
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3.3 3D morphologies 
Figure 6 shows the 3D morphologies of 

Fe-rich phases in the alloy at different holding 
temperatures. Independently distributed Fe-rich 
phases are shown with different colors, while the 
adjacent and interconnected Fe-rich phases are 
displayed with the same color. When the holding 
temperature is 680 °C, a large area in pink is found 
in the upper part of Fig. 6(a), which is a large-sized 
Fe-rich phase particle with a span width of ~300 μm. 

When the holding temperature is reduced to 660 °C, 
a large light blue area is found on the right side of 
Fig. 6(b), and its maximum width (~200 μm) is 
smaller than that of Fig. 6(a) (the pink area). With a 
further reduction in the holding temperature, the 
Fe-rich phase shows a continuous distribution, and 
the pink color disappears (Fig. 6(c)). The size 
uniformity and distribution of Fe-rich phases in 
Fig. 6(c) are improved significantly compared with 
those in Figs. 6(a) and (b). 

 

 
Fig. 5 Bright-field TEM images (a, c) and SADPs (b, d) of Fe-rich phase in alloy at holding temperature of 630 °C 
 

 
Fig. 6 Overall 3D morphologies of Fe-rich phases at different holding temperatures: (a) 680 °C; (b) 660 °C; (c) 615 °C 

3D morphological characteristic parameters of the Fe-rich phase particles (Fig. 6) are listed in 
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Table 2. The subvolume of each sample is 
0.125 mm3, and the statistical range of the 
equivalent diameter Deq exceeds 5 μm. With 
decreasing holding temperature, the number of 
Fe-rich phases first significantly decreases and then 
increases slightly when the holding temperature 
drops to 615 °C. The corresponding number and 
volume fraction are decreased by 46.3% and   
47.6% compared with the counterpart at 680 °C, 
respectively. After holding at a lower temperature, 
the Deq of Fe-rich phase particles also decreases, but 
the sphericity shows no obvious change. It has a 
closely relationship between Deq and sphericity. In 
our previous study, we noted that the sphericity of 

the Fe-rich phase after gravitational sedimentation 
is inversely proportional to its equivalent   
diameter [28]. The volume of the largest Fe-rich 
phase gradually decreases with decreasing holding 
temperature, but its connectivity is slightly 
increased at 660 °C due to a reduction in the total 
volume fraction of the Fe-rich phase. When the 
holding temperature is 615 °C, the maximum 
volume of the largest Fe-rich phase and its 
connectivity are 107243 μm3 and 2.4%, respectively, 
which decrease by 93.6% and 88.0% compared 
with those at 680 °C, respectively. 

Figure 7 shows the distribution of Fe-rich 
phases with various morphological characteristics 

 
Table 2 3D morphological characteristic parameters of Fe-rich phases at different holding temperatures (0.5 mm × 
0.5 mm × 0.5 mm) 

Holding  
temperature/°C Number Volume  

fraction/% 
Equivalent  

diameter/μm Sphericity Maximum 
volume/μm3 Connectivity/% 

680 4278 6.72 10.32±6.63 0.68±0.17 1684010 20 

660 2060 5.01 8.70±7.90 0.65±0.16 1200530 22 

615 2298 3.52 9.30±7.29 0.65±0.17 107243 2.4 
 

 
Fig. 7 Equivalent diameter (a), sphericity (b) distribution and their relationship (c, d) of Fe-rich phases in alloy at 
different holding temperatures (μ is the average value, and σ is the standard deviation) 
from Fig. 6. The Deq and sphericity distribution of the Fe-rich phases are fitted to the normal function. 
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Figure 7(a) shows that the average value (μ) and 
standard deviation (σ) for the Deq of Fe-rich phases 
decreased at a lower holding temperature, which 
means that a smaller size and more uniform  
Fe-rich phase can be obtained at a lower holding 
temperature. Figure 7(b) shows that the μ of the 
sphericity of the Fe-rich phase slightly decreased, 
while the σ value slightly increased, which indicates 
that the average shape coefficients of the Fe-rich 
phases were reduced. However, their distribution 
concentrations were improved. The distribution 
uniformity of the Fe-rich phase is consistent with 
the results in Fig. 2. Figures 7(c) and (d) present the 
sphericity and Deq of the Fe-rich phases at different 
holding temperatures. The sphericity and Deq of  
the Fe-rich phase are mainly distributed in the 
intervals of 0.3−1.0 and 5−30 μm, respectively. 
Figure 7(d) shows a partially enlarged view of 
Fig. 7(c), showing the distribution of particles with 
a particle size of more than 30 μm. At higher 
holding temperatures (660−680 °C), some Fe-rich 
particles more than 60 μm in size appear, while 
these particles almost disappear in the alloy at 
615 °C. 

The typical 2D morphologies of the Fe-rich 
phases in the synchrotron X-ray slice are   
selected, and then their real 3D morphologies are 
reconstructed, as shown in Fig. 8. Figures 8(a−c) 
show the 2D morphologies of the Fe-rich phases in 
the slices, including star-like, polygonal, individual 
Chinese-script and coupled structures. Figure 8(d) 
presents the 3D structure of the star-like Fe-rich 
phase at 680 °C, which is mainly composed of 
multiple multibranched, primary Fe-rich phases and 
derived, irregular, secondary Fe-rich phases. The 
multibranched structure is composed of six long 
rods, and these rods with polygonal sections are 
perpendicular to each other. The length of the above 
rods reaches 30 μm, and the section width is 
measured to be 15−20 μm. The surface thickness 
results show that the primary part of the Fe-rich 
phase mainly exhibits red and yellow colors, while 
the secondary part mainly exhibits blue and green 
colors. This result indicates that the thickness of the 
primary phases is much greater than that of the 
secondary phases. It is worth noting that the middle 
region of the two long rod-shaped primary phases is 
blue and green, which means that there is a concave 
or hollow structure. The concave or hollow 

structure is closely related to the growth process of 
the primary Fe-rich phase [36,37]. The average 
curvature of the star-like primary phases is 0.07, 
which indicates that the concave and convex areas 
of this structure tend to be balanced. Figure 8(e) 
shows that the 3D morphology of the polygonal 
Fe-rich phase at 660 °C is composed of multiple 
regular polyhedrons and irregular coupled dendrites. 
These regular polyhedrons with a size range of 
15−20 μm are connected to each other, which 
indicates that these particles agglomerate during 
melt holding. Compared with the star-like phase, 
the Deq of the polygonal phase is slightly lower, 
while the average surface thickness is higher. 
Figures 8(f, g) show that the 3D structure of the 
coupled structure is composed of a regular 
polyhedron and closely connected dendrites, while 
the individual Chinese-script phase is mainly 
composed of coupled dendrites. Compared with the 
star-like and polygonal phases in Figs. 8(d, e), the 
size of the coupled structure and individual 
Chinese-script phases is greatly reduced, but the 
sphericity is significantly improved. In addition, the 
average surface thickness is significantly decreased, 
while the average surface curvature is significantly 
increased, which indicates that the growth of the 
coupled structure and individual Chinese-script 
phases is inhibited by more restrictions and has an 
obvious convex trend. 
 
4 Discussion 
 

Figure 9 shows the equilibrium solidification 
phase diagram of the Al−7.0Si−1.0Fe−Mn alloy. 
The equilibrium phases mainly include Al, Si   
and α-Al15(FeMn)3Si2 and β-Al5FeSi phases. The 
precipitation sequence is Liquid → α-Al15(FeMn)3Si2 
(615.3−677.1 °C) → α-Al15(FeMn)3Si2 + Al (615.3− 
577.1 °C) → α-Al15(FeMn)3Si2 + Al + Si (577.1 °C). 
It is worth noting that the initial formation 
temperature of the α-Al15(FeMn)3Si2 phase is 
677.1 °C. Therefore, the test alloy remains a liquid 
at 680 °C, and some primary Fe-rich phases are 
precipitated at 660 °C. These primary Fe-rich 
phases exhibit fine granularity due to low 
undercooling. When the holding temperature is 
615−645 °C, the coarse primary Fe-rich phases are 
formed at greater undercooling and settle to the 
furnace bottom due to gravity. 
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Fig. 8 Slices (a−c), 3D structure, surface thickness and mean curvature (d−g) of Fe-rich phases at different holding 
temperatures: (a, d) 680 °C; (b, e) 660°C; (c, f, g) 615 °C 
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To reveal the growth behavior of primary 
Fe-rich phases during melt holding, synchrotron 
X-ray radiography is used to capture in situ 
solidification images, as shown in Fig. 10. When 
the cooling time and temperature are 1244 s and 
654.2 °C, respectively, three primary Fe-rich phases 
are clearly observed in the field of view (FOV)   
of 3.5 mm × 4.5 mm. These primary phases with 
diameters of 20−30 μm show a granular shape, 
which is similar to the ones in our previous    
work [32]. With the extension of cooling time, the 
number and size of particles increase. However, no 
more of the Fe-rich phase forms from 1466 to 
3246 s. Figure 10(f) shows that two new primary 

particles are found at the right corner of the FOV at 
620.9 °C. The final size of these particles is 
approximately 60 μm, which is only 15%−25% of 
the previously formed primary Fe-rich phase. When 
the cooling time and melt holding temperature are 
3618 s and 614.7 °C, respectively, many Fe-rich 
particles with small sizes are observed in the FOV. 
These particles are known as secondary Fe-rich 
phases, which have formation temperatures close to 
those of the α(Al) dendrites. 

Therefore, two types of primary Fe-rich phases 
may be formed during the melt holding process. 
The first type of primary phase is formed at higher 
temperatures, which has a coarse size and is prone 

 

 
Fig. 9 Equilibrium solidification phase diagram (a) and corresponding enlarged diagram (b) of Al−7.0Si−1.0Fe−Mn 
alloy 
 

 

Fig. 10 Growth and solidification behavior of Fe-rich phase in alloy under near-equilibrium solidification 
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to sedimentation. The second type of primary phase 
is formed at relatively low temperatures, which 
usually shows a coupled structure consisting of 
regular polyhedrons and Chinese-script phases. The 
nucleation temperature of these regular polygons is 
slightly higher than that of α(Al), and the growth 
rate is slow at low undercooling, which results in a 
typical size no more than 20 μm in the actual 
casting process. According to Stokes’ sedimentation 
formula, the sedimentation rate of particles is 
proportional to the square of particle size, that    
is, fine particles have lower sedimentation     
rates [22,27]. Therefore, most of the second type  
of regular polyhedron phases may remain in the 
melt and agglomerate during the sedimentation 
process [25]. Moreover, these regular polyhedron 
phases can act as nucleation sites for the Chinese- 
script phase in the subsequent solidification  
process, which promotes the formation of coupled 
structures [28,34]. 

Figure 11 shows the growth rate curve of the 
largest particle in the FOV. The relationship 
between Deq and the cooling time (t) is fitted to the 
ExpDec1 function: 
 
Deq=408.9−954.7exp(−t/1342)                    (1) 
 

According to Formula (1), it can be inferred 
that the initial formation time of the Fe-rich phase  
is approximately 1148 s, and the corresponding 
temperature of the melt is approximately 655.9 °C. 
With increasing cooling time, the Deq of the Fe-rich 
phase gradually increases, but the growth rate 
gradually decreases. When the cooling time reaches 
3400 s, the size of the first type of primary Fe-rich 
 

 
Fig. 11 Growth rate of Fe-rich phase under near- 
equilibrium solidification conditions 

phase shows no obvious change, and the maximum 
size of the particles is approximately 340 μm. 
Therefore, the growth time of the primary Fe-rich 
phase in the Al−7Si−1.0Fe−1.2Mn alloy at a cooling 
rate of 1 °C/min is approximately 2250 s, which 
provides reliable data to support Fe removal by 
natural sedimentation. 
 
5 Conclusions 
 

(1) The segregation of the Fe-rich phase     
in Al−7Si−1.0Fe−1.2Mn alloys is significantly 
improved with decreasing holding temperature, and 
the 2D morphology undergoes a transformation 
from a coarse star-like and polygonal shapes to fine 
Chinese-script shape and coupled structures 
consisting of Chinese-script and polygonal shapes. 

(2) The 3D structure of the star-like Fe-rich 
phase is mainly composed of multiple multi- 
branched primary phases and derived irregular 
secondary phases. The coupled phase is composed 
of a regular polyhedron and some closely connected 
dendrites, and the Chinese-script phases are mainly 
composed of coupled dendrites. 

(3) As the holding temperature decreases from 
680 to 615 °C, the number and volume fraction of 
the Fe-rich phase decrease by 46.3% and 47.6%, 
respectively, and the volume of the largest phase 
and its connectivity decrease by 93.6% and 88.0%, 
respectively. 

(4) Two types of primary Fe-rich phases may 
be formed during the cooling and holding process. 
One is formed at higher temperatures and is prone 
to sedimentation, the other is formed at lower 
temperatures and has a regular polygonal shape. 
The later primary phases usually remain in the melt, 
agglomerate during holding and act as nucleation 
sites for coupled structures to form during the 
subsequent solidification process. 

(5) The period for the nucleation and growth  
of the primary Fe-rich phase is approximately 
37.5 min at a cooling rate of 1 °C/min. 
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Al−Si−Fe−Mn 合金熔体保温过程中富铁相的 
三维形态特征和生长行为 
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摘  要：采用扫描电子显微镜、透射电子显微镜、热力学计算和同步辐射 X 射线成像技术研究 Al−7.0Si−1.0Fe− 

1.2Mn 合金熔体保温过程中富铁相的形态演变和生长行为。结果表明，随着保温温度的降低，富铁相的形态由粗

大的星形和多边形状转变成细小的汉字状以及汉字和多边形的耦合结构。富铁相的三维形貌显示，星形富铁相由

多个多分支的初生相和衍生的不规则次生相组成；耦合结构由多面体和枝晶组成；单一汉字相则由枝晶组成。随

着保温温度的降低，富铁相的数量、体积分数以及最大富铁相的体积和连通性显著降低。原位同步辐射 X 射线结

果显示，在凝固过程中形成了两类初生富铁相，其中尺寸较小的初生富铁相保留在熔体中，并成为耦合共晶结构

富铁相的形核质点。 

关键词：保温温度；Al−Si 合金；富铁相；3D 形态演变；同步辐射 X 射线 

 (Edited by Wei-ping CHEN) 
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