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Abstract: Al–Mn–Fe alloy was prepared by traditional
casting, injection casting, and melt spinning. The effect
of cooling rate on the microstructure of alloy was studied.
Results show that the phases in the alloy are the same for
the three methods, including quasicrystal icosahedral
phase (I-phase), Al6Mn phase, and Al phase. With the
increase in cooling rate, the morphology of the I-phase
changed from long strips to short rods and gradually to
a daisy shape, and the content of the I-phase increased
from 28 to 70%. Meanwhile, the morphology of the Al6Mn
phase in the alloy changed from long bars to short rods,
and the content decreased from 45 to 20%. Meanwhile,
the thermal expansion coefficient of the alloy in the injec-
tion casting state is significantly reduced by about 15% at
all temperature stages compared with that in as-cast
state, and the results show that an appropriate cooling
rate can improve the microstructure and properties of the
alloy.

Keywords: Al–Mn–Fe alloy, injection casting, melt-spin-
ning, cooling rate, quasicrystals, coefficient of thermal
expansion

1 Introduction

Quasicrystals were first discovered in Al–Mn alloys [1,2]
and have received a lot of attention from researchers
because of their high hardness, high wear resistance,
good corrosion resistance, and low coefficient of thermal

expansion [3]. However, quasicrystals have the disadvan-
tage of being brittle. Generally, quasicrystals can be
divided into aluminum-based, magnesium-based, and
titanium-based. Aluminum base is the most widely stu-
died, especially Al–Cu–Fe series and Al–Mn series. Because
the added elements are cheap, easy to obtain, and non-
toxic, they are very popular. Meanwhile, Al–Mn alloy is
used widely due to the formation of part of the pure
aluminum phase and to a certain extent to improve
the brittleness of the alloy.

However, the Al–Mn alloy suffers from poor thermal
stability and is in a sub-stable state. So researchers tried
to further improve the stability of the alloy by the addi-
tion of transition group elements [4,5]. For example, the
studies on the Al–Mn system were focused on the influ-
ence of alloying elements like Fe [6], Be [7], and Ce [8] on
its microstructure and properties. However, the addition
of a third or even multiple elements can be problematic;
for example, the addition of Be increases the ability of
I-phase nucleation in the alloy [9–11]. However, beryl-
lium is known for being carcinogenic and causing other
serious diseases such as berylliosis [12]. Thus, other ele-
ments that could enhance the I-phase formation during
conventional casting processes are desirable. Cerium was
reported to be an effective addition in improving the
I-phase formation in Al–Mn alloys under different solidi-
fication conditions [13]; nonetheless, its effectiveness was
recently disputed by Coury et al. [14].

Combined with related studies [15–18], the addition
of Fe not only increases the thermal stability of the alloy,
but also increases the ability to form quasicrystalline
phases, and Fe is cheap, easily available, and non-toxic.
The effect of iron addition on the formed phases of the
alloy has also been studied in the literature [19,20], but
there are few systematic studies in the literature on the
types, morphology, and thermal expansion properties of
the formed phases of the alloy under different prepara-
tion processes.

At the same time, combined with the research work
of Balanetskyy et al. [20], it can be seen that the partial
isothermal section of Al–Mn–Fe alloy rich in aluminum
at 740, 695, and 650°C is shown in Figure 1(a–c). Also,
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the Al6Mn phase exists in the isothermal section at three
temperatures. Then, when a faster cooling rate is adop-
ted, does the Al6Mn phase exist in the alloy? If so, what
are the changes in the morphology and quantity of the
Al6Mn phase? Meanwhile, it is well known that the for-
mation process of the I-phase is closely related to the
cooling rate. The changes in microstructure and proper-
ties of alloys prepared by traditional casting, injection
casting, and melt spinning were studied, which laid a
foundation for the systematic study of Al–Mn–Fe alloy.

In this study, Al83Mn14Fe3 alloy was produced by
adding the appropriate amount of iron. The microstruc-
ture and thermal expansion properties of the Al–Mn–Fe
alloys prepared by ordinary iron mold casting, copper
mold injection casting method, and melt spinning were
analyzed. Combined with the relevant literature [21], the
three preparation methods were found to correspond to
cooling rates of 10−1 to 10−2, 102, and 105 K·s−1, respec-
tively. The present study was conducted to further deter-
mine the effect of the cooling rate on the microstructure
as well as the thermal expansion properties of the alloy,
with a view to obtaining quasicrystalline alloys with high
quasicrystalline content, relatively low brittleness, and
excellent microstructure and properties.

2 Experimental details

2.1 Preparation of materials

In this study, the following raw materials were used,
including high-purity Al (99.99wt%), Al–50Mn (99.98wt%),
and Al–60Fe (99.98 wt%) master alloys. The samples
were dosed according to the atomic ratio of Al83Mn14Fe3
(in atomic percent, at%) and melted in an intermediate
frequency induction melting furnace. The weight of the
alloy ingot obtained by this method is about 1 kg.

Then, the samples were poured into the metal iron
mold preheated to 180°C, and the samples prepared by the
traditional casting method were obtained after cooling.
Subsequently, this sample was used as the master alloy
to prepare injection casting samples and melt-spun sam-
ples by a high vacuum single-roller spin quenching and
injection-casting system under an argon-protected atmo-
sphere. A copper mold was used to prepare the injection
casting sample, and a rod of 2 mm diameter was obtained.
During the preparation using the melt-spinning process,
the melt was ejected onto a copper wheel rotating at a
speed of about 3,500 rpm, corresponding to a cooling

Figure 1: Partial isothermal section of Al–Mn–Fe alloy at 740°C (a), 695°C (b) and 650°C (c) [20]. Reproduced by permission of Elsevier.
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rate of about 105 K·s−1. The pressure of the gas ejecting
the molten alloy was 180 mbar. A strip with a thickness
of about 20–30 μm and a width of 2–3 mm was obtained.
Table 1 gives a summary of the three cooling methods
used in this study.

When Al83Mn14Fe3 alloy is prepared using iron mold,
the cooling rate is determined by analyzing the micro-
structure as in ref. [19]. The schematic diagram of iron
mold used in conventional casting in this experiment is
shown in Figure 2. It is consistent with the mold used in
ref. [19] in length and width direction, so the cooling rate
of iron mold is determined in combination with the
research of Stan-Głowińska et al. [19]. When the alloy
bar is prepared using injection casting, the cooling rate
is determined according to the research results of Stan-
Głowińska et al. [21]. For the powder samples prepared
using the single copper roller melt-spinning method, the
cooling rate is determined in combination with the research
of Cantor [22,23]. Figure 3 shows the process flowchart
of melt spinning. Since the injection casting process is
consistent with the melt-spinning process, only the
melt-spinning process flowchart is shown here.

The specific operation process is as follows: knock
down a small piece of conventionally cast alloy, put it
into the quartz tube, and melt it through the induction
coil. After that, the red molten alloy liquid forms a strip
belt driven by the high-speed rotating copper roller, which
is the preparation of melt-spinning samples. After that, the
melt-spinning sample is cold-mounted with mounting
powder and mounting liquid, and then, the cast sample
and the cold-mounted melt-spinning sample are mechani-
cally ground and polished, adopted the diluted Keller’s
reagent (consisting of 2.5 mL HNO3, 1.0 mL HF, 1.5 mL
HCl, and 95 mL water) to be the etchant for those sam-
ples polished, and the microstructure was observed.

2.2 Material characterization methods

X-Ray diffractometer (XRD-6000) was used to analyze the
formed phases of the samples under the three preparation
process conditions, and scanning electron microscope,
energy spectrum analyzer, and transmission electron

microscope (JEM-2010) were used to characterize the
microstructures of the alloys. The area fractions of the
I-phase as well as the Al6Mn phase in the samples under
the three preparation process conditions were calculated
using Image-Pro Plus 6.0 software. The quantitative ana-
lysis of phases is carried out according to Rietveld method
(Ratio of Intensity Reference [RIR] method), and then, the
content distribution of each phase in the alloy is further
determined by comparing the measured data of Image-Pro
Plus 6.0 software. Each sample was calculated 30 times
under the same process based on scanning morphology at
different magnifications, and then, the average value was
taken as the final calculation result.

Microstructures were analyzed using scanning elec-
tron microscopy (SEM, TESCAN, VEGA II-XMU). The SEM
instrument was coupled with high-resolution transmission
electron microscopy (HRTEM, JM-2010) as well as energy-
dispersive X-ray spectroscopy (EDS). We also conducted
EDS point analysis and X-ray elemental mapping for

Table 1: Brief introduction of three preparation processes

Preparation process Cooling method Cooling rate

Conventional casting Iron mold pouring, air cooling 10−1 to 10−2 K·s−1
Injection casting 2-mm diameter copper mold cooling 102 K·s−1 [21]
Single copper roller melt-spinning method High-speed rotating copper roller for cooling 105 K·s−1 [21,22]

Figure 2: Schematic diagram of iron mold cavity used in the
experiment.

Figure 3: The process flowchart of the single copper roller melt-
spinning method.
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exploring diverse phase nature and elemental distribution
of Al–Mn–Fe samples.

In the presence of Cu Kα radiation (λ = 0.15406 nm),
we recorded the X-ray diffraction (XRD-6000) patterns of
Al–Mn–Fe samples under three preparation process con-
ditions. The scanning speed and scanning angle were set
at 4°·min−1 and 10–90°, respectively. The thermal expan-
sion characteristics of the material were studied using a
thermomechanical analyzer (TMA/SDTA-840) in different
treatment states, with heating temperatures from room
temperature to 500°C at the 5°C·min−1 heating rate, pro-
tected by argon atmosphere. The computer was utilized
to record all data, while Mettler Toledo thermal analysis
system was adopted for data analysis.

3 Results

3.1 Analysis of X-ray diffraction results of
Al83Mn14Fe3 alloy at different cooling
rates

Figure 4 shows the analysis of X-ray diffraction results of
Al–Mn–Fe alloy at different cooling rates. It can be seen
from Figure 4 that when Al83Mn14Fe3 alloy is prepared
using the traditional casting method, the main formation
phases in the alloy are the Al6Mn phase, I-phase, and
face centered cubic aluminum phase. When the cooling
rate is increased and the 2 mm quasicrystal alloy bar is
prepared using injection casting, the diffraction peak
intensity corresponding to the I-phase in the alloy incr-
eases. It shows that when the composition is constant,

the increase in the cooling rate is conducive to the for-
mation of the I-phase in the alloy. When the cooling rate
is further increased and the alloy is prepared using melt-
spinning process, the diffraction peak intensity corre-
sponding to I-phase in the alloy is significantly increased,
and the peak intensity corresponding to Al phase and
Al6Mn phase is significantly reduced.

3.2 Microstructure of Al83Mn14Fe3 alloys at
different cooling rates

The equilibrium crystallization process of Al83Mn14Fe3 alloy
is simulated using Pandat software, and the simulation
results are shown in Figure 5. It can be seen that under
the condition of equilibrium crystallization, the alloy is
composed of face-centered cubic aluminum phase and
Al6Mn phase. During the solidification process of the
alloy, the Al4Fe phase precipitates from the liquid phase
first with the decrease in temperature. Before the alloy is
at lower than about 700°C, the alloy has only Al4Fe
phase and liquid phase. At about 700°C, the Al4Fe phase
in the alloy disappears, and Al6Mn phase and Al13Fe4
phase appear at the same time. When the temperature
is about 640°C, all the liquid phases are consumed. At
this time, there are only three phases in the alloy, and
with the progress of the solidification process, the Al6Mn
phase increases, while face-centered cubic aluminum
phase and Al13Fe4 phase decrease slowly. It shows that
with the decrease in temperature, the Al13Fe4 phase reacts
with the liquid phase to form the Al6Mn phase. Until the
end of the solidification process, the alloy only contains
face-centered cubic aluminum phase and Al6Mn phase.

According to the XRD analysis results of the alloy at
different cooling rates, the phase in the alloy has a

Figure 4: XRD patterns of Al–Mn–Fe alloy at different cooling rates.
Figure 5: Simulation of Al–Mn–Fe alloy equilibrium crystallization
process.
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quasicrystal I-phase at three cooling rates, but this phase
does not appear in the just balanced crystallization pro-
cess. It shows that the quasicrystal I-phase is formed in the
process of nonequilibrium solidification. Even for the alloy
prepared by iron mold, the cooling rate is still greater than
that in the process of equilibrium crystallization.

Figure 6(a–c) shows the microstructure of the alloy in
the as-cast state. It can be seen that the alloy is mainly
composed of black area, dark gray area, and light gray
area, where the dark gray area is surrounded by the light
gray area, and both of them show a striped distribution.
In order to further determine the formation phases repre-
sented by each region in the alloy, energy spectra and
element area distribution analysis were performed to
determine the phases represented by each region in the
alloy, as well as the distribution of elements in each
region. As can be seen from Figure 6a, the black area is
the pure Al-phase, which is mainly composed of aluminum

elements and also contains a small amount of manganese
elements. The dark gray area is the Al6Mn phase, striped
and distributed around the light gray phase, containing a
particularly small amount of iron elements, mainly com-
posed of Al and Mn elements. The light gray area shows
the I-phase.

Combining Figures 6 and 7, it can be seen that the
Al6(Mn, Fe) phase is a product of a peritectic reaction,
while quasicrystals were formed directly from the under-
cooled liquid as primary particles. The obtained results
suggest that Fe addition enhances the I-phase forma-
tion. Although the Al–Mn–Fe alloy was prepared by
the traditional casting method, the moderate addition
of iron promotes the formation of the I-phase to some
extent.

The elemental distribution of each phase in the alloy
was further determined from the analysis of the element
area distribution of the alloy. As can be seen in Figure 8,

Figure 6: Morphology of Al–Mn–Fe alloy in the as-cast state at different magnification: (a) 500×, (b) 1.00k×, (c) 2.00 k×.

Figure 7: Scanning morphology of Al–Mn–Fe cast alloy at high magnification and EDS.

Microstructure and thermal expansion properties of Al–Mn–Fe alloy  269



quasicrystalline particles are surrounded by a layer of
Al6(Mn, Fe).

Figures 9 and 10 show the scanning morphology and
energy spectrum of 2 mm quasicrystal alloy rods pre-
pared by a single-roller spin quenching injection casting
system. As can be seen from Figure 9, the main phases
in the alloy are short rod-shaped with stoichiometry close
to I-phase and black aluminum matrix (dark phase in
Figure 10a).

As can be seen from Figure 9, when the Al–Mn–Fe
alloy is prepared by the injection casting method with
a faster cooling rate, the subcooling degree is greatly

increased. The nucleation drive increases and the nuclea-
tion mass also increases greatly, which inhibits the forma-
tion of coarse dendrites, and the microstructure obtained
is fine and needle-like. According to the high-magnifica-
tion scanning morphology combined with energy spec-
trum analysis, the main phases in the alloy are the I-phase
and aluminum matrix, in which the I-phase presents a
needle or rod shape, and the matrix presents a black
area, which is distributed around the I-phase. Compared
with traditional casting, the content of the I-phase in the
alloy increases significantly and the microstructure is
refined obviously.

Figure 8:Microstructure morphology (a) and SEM-EDS elemental map showing the distribution of Al (b)Mn (c) and Fe (d) of Al–Mn–Fe alloy
in the as-cast state.

Figure 9: Morphology of the Al–Mn–Fe alloy prepared by injection casting method at different magnification: (a) 500×, (b) 1.00k×, (c) 2.00 k×.

Figure 10: Microstructure of the Al–Mn–Fe alloy prepared by injection casting method: (a) SEM image; (b and c) corresponding SAED
patterns of the Al6Mn phase and I-phase in (a).
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Figure 10b and c shows the microstructure of the alloy
prepared by the injection casting process, the electron dif-
fraction pattern of the Al6Mn phase in the alloy, and the
diffraction pattern of the I-phase in the direction of the
fifth axis of symmetry. Due to the brittleness of the mate-
rial itself, the electron diffraction pattern of the I-phase
is observed through the powder sample. The injection
cast sample is ground, sieved, and filtered through a
copper mesh, and the transmission sample is observed.
The original morphology of the sample is damaged during
grinding, so only the selected area electron diffraction pat-
tern is shown here. Figure 10b shows the electron diffrac-
tion spots of the Al6Mn phase of the dark gray phase
orthorhombic system surrounded by the I-phase, and
TEM studies revealed that the observed Al6Mn phase can
be indexed as the orthorhombic Al6Mn phase with lattice
parameters a = 7.56 Å, b = 6.5 Å, and c = 8.87 Å.

The Al83Mn14Fe3 alloy was prepared using the melt-
spinning method by further increasing the cooling rate.
The morphology of the alloy is shown in Figure 11a–c.
Due to the large cooling speed of the melt spinning
method, the obtained microstructure is very fine, like a
budding flower. The phases in the alloy were further
determined to be mainly I-phases with a daisy-like shape
by high-magnification scanning morphology combined
with relevant literature [24]. It shows that the I-phase
increases gradually with the increase in the cooling
rate. It can be seen from the microstructure patterns of
different cooling rates that the microstructure of the alloy
becomes smaller and smaller with the increase in the
cooling rate. At the same time, the I-phase morphology

changed significantly, from a long strip shape to a short
rod shape, and then to a chrysanthemum shape. Careful
observation shows that there are some pentagonal small
quasicrystals with small particles near the chrysanthemum
I-phases. The reason for these small quasicrystals is that
the cooling rate increases and atoms do not have time to
fully diffuse, so the sizes of I-phase particles are different.

3.3 Coefficient of thermal expansion of
Al83Mn14Fe3 alloy at different cooling
rates

The coefficient of thermal expansion of Al83Mn14Fe3 alloy
in normal cast state and copper mold injection cast state
was tested at each temperature stage of 30–100, 30–200,
30–300, 30–400, and 30–500°C, and the test results are
shown in Figure 12. As can be seen from Figure 12, the
coefficient of thermal expansion increases gradually with
the increase in temperature in both states. However, a
longitudinal comparison shows that the coefficient of
thermal expansion of the bar alloy at all temperature
stages is lower than that in the as-cast state, especially
at 30–100°C, which is about 15% lower, indicating that a
suitable cooling rate not only improves the alloy mor-
phology but also enhances the alloy properties.

The phenomenon of thermal expansion of matter is a
well-known fact, and most substances, with the excep-
tion of a few, increase in volume with increasing tem-
perature while external forces remain constant. Let all
the atoms in the crystal vibrate at the same frequency.

Figure 11:Morphology of Al–Mn–Fe alloy prepared by melt spinning.
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As the temperature increases, the amplitude of the lattice
junction increases, and the vibration of the junction
is non-simple harmonic vibration, so the temperature
increases, the equilibrium position of the lattice junction
pushes outward, and the cell size increases, and the
expansion property is displayed [23,25].

At the same time, the expansion coefficient of the
alloy at each temperature stage is small when injection
casting. The reasons are as follows: the cooling rate is
large when preparing the bar, the content of the I-phase
in the alloy is large, and the thermal expansion coeffi-
cient of the I-phase is small, which makes the thermal
expansion coefficient of the whole alloy low. At the same
time, the cooling rate of the injection casting state is
large, which makes the alloy structure smaller, and the
hindrance of dislocationmovement is strong, whichmakes
the binding force between atoms stronger in the process
of thermal expansion, so the overall thermal expansion
coefficient is small.

4 Discussion

In order to determine the grain size of Al83Mn14Fe3 alloy
prepared by different processes, the XRD spectrum in
Figure 4 is used as the calculation basis and calculated
according to the Scherrer formula [26]:

=D Kλ
β θcos

,hkl
hkl

(1)

where D is the crystallite size; K is the particle shape
factor, 0.943; λ is the X-ray wavelength, 0.15406 nm;
βhkl is the half-width of (hkl) reflection; and θ = 2θ/2 is
the Bragg angle corresponding to (hkl) reflection.

The average grain size of materials under three dif-
ferent processes is calculated. First, we need to determine

peak position and FWHM from XRD data, and then, we
put it in the Scherrer equation for the calculation of crys-
tallites size. First, import the XRD test data into Origin
software, click Analysis, open multiple peak fit in peaks
and baseline for fitting, and get the value corresponding
to xc and FWHM. Values of xc and FWHM are used in
formula (1) for calculation. The calculation results are as
follows (Tables 2 and 3).

It can be seen that when the melt spinning tech-
nology is used to prepare samples, the grain size is the
smallest, followed by the alloy prepared using the spray
casting method, and the alloy grain prepared using an
iron mold is relatively large.

The quantitative analysis of phases is carried out
according to the Rietveld method (RIR method). The spe-
cific steps are as follows: open jade 6.0 software and then
click search/match to determine the type of phase and
the K value (RIR) of each phase. The phases of the three
preparation processes are mainly Al6Mn phase, I-phase,
and pure aluminum phase. Click Analyze → Fit Peak
Profile → Refine. Then, open Options → Calc wt% to
calculate the mass fraction of each phase. The calculation
results are shown in Figure 13.

In order to quantitatively estimate and compare the
content of the I-phase in the alloy at three cooling rates,
the area fraction of the I-phase in the alloy was measured
using Image Pro Plus 6.0 software. The calculation pro-
cess is as follows: open the scanned image to be calcu-
lated and find Count/Size in Measure. In select Ranges,

Table 2: Calculation parameters of crystallite size under three processes

Traditional casting Injection casting Melt spinning

Peak position
(2 theta)

FWHM Crystallite size
D (nm)

Peak position
(2 theta)

FWHM Crystallite Size
D (nm)

Peak position
(2 theta)

FWHM Crystallite size
D (nm)

23.645 0.495 17.174 62.428 4.646 2.095 43.727 0.635 14.130
22.133 0.566 14.983 60.959 52.646 0.183 40.978 5.682 1.564
17.977 0.402 20.964 44.775 0.528 17.041 40.075 37.398 0.237
43.629 0.512 17.522 43.644 0.591 15.177 27.156 0.525 16.310
44.763 0.442 20.366 39.798 0.482 18.382 44.847 422.422 0.021
78.304 0.579 18.543 62.428 101.148 0.096 44.847 81.220 0.111
41.674 4.702 1.894 87.053 10.363 1.108 84.516 83.189 0.135

Table 3: Statistics of average crystallite size under three processes

Method Average crystallite size (nm)

Traditional casting 10.598
Injection casting 6.828
Melt spinning 4.644
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select the dark gray corresponding to I-phase, that is, the
area of the color to be counted, and click Count to calcu-
late. It can be seen that there are less quasicrystals in the
alloy as cast, about 28%. With the increase in the cooling
rate, the area fraction of the I-phase increases. When the
alloy is prepared using melt spinning, the area fraction
of the I-phase in the alloy increases significantly, about
70%. As the cooling rate increases, the actual crysta-
llization temperature decreases, the subcooling degree
increases, the crystallization driving force increases,
and the nucleation rate (N) and the growth rate (G) are
large [27]. And the increase in nucleation rate is faster
than the increase in growth rate, which improves the
ratio between N and G and the grain refinement. It
shows that the proper adjustment of the cooling rate is
conducive to the formation of the I-phase.

With the increase in the cooling rate, the undercooling
degree increases and the nucleation rate increases. At the
same time, due to the increase in cooling rate, the actual
crystallization temperature of the alloy decreases, the
diffusion after nucleation is not sufficient, and there is
no time to fully grow, so the microstructure of the alloy
is refined [27,28]. The formation of the I-phase is closely
related to the cooling rate. In the case of slow cooling,
I-phase is formed by peritectic reaction, but with the
increase in cooling rate, I-phase can be solidified and
precipitated directly from supercooled liquid [29]. At the
same time, the formation of the I-phase is different from
the solidification of amorphous. It needs to go through
the process of nucleation and growth, which are con-
trolled by atomic diffusion. Therefore, when the cooling
rate increases, the I-phase formed is fine [30].

The results show that the cooling rate has no signifi-
cant effect on the formed phase of the alloy, but has a
significant effect on the morphology of the phase. In
other words, the quasicrystal I-phase exists in the alloys
prepared under the three processes, but the morphology
of this phase changes significantly with the increase in
cooling rate, which is the result of the change of cooling
rate. With the increase in cooling rate, the microstructure

of the alloy is obviously refined, especially the alloy pre-
pared by the melt spinning process. At a very high cooling
rate, the initial dendritic shape changes to a more cell-like
shape. This phenomenon is consistent with the research
conclusion of Antonsson and Fredriksson [31], that is, at
a very high cooling rate, the solidification sequence and
microstructure change from dendrite to cellular crystal and
then to non-diffusion phase transition. Combined with the
research materials in this article, it can be seen that when
the cooling rate increases, the quasicrystal I-phase in the
alloy precipitates directly from the liquid phase, and there
is no time to fully grow, so the microstructure is fine.

5 Conclusion

The Al83Mn14Fe3 alloy was prepared using traditional
casting, copper mold injection casting, and melt spin-
ning, and the effects of different cold rates on the micro-
structure and thermal expansion properties were investi-
gated as follows:
1. With the increase in the cooling rate, the content of

the I-phase gradually increases, and its morphology
changes from long strips to short rods and gradually
to daisy-like.

2. A gradual decrease in the Al6Mn phase in the alloy as
the cooling rate increases.

3. The increase in cooling rate improves the thermal
expansion properties of the alloy and yields alloys
with high I-phase content and low coefficient of thermal
expansion, laying the foundation for the study of
quasicrystalline materials.
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Figure 13: Weight percentage of each phase under three processes (a) traditional casting, (b) injection casting and (c) melt spinning.
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