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Abstract

The heat treatment of (Al63Cu25Fe12)99Ce1 alloy was performed at 650, 750, and 850◦C for
different holding times. The effects of the heat treatment process on the alloy’s microstructure
and thermal expansion properties were studied. Results revealed that the cast alloy contained
β-Al0.5Fe0.5 phase (β-phase), Al2Cu3 phase, Al13Ce2Cu13 phase, and icosahedral quasicrystal
I-phase (I-phase). After holding at 750◦C for 6 h, the alloy contains only an I-phase and a small
amount of Al13Ce2Cu13 phase. When the heat treatment temperature continued to increase,
the I-phase was partially decomposed. After heat treatment, the thermal expansion coefficient
of the alloy decreased obviously. Compared with as cast, the thermal expansion coefficient
of the alloy decreased by about 10 % after holding at 750◦C for 6 h. The results show that
the Al-Cu-Fe-Ce alloy with excellent microstructure and properties can be obtained by an
appropriate heat treatment process.

K e y w o r d s: heat treatment, quasicrystal I-phase, microstructure, coefficient of thermal
expansion

1. Introduction

Quasicrystal materials have attracted much atten-
tion because of their good properties [1], such as high
hardness [2, 3], wear resistance [4], corrosion resis-
tance [5], etc. So far, common quasicrystal materials
mainly include aluminum matrix, magnesium matrix,
and titanium matrix. Most of them are metastable
quasicrystals, and only a few quasicrystals are ther-
modynamically stable, such as Al-Cu-Fe quasicrystals.
The advantage of Al-Cu-Fe quasicrystal is that alu-
minum, copper, and iron are three common metal ele-
ments. These elements are cheap and non-toxic, which
is very suitable for wide application in industry.
Therefore, the discovery of Al-Cu-Fe quasicrystals

by Tsai et al. [6] has attracted extensive attention.
This quasicrystal material has a new and highly com-
plete structure and is very stable in thermodynam-
ics [7, 8]. Generally, stable quasicrystal materials can
be prepared by the conventional casting method, but
there are few quasicrystal phases in Al-Cu-Fe qua-
sicrystal alloys prepared by this method. Therefore, a
single quasicrystal alloy can be directly prepared from
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an alloy with quasicrystal composition only when a
great solidification rate is adopted, but it is difficult
to achieve a great solidification rate in actual produc-
tion. However, when the solidification rate is slow, a
basic single quasicrystal alloy can be obtained through
an appropriate heat treatment [9–11].
According to the relevant literature [12–14], the

heat treatment process often involves phase transfor-
mation. G. Rosas et al. studied the transformation
process of various phases in different alloys close to
the ternary composition value after holding at 600,
700, and 800◦C for different times [14]. The results
show that for Al58Cu28Fe4 alloy, after heat treatment
at 700◦C, the quasicrystal phase changes to all β-
phase, and Al68Cu27Fe5 alloy is transformed into w-
Al7Cu2Fe after heat treatment at 700◦C. It shows that
the composition of the alloy and different heat treat-
ment temperatures greatly influence the phase compo-
sition after transformation. According to Lilong Zhu’s
research [15], for Al63Cu25Fe12 alloy, the I-phase exists
stably at 700 and 800◦C.
At the same time, according to our previous re-

search [16], when preparing quasicrystal alloy by con-
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ventional casting method, adding Ce known as indus-
trial vitamin on the basis of Al63Cu25Fe12 alloy can in-
crease the formation of I-phase to a certain extent. Es-
pecially when the content of Ce in the alloy is 1 at.%,
the content of the I-phase in the alloy is higher. To
further improve the content of the I-phase in the al-
loy, the (Al63Cu25Fe12)99Ce1 alloy was heat-treated
at different heating temperatures and holding times
to further increase the content of I-phase in the alloy,
and the role of Ce in the heat treatment process was
discussed.
This paper studies the microstructure and proper-

ties of (Al63Cu25Fe12)99Ce1 alloy after heat treatment
and analyzes the role of Ce in the heat treatment pro-
cess. The (Al63Cu25Fe12)99Ce1 alloy prepared by con-
ventional casting method was heat-treated at different
temperatures (650, 750, and 850◦C and at different
holding times to explore the effect of Ce addition on
the microstructure changes of the alloy during heat
treatment. The aim was to improve the content and
morphology of the I-phase in the alloy at low heat
treatment temperatures and obtain quasicrystal alloy
with high I-phase content, good thermal expansion
performance, and excellent microstructure.

2. Experimental details

2.1. Preparation of materials

In this study, the following raw materials were
used, including high-purity Al (99.99%), Cu, Al-30Ce
(99.5%, wt.%), and Al-60Fe (99.98%) master alloys.
In brief, each raw material was placed in the copper
crucible within the vacuum chamber filled with argon
to prevent oxidation. Afterward, the arc was used to
melt the materials, followed by the flowing cold wa-
ter surrounding copper crucible walls to achieve rapid
cooling to ambient temperature in 5 min. After that,
the resultant sample was subjected to flipping and re-
melting four times for improving uniformity.
Melted samples were heat-treated in a box resis-

tance furnace. According to the TGA test results of
the as-cast (Al63Cu25Fe12)99Ce1 alloy and relevant
studies [17–19], the heat treatment temperature was
set at 650, 750, and 850◦C, and they were kept at
these three temperatures for 3, 5, and 6 h, respecti-
vely, and then cooled with the furnace. The heating
rate at three temperatures was 10◦Cmin−1. As-cast
and heat-treated samples were mechanically polished
and adopted the diluted Keller’s reagent (consisting
of 2.5mL HNO3, 1.0 mL HF, 1.5 mL HCl, and 95mL
water) to be the etchant for those samples to polish.

2.2. Characterization of materials

The phase composition of as-cast and heat-treated

samples was analyzed by an X-ray diffractometer
(XRD-6000). The microstructure of the alloy was
characterized by scanning electron microscope, energy
spectrum analyzer, and transmission electron micro-
scope (JEM-2010). The proportion of I-phase in as-
cast and heat-treated (Al63Cu25Fe12)99Ce1 alloy was
calculated by Image-Pro Plus 6.0 software. Under the
same process, each sample was calculated 30 times ac-
cording to the scanned images with different magnifi-
cation, and then the average value was taken as the
final calculation result to ensure the accuracy of the
experimental data.
Microstructures were analyzed using scanning elec-

tron microscopy (SEM, TESCAN, VEGA II-XMU).
The SEM instrument was coupled with high-resolu-
tion transmission electron microscopy (HRTEM, JM-
2010) and energy-dispersive X-ray spectroscopy
(EDS). We also conducted EDS point analysis and
X-ray elemental mapping for exploring diverse phase
nature and elemental distribution of (Al63Cu25Fe12)99
Ce1 alloy.
In the presence of Cu Kα radiation (λ =

0.1542 nm), we recorded (Al63Cu25Fe12)99Ce1 alloy
for its X-ray diffraction (XRD-6000) patterns. The
scanning speed and angle were set at 4◦min−1 and
20◦–90◦, respectively. Meanwhile, thermal analysis
was conducted using high-temperature differential
scanning calorimetry (TGA/DSC1). The experiments
were conducted under an atmosphere of Ar, and we set
the heating rate at 20◦Cmin−1. The mass of the sam-
ple used for the DSC experiments was approximately
30 mg. Samples were put into alumina crucibles and
heated and cooled at 20◦Cmin−1 under a pure argon
flow.
The thermal expansion characteristics of as-cast

and heat-treated (Al63Cu25Fe12)99Ce1 alloy were
studied by a thermomechanical analyzer (TMA/
SDTA-840). The heating temperature was from room
temperature to 500◦C at the 5◦Cmin−1 heating rate,
protected by argon atmosphere, and the sample size
was ø 5mm × 5mm. The computer was utilized to
record all data, while Mettler Toledo thermal analysis
system was adopted for data analysis.

3. Results

3.1. DSC analysis of as-cast (Al63
Cu25Fe12)99Ce1 alloy

Figure 1 shows the DSC curves for heating of
the investigated alloy. Combined with relevant lit-
erature [20–23], there are four endothermic peaks
in (Al63Cu25Fe12)99Ce1 alloy, namely, the endother-
mic peak near 587◦C (Al2Cu3 phase), the endo-
thermic peak near 691.9◦C (Al13Ce2Cu13 phase),
the endothermic peak near 882◦C (I-phase),
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Fig. 1. DSC curves for heating of the examined (Al63Cu25
Fe12)99Ce1 alloy.

and the endothermic peak near 981◦C (β-phase).
The heat treatment temperature was set at 650◦C,

mainly to ensure the melting of the low-temperature
Al2Cu3 phase, and the reactions (β-phase + AlCu
phase → I-phase) occur between Al2Cu3 phase and
β-phase during heat treatment.
At the same time, to study the stability of the

Al13Ce2Cu13 phase, heat treatment was carried out
at 750◦C. The purpose was to study whether the
Al13Ce2Cu13 phase existed and whether it would
change morphology in the subsequent cooling pro-
cess when the heat treatment temperature was higher
and lower than the melting point of the Al13Ce2Cu13
phase. However, the primary purpose of heat treat-
ment was to improve the formation of the I-phase, so
the maximum heat treatment temperature was 850◦C
to ensure that I-phase would not melt.

3.2. X-ray diffraction analysis of
(Al63Cu25Fe12)99Ce1 alloy in as-cast and heat

treating

Figure 2 shows the XRD patterns of (Al63Cu25
Fe12)99Ce1 alloy in as-cast and heat treating. As-
cast, the (Al63Cu25Fe12)99Ce1 alloy is mainly com-
posed of four phases: a β-Al0.5Fe0.5 phase (β-phase),
an Al2Cu3 phase, an Al13Ce2Cu13 phase, and an
I-Al60.3Cu30Fe9.7 phase (I-phase). With a cubic crys-
tal system, the β-Al0.5Fe0.5 phase (β-phase) crystal-
lizes in the Pm-3m space group, and its lattice param-
eter is a = 0.291 nm. The Al2Cu3 phase crystallizes in
the P63/mmc space group with a hexagonal crystal
system, and its lattice parameters are a = 0.829 nm,
b = 0.829 nm, and c = 0.497 nm. The Al13Ce2Cu13
phase crystallizes in the Fm-3c space group with a cu-
bic crystal system, and its lattice parameters are a =
1.189 nm, α = 90◦. The fourth type of phase is the
I-Al60.3Cu30Fe9.7 phase (I-phase) with an icosahedral
construction.

Fig. 2. XRD patterns of (Al63Cu25Fe12)99Ce1 alloy in as-
cast and heat treating.

When the alloy was heat-treated at different tem-
peratures, the constituent phases in the alloy changed.
When the heating temperature increased from 650 to
750◦C, the diffraction peak intensity corresponding to
I-phase in the alloy increased. The heating tempera-
ture continued to rise to 850◦C, and the I-phase de-
composed instability. It shows that the heating tem-
perature of 750◦C is most suitable for the transforma-
tion from other phases to I-phase. At the same time,
the Al13Ce2Cu13 phase always exists with increasing
heating temperature, indicating that this phase is sta-
ble.
At 750◦C, the peak strength of the I-phase and

other phases changed with the increase of holding
time. With the increasing holding time, the diffraction
peak intensity corresponding to the I-phase increased,
and that of the β-phase decreased. It shows that I-
phase is stable at this temperature, and the β-phase
tends to disappear gradually. After holding at 750◦C
for 6 hours, the alloy contained only the I-phase and
part of the Al13Ce2Cu13 phase.
Phase transformation occurred during heat treat-

ment because the cooling speed was slow in prepar-
ing as-cast alloy. There are not only β-phase with a
melting point higher than I-phase, AlCu phase with
a melting point lower than I-phase, and a small num-
ber of other phases in the alloy. In the subsequent
heat treatment process, the melting of these low melt-
ing point phases (such as the AlCu phase with high
copper content) promoted the transformation of the
I-phase.

3.3. Microstructural characterization
of (Al63Cu25Fe12)99Ce1 alloy

Figure 3 shows the SEM micrographs of the as-cast
(Al63Cu25Fe12)99Ce1 alloy. Figures 3a, b are the low
magnification and high magnification scanning mor-
phologies of the alloy.
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Ta b l e 1. Compositional analysis of different phases in the (Al63Cu25Fe12)99Ce1 alloy (at.%)

Composition
Alloy Location Possible phases

Al Fe Cu Ce

Black (A) 70.46 23.88 5.66 – β-Al0.5Fe0.5

(Al63Cu25Fe12)99Ce1
Black grey (B) 62.08 12.2 25.72 – I-phase
Light grey (C) 52.57 4.69 42.74 – Al2Cu3
White (D) 42.54 2.16 47.99 7.31 Al13Ce2Cu13

Fig. 3. SEM micrographs of the as-cast (Al63Cu25Fe12)99
Ce1 alloy: (a) and (b) are the low magnification and high
magnification scanning morphologies of the alloy of the

as-cast (Al63Cu25Fe12)99Ce1 alloy, respectively.

The microstructure of the (Al63Cu25Fe12)99Ce1 al-
loy is composed of four areas: dark (A), dark grey (B),
light grey (C), and white (D). EDS was conducted in
the representative areas to identify the nature of these
areas, and the energy spectrum analysis is shown in
Table 1. Meanwhile, combined with the previous XRD
analysis results, we know that these four regions rep-
resent four different phases, a β-phase, an I-phase, an
Al13Ce2Cu13 phase, and an Al2Cu3 phase. Table 1
summarizes the chemical composition of each phase

shown in (Al63Cu25Fe12)99Ce1 alloy. The dark area
(A) in the SEM image with a small amount of copper
(5.66 at.% in EDS) thus corresponds to the β-phase.
The black grey area (B) represents the I-phase. The
white area (D) represents the Al13Ce2Cu13 phase with
a small amount of iron (2.16 at.% in EDS). The re-
maining light grey area (C) matches with the Al2Cu3
phase.
The cooling rate of quasicrystal alloy prepared by

the conventional casting method was slow, and the
solidification process of the ingot was as follows: At
the beginning of solidification, β-phase was directly
precipitated from the liquid phase in dendritic distri-
bution and became the first precipitated phase. With
the decrease of temperature, a peritectic reaction oc-
curred between β-phase and some liquid phases gen-
erated the I-phase (L + β → I), and the remain-
ing liquid phase solidified into the Al2Cu3 phase and
Al13Ce2Cu13 phase. At the same time, the addition
of Ce caused component undercooling [24], which re-
fined the constituent phases in the alloy to a certain
extent. After heat treatment at 750◦C for 6 h, the
(Al63Cu25Fe12)99Ce1 alloy contained only an I-phase
and a small amount of Al13Ce2Cu13 phase.
Combined with the scanning morphology of the al-

loy under each heat treatment process (as shown in
Figs. 4, 5), the microstructure transformation during
heat treatment was analyzed.
Figures 4a–c show the microstructure of (Al63Cu25

Fe12)99Ce1 alloy after heat treatment at 650◦C for 3,
5, and 6 h, respectively. After holding at 650◦C for
3 h, there was a part of the AlCu phase, and β-phase
reacted to form I-phase, but some AlCu phase was
still retained due to low heating temperature, short
holding time, and insufficient atomic diffusion. When
the holding time was increased to 5 h at 650◦C, the
microstructure of β-phase changed from strip to ball
and then gradually dissolved in the subsequent holding
process.
Figures 5a–c show the microstructure of (Al63Cu25

Fe12)99Ce1 alloy after holding at 750◦C for 3, 5, and
6 h, respectively. After holding at 750◦C for 3 h, the
AlCu phase in the alloy was consumed entirely, leaving
only β-phase, I-phase, and white Al13Ce2Cu13 phase.
With the extension of holding time, the β-phase grad-
ually spheroidized and completely dissolved.
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Fig. 4. Microstructure of (Al63Cu25Fe12)99Ce1 alloy after
heat treatment at 650◦C for (a) 3 h, (b) 5 h, and (c) 6 h.

As shown in Fig. 5a–c, when the heating tempe-
rature was 750◦C, the holding time increased, the β-
phase in the black area decreased significantly, and
the I-phase in the gray area increased significantly. It
shows that (Al63Cu25Fe12)99Ce1 alloy has a gradual
transformation from β-phase to I-phase during heat-
ing. With the extension of holding time, the β-phase

Fig. 5. Microstructure of (Al63Cu25Fe12)99Ce1alloy after
heat treatment at 750◦C for (a) 3 h, (b) 5 h, and (c) 6 h.

in the black region gradually disappeared, and there
are only I-phase and part of the Al13Ce2Cu13 phase
in the alloy. Al13Ce2Cu13 phase always exists in the
white region, indicating that this phase has high ther-
mal stability.
The formation of the I-phase was accompanied by

the formation of other phases and a non-equilibrium
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Fig. 6. The low magnification morphology of (Al63Cu25
Fe12)99Ce1 alloy at 750◦C for 3 h (a); the high magnifi-
cation scanning morphology of (Al63Cu25Fe12)99Ce1 alloy

and the locally enlarged view of I-phase (b).

solidification process. Therefore, there was an un-
even phase distribution during the formation of the
I-phase in the alloy prepared by the conventional cast-
ing method. With the progress of heat treatment, the
β-phase was spheroidized and refined. With the ex-
tension of holding time, the β-phase decreased grad-
ually. In addition, during the heating and insulation
process of the (Al63Cu25Fe12)99Ce1 alloy, the β-phase
gradually diffused and dissolved, and the distribution
was more uniform and fine. It shows that appropriate
heating temperature and holding time are not only
conducive to the formation of the I-phase but also con-
ducive to a more uniform distribution of microstruc-
ture.
The macro morphology of (Al63Cu25Fe12)99Ce1 al-

loy after holding at 750◦C for 3 h was observed and
analyzed, as shown in Fig. 6. The alloy contains three
phases, which are dark gray areas β-phase, I-phase in
a light gray area, and Al13Ce2Cu13 phase in a white
area, and there are a certain number of defects. The

Fig. 7. The proportion of I-phase in as-cast and heat-
treated (Al63Cu25Fe12)99Ce1 alloy.

Fig. 8. SEM images (a) and the corresponding element dis-
tribution of (Al63Cu25Fe12)99Ce1 alloy after 3 h at 750◦C

(b).

reason for the defects is that the appropriate addition
of Ce causes component undercooling, increases the
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Fig. 9. SEM images and the corresponding element distribution of (Al63Cu25Fe12)99Ce1 alloy at 750◦C for 6 h (a), (b) and
(c), (d) EDS of the I-phase and Al13Ce2Cu13 phase.

undercooling degree in the solidification process of the
alloy, and plays the role of refining grains. However, I-
phase is a brittle phase; even if it is small and evenly
distributed, cracks can not be avoided. At the same
time, the microstructure at the defect was observed
by high magnification scanning morphologies, and the
results are shown in Fig. 6b. The results show that the
regions of these defects are typical regular pentagonal
I-phase, which further shows that the intrinsic brittle-
ness of the I-phase leads to the generation of defects
in the alloy.
Meanwhile, the area proportions of the I-phase

formed by (Al63Cu25Fe12)99Ce1 alloy after heat pre-
servation at different temperatures were calculated by
Image-pro Plus software. The statistical results are
shown in Fig. 7. It can be seen from Fig. 7 that the
content of the I-phase in as-cast is 66.7%. With the
heating temperature from 650 to 750◦C, the I-phase
gradually increases. However, the proportion of the
I-phase decreases with the extension of holding time.
The reason is that the I-phase was partially decom-
posed during heat treatment with the increase of tem-
perature.
The cooling rate of (Al63Cu25Fe12)99Ce1 alloy pre-

pared by conventional casting method was not very
fast, but the microstructure distribution after solid-
ification is uneven because the formation process of
I-phase is a non-equilibrium solidification process. In
the subsequent heat treatment process, with the ex-
tension of holding time, the elements diffused gradu-
ally, and the distribution of each phase in the alloy is
more uniform.
However, there is still more β-phase in the al-

loy after holding at 750◦C for 3 h. High magnifica-
tion microstructure observation and element area dis-
tribution analysis were carried out on the alloy af-
ter holding at 750◦C for 3 h, as shown in Fig. 8a.
The alloy contains three phases, namely β-phase, I-
phase, and Al13Ce2Cu13 phase. According to the el-
ement area distribution, the element distribution of
each phase in the alloy is further determined. It can
be seen from Fig. 8b that Ce is mainly distributed in
the Al13Ce2Cu13 phase, and the copper content in the
β-phase is less.
After (Al63Cu25Fe12)99Ce1 alloy was kept at 750◦C

for 6 h, all β-phase in the alloy was dissolved, and
only I-phase and Al13Ce2Cu13 phase were contained
in the alloy. Energy spectrum analysis and element
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Fig. 10. (a) Microstructure of I-phase in the (Al63Cu25Fe12)99Ce1 alloy; (b) selected-area diffraction patterns of the I-phase;
(c) microstructure of Al13Ce2Cu13-phase in the (Al63Cu25Fe12)99Ce1 alloy; (d) selected-area diffraction patterns of the

Al13Ce2Cu13 phase.

area distribution analysis were carried out for each
phase in the alloy, as shown in Figs. 9a–d. It can be
further seen that most dark gray areas in Fig. 9 are
I-phase, and the Al13Ce2Cu13 phase in the white area
is evenly distributed.

3.4. Transmission electron microscopy
of (Al63Cu25Fe12)99Ce1 alloy

For a more detailed microstructural characteriza-
tion, the phase composition of the (Al63Cu25Fe12)99
Ce1 alloy after heat treatment at 750◦C for 6 h was
further confirmed by transmission morphology analy-
sis. TEM studies revealed that the specimen consisted
of envelope grains, the diameter of which varied from
about several hundreds of nanometers to a few mi-
crons (Fig. 10a). Moreover, Fig. 10b shows a typi-
cal quasicrystal icosahedral electron diffraction pat-
tern. The microstructure and electron diffraction pat-
tern of the Al13Ce2Cu13 phase in the alloy after heat
treatment were observed, as shown in Figs. 10c–d, and
the phase composition in the alloy was further deter-
mined.

3.5. Thermal expansion properties
of (Al63Cu25Fe12)99Ce1 alloy

The thermal expansion coefficient of as-cast
(Al63Cu25Fe12)99Ce1 alloy under different heat treat-
ment processes was measured, and the results are
shown in Fig. 11. The thermal expansion performance
of the material is usually characterized by the average
linear expansion coefficient, which gives the average
value of the sample in a specific temperature range,
and its formula is:

α =
1
L0

dL
dT

, (1)

where L0 is the original size of the sample, dL is the
change of line size of the sample within the corre-
sponding temperature range, dT is the change of the
corresponding temperature, and α is the average lin-
ear expansion coefficient.
Figure 11 shows the variation trend of thermal

expansion coefficient with the temperature of as-cast
(Al63Cu25Fe12)99Ce1 alloy and after heat treatment.
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Fig. 11. Variation curve of thermal expansion coefficient of
(Al63Cu25Fe12)99Ce1 alloy with temperature.

As shown in Fig. 11, with the increase of heating tem-
perature, the thermal expansion coefficient of the alloy
in as-cast and various heat treating increases gradu-
ally.
When the temperature is low, the expansion co-

efficient increases rapidly with the increase of tem-
perature, but after 300◦C, the rise speed of the ex-
pansion coefficient slows down with the increase of
temperature. This is because the average distance be-
tween atoms increases significantly as the temperature
increases [25]. After heat treatment, the quasicrystal
grains grow and even aggregate, the total grain bound-
ary area decreases, and the blocking effect on disloca-
tion weakens. The resistance to atomic thermal mo-
tion decreases, which increases the thermal expansion
coefficient of the alloy to a certain extent.
At the same time, with the increase of temperature,

the lattice vibration intensifies; that is, the atomic
thermal motion energy increases, and the atoms in the
lattice are in an unstable state, resulting in the vol-
ume expansion of the alloy. Therefore, the expansion
coefficient of the alloy increases after heat treatment.
However, the longitudinal comparison shows that

the thermal expansion coefficient of the alloy at each
temperature stage is almost the largest when it is cast.
At the same time, when the alloy is kept at 650◦C for
3 and 6 h, the thermal expansion coefficient is small
at each temperature stage. The reason is that after
heat treatment at 650◦C, not only does the formation
of quasicrystals increase, but also the temperature is
low, and the microstructure of the alloy is fine.
When the heating temperature is 750◦C, the for-

mation of the I-phase further increases. However, the
higher heating temperature makes each phase in the
alloy tend to coarsen, the total grain boundary area
decreases, and the blocking effect on dislocation weak-

ens. Thus, the thermal expansion coefficient of the al-
loy in each stage is greater than 650◦C. Compared
with the as-cast alloy, when the heating temperature
range is 30–500◦C, the thermal expansion coefficient
of the alloy after 6 h at 750◦C is about 10 % lower
than that of the as-cast alloy under the same condi-
tions. When the heating temperature is 850◦C, the
I-phase is partially decomposed. Moreover, due to the
increase of temperature, the microstructure of the al-
loy is coarse, the total grain boundary area is reduced,
and the blocking effect on dislocation is weakened.
Thus, the thermal expansion coefficient of the alloy
increases further. The experimental results show that
the thermal expansion coefficient of the alloy can be
significantly reduced by the appropriate heat treat-
ment process and the appropriate addition of Ce.

4. Discussion

The process of solid-phase transformation of the
as-cast (Al63Cu25Fe12)99Ce1 alloy during heat treat-
ment is a process of lattice reorganization or recon-
struction completed by atomic diffusion displacement.
In other words, the essence of the heat treatment pro-
cess is the diffusion process of atoms. According to
Fick’s first law and Fick’s second law [26]:

∂ρ

∂t
= D

∂2ρ

∂x2
, (2)

where
∂ρ

∂t
is the change of alloy element concentration

per unit time,
∂ρ

∂x
is the concentration gradient of the

alloy element along the diffusion direction x, and D
is the diffusion coefficient, which is related to alloy
elements.
According to Arrhennius equation, the diffusion co-

efficient D has the following relationship with tempe-
rature [26, 27]:

D = D0 exp

[
− Q

RT

]
. (3)

Meanwhile, the analytical formula for the change of
mass concentration ρ with distance x and time t is:

ρ (x, t) =
ρ1 + ρ2
2

+
ρ1 − ρ2
2
erf

(
x

2
√
Dt

)
. (4)

In Eq. (3), Q is the activation energy of atomic diffu-
sion, R is the gas constant, and T is the temperature.
In Eq. (4), ρ1 and ρ2 is the mass concentration of

two substances or two phases that diffuse each other.
It can be seen from Eqs. (2) and (3) that the diffu-

sion coefficient D changes exponentially with the tem-
perature T . The change of temperature T leads to the
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change of diffusion coefficient D and further leads to

the change of
∂ρ

∂t
.

The increase of temperature T accelerates the dif-
fusion process of alloy elements and accelerates the
rapid progress of β-phase + AlCu phase → I-phase.
Therefore, when the heat treatment temperature is
750◦C, more I-phases are formed than at 650◦C.
At the same time, the addition of Ce causes compo-

nent undercooling, and the addition of an appropriate
amount of Ce significantly refines the microstructure
of the alloy [28, 29]; therefore, when Ce is added to the
alloy, the microstructure of the alloy is significantly
refined. According to Formula 4, the diffusion time is
inversely proportional to the diffusion distance, so the
refinement of microstructure reduces the diffusion dis-
tance x, which significantly shortens the time required
for diffusion. Therefore, when the heat treatment tem-
perature is 750◦C, many quasicrystals can be formed
in a short time.

4. Conclusions

The microstructure and properties of as-cast and
various heat-treated (Al63Cu25Fe12)99Ce1 alloy were
studied. The results show that:
1. With the increase of heat treatment tempera-

ture, the content of the I-phase in (Al63Cu25Fe12)99Ce1
alloy increases, and the β-phase decreases gradually.
After (Al63Cu25Fe12)99Ce1 alloy was kept at 750◦C
for 6 h, all β-phase dissolved and formed almost all
I-phase and a small amount of Al13Ce2Cu13 phase.
2. With the increase of heat treatment tempera-

ture, the proportion of I-phase first increases to the
maximum and then decreases in (Al63Cu25Fe12)99Ce1
alloy. After heat treatment at 750◦C for 6 h, the pro-
portion of I-phase in the alloy is about 89.116%, which
is 34 % higher than in as-cast alloy.
3. After holding at 750◦C for 6 h, (Al63Cu25Fe12)99

Ce1 alloy has a small thermal expansion coefficient at
each temperature stage. Compared with the as-cast
alloy, the thermal expansion coefficient of the alloy is
reduced by about 10 % at 30–500◦C.
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