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Abstract
The computer-aided cooling curve analysis (CA-CCA) was employed to investigate the solidification behavior of Al-Ce-Mg-
xCe (x = 0, 0.5, 1.0, 1.5, and 3.0 mass %) alloys. Field emission scanning electron microscopy (FE-SEM), energy-dispersive 
X-ray spectroscopy (EDS), and X-ray diffraction (XRD) techniques were used, along with the liquidus projection of ternary 
Al-Cu-Mg and Al-Cu-Ce phase diagrams, to evaluate the microstructure and predict the sequence of main reactions involved 
in the solidification of alloys. According to the results, Al2CuMg, Al2Cu, Al15(CuFeMn)3Si2, and Mg2Si were found to be 
the main compounds present in the microstructure of Al 2024 alloy. The addition of Ce up to 1.5 mass % resulted in the 
formation of AlCeCuSi, Al8CeCu4, and Al24Cu8Ce3Mn compounds in the microstructure. Further addition of Ce up to 3.0 
mass % promoted the formation of a new Ce-rich phase (Al4Ce) in the microstructure. The formation temperature (range) 
and reactions during which the Ce-rich compounds are formed were also suggested. The formation of Al4Ce compound in 
the microstructure of 3 mass % Ce-containing samples suppressed the nucleation and growth temperatures of the Al2Cu 
eutectic, prolonged the solidification time, significantly reduced the solidification end temperature, and increased the alloy 
solidification range.
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Introduction

Owing to the low density, high tensile strength, good duc-
tility, high damage tolerance, and good fracture toughness, 
the Al 2024 alloy is a promising candidate for applications 
requiring high specific strength such as aerospace and trans-
portation [1, 2]. However, due to the presence of various 
alloying elements such as Cu, Mg, and Mn and impurities 
such as Fe and Si in its composition, this alloy exhibits a 
complex microstructure comprising different intermetallic 
compounds such as Al2Cu, Al2CuMg, Mg2Si, Al7Cu2Fe, and 
Al20Cu2Fe [3]. These intermetallics are reported to exert 
undeniable effects on the castability, physical, mechanical, 

and corrosion properties of Al 2024 alloy [1, 3]. There-
fore, it is vitally important to understand their type, geo-
metrical characteristics, and distribution across the alloy 
microstructure.

Among the rare earth elements, Ce due to its lower 
price and proven effectiveness has been considered for 
the microstructural modification and properties enhance-
ment of several engineering alloys [4]. It was found that 
the addition of Ce improves the alloy’s performance by 
forming high-melting point and stable Ce-rich intermetal-
lics, microstructural refinement [5, 6], and modification 
of existing intermetallics/second phases through changing 
their solidification sequence, poisoning, etc. [6–8]. Xiao 
et al. improved the tensile strength of Al-5.3Cu-0.8Mg-
0.6Ag [9] and Al5.3Cu-0.8Mg-0.6Ag-0.4Mn-0.1Zr [10] 
by the addition of 0.2 and 0.45 mass % Ce, respectively. 
They attributed these to the formation of finer and denser 
θ-Al2Cu and θ′-Al2Cu compounds within the alloys 
microstructure. Yu et al. [11] demonstrated the beneficial 
effect of Ce (0.25 mass %) on the fracture toughness of 
Al-4.6Cu-0.4Ag-1.3Li-0.4Mg-0.13Zr alloy. This improve-
ment was explained by the formation of fine Al8Cu4Ce 
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precipitates along the alloy grain boundaries. Wang and 
his colleagues [12] found that the addition of 0.2 mass % 
Ce due to encouraging the formation of denser and finer 
θ′-Al2Cu compounds enhanced both room and high tem-
perature tensile strength of AA2519 Al alloy. They also 
reported that the addition of 0.4 mass % Ce due to the 
formation of high-melting point Al8Cu4Ce phase increased 
elevated temperature mechanical properties of the alloy. 
Recently, Vončina et al. [13] tried to modify the as-cast 
and brittle microstructure of Al-1.4 mass % Fe by the addi-
tion of 0.15 mass % Ce. According to their results, Ce 
addition refined the α-Al grains but could not modify the 
morphology of the eutectic AlxFey. Ce-containing eutec-
tics were also reported to improve casting properties and 
thermal stability of wrought Al alloys [14, 15]. Accord-
ing to Guodong et al. [16], the addition of 0.3 mass % Ce 
refined α-Al grains, modified the eutectic Si particles and 
improved the alloy fluidity by about 40%.

A brief literature survey indicates that efforts have 
been made so far on the effect of Ce on the microstruc-
ture [17–20], mechanical properties [17, 18], and corrosion 
behavior [19] of various engineering alloys. However, to the 
best of authors’ knowledge, no systematic study has been 
undertaken so far on solidification characteristics and micro-
structure evolution of Ce-added Al 2024 alloys. Consider-
ing its negligible solid-solubility in α-Al [21], the addition 
of Ce is likely to have significant effects on the solidifica-
tion behavior and microstructure of the Al 2024 alloy by 
changing the type and composition of existing intermetallics 
and encouraging the formation of new Ce-rich compounds 
within the alloy microstructure.

The computer-aided cooling curve analysis (CA-CCA) is 
a low-cost, fast, and verified method, capable of online anal-
ysis of alloys solidification at cast-shops [22–24]. Moreover, 
the CA-CCA gives us this opportunity to obtain consistent 
and comprehensive information regarding the thermo-phys-
ical behavior of alloys such as solidification time, fraction of 
solid, solidification temperature range, dendrites coherency 
point, latent heat, and nucleation and growth temperature of 
individual phases (intermetallics) [25, 26]. These features 
make CA-CCA preferable to other thermal analysis meth-
ods such as differential thermal analysis (DTA) in obtain-
ing solidification characteristics of alloys in relation to their 
microstructure.

In spite of extensive research on the cooling curve ther-
mal analysis of various cast and wrought Al alloys, a review 
of the literature reveals limited works concerning the appli-
cation of CA-CCA in investigating the microstructure and 
solidification behavior of Al 2024 alloy. Shabestari et al. [3] 
tried to evaluate the formation of intermetallic compounds 
such as Al2Cu, Al15(CuFeMn)3Si2, Al20Cu2Mn3, Mg2Si, 
and Al2CuMg in the microstructure of Al 2024 alloy with 
the help of CA-CCA. Ghoncheh et al. [27] investigated the 
effect of cooling rate on the microstructure and solidification 
behavior of Al 2024 alloy by using CA-CCA. In other works 
[26, 28], the effects of cooling rate and grain refinement on 
the hot tearing sensitivity of Al 2024 alloy were studied. 
In these studies, the dendrite coherency point and critical 
solidification temperatures were determined by CA-CCA. 
Amin et al. [29] also used CA-CCA to evaluate the micro-
structure of a squeezed cast Al-4Cu alloy.

Considering the potentially broad impact of the type, geo-
metrical parameters, and the distribution of Ce-rich interme-
tallic compounds on the properties of Ce-added Al-Cu-Mg 
alloys such as room and high mechanical properties, cor-
rosion resistance, and hot tearing susceptibility, investigat-
ing the temperature and sequence of reactions during which 
these compounds are formed is highly important. On this 
basis, CA-CCA was used for the first time to thermally ana-
lyze the solidification behavior, predict the main reaction 
sequences involved, and investigate phase evolution in Ce-
added Al 2024 alloy. It was also attempted to verify the CA-
CCA results by the FE-SEM, EDS, and XRD investigations.

Material and methods

The chemical composition of the as-received Al 2024 alloy 
is illustrated in Table 1. To prepare experimental alloys con-
taining different amounts of Ce (0.5, 1.0, 1.5, and 3.0 mass 
%), 250 g of Al 2024 ingot was melted in a clay-graphite 
crucible using an electric resistance furnace at 750 ± 5 °C. 
After melting the alloy, the required amount of Ce was added 
to the melt by using an Al-30Ce master alloy. The chemi-
cal composition of Ce-added alloys determined by the XRF 
method are also illustrated in Table 1. Before conducting 
thermal analysis tests, the melts were kept for 5 min and 
then gently stirred by a graphite rod for about 2 min to be 

Table 1   Chemical composition 
(in mass %) of the experimental 
alloys

Alloy code Cu Mg Mn Fe Si Ce Al

2024 4.38 1.54 0.44 0.14 0.13 – Bal
0.5Ce 4.31 1.51 0.42 0.13 0.12 0.52 Bal
1Ce 4.23 1.48 0.42 0.13 0.12 1.13 Bal
1.5Ce 4.17 1.46 0.41 0.13 0.11 1.49 Bal
3Ce 4.01 1.39 0.39 0.14 0.11 3.07 Bal
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homogenized. After skimming the surface dross, the melt 
was poured into a mold while an insulated high-sensitivity 
K-type thermocouple was placed in its center (Fig. 1). The 
rapid cooling rate makes it difficult to detect slight tempera-
ture changes. Therefore, to avoid missing minor peaks, all 

experiments were conducted in a ceramic mold with an aver-
age cooling rate of about 0.4°Cs−1. The samples were coded 
as XCe where X denotes the average Ce concentration in 
mass %.

Fig. 1   Schematic diagram 
showing the setup of CA-CCA​

K – type
Thermocouple

Ceramic mold

Insulator

25 mm

50 mm

25 mm

Data acquisition device

Laptop with
labVIEW software

Fig. 2   a SEM micrograph 
showing the as-cast microstruc-
ture of Al 2024 alloy and b 
enlarged view of the boxed zone 
in Fig. 2a
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Table 2   EDS analysis of 
observed phases in the 
microstructure of Al 2024 alloy 
in Fig. 2b

Point Elements/mass % Predicted phases Reference

Cu Ce Mn Mg Fe Si Al

A 1.24 – – 3.02 – 0.85 94.89 α–Al Current work
B 28.60 – – 6.71 – 64.68 Al2CuMg Current work

17.33 – – 10.73 – – 71.54 [26]
42.0 – – 11.8 – – 46.2 [33]

C 48.97 – – – – – 51.03 Al2Cu Current work
29.86 – – – – – 70.14 [26]
51.5 – – – – – 48.5 [33]

D 5.90 – 9.29 – 15.48 5.12 64.22 Al15(CuFeMn)3Si2 Current work
3.78 – 4.17 – 10.20 11.98 69.87 [26]
3.73 – 4.14 – 10.21 11.94 69.93 [3]
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Fig. 3   SEM micrographs show-
ing the effect of Ce content on 
the microstructure of Al 2024 
alloy, a,b 0.5 mass % Ce, c,d 
1.0 mass %, e,f 1.5 mass % Ce, 
g,h 3.0 mass % Ce
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Before tests, the thermocouple was calibrated by analyz-
ing the solidification of a high-purity (99.9 mass %) molten 
Al. An analog-to-digital converter with a sensitive 16-bit 
converter, a resolution of 0.0015%, and a response time of 
0.02 s was used to convert the analog signals into digital 
signals. The thermocouple was connected to a high-speed 
data collection device capable of recording five data per 
second (Fig. 1). The temperature measurement error of the 
employed thermocouple was also about ± 1 °C. The pro-
cessing of the thermal analysis data including plotting cool-
ing curves, first derivative curves, smoothing and fitting of 
curves, identifying the onset and end of the solidification 
process, and determining solidification parameters such as 
the cooling rate, the nucleation temperature, the solidifica-
tion range, and the total solidification time was performed 
by Origin Pro 2022 software.

Metallography samples were prepared from the thermally 
analyzed samples at the nearest location to the thermocou-
ple tip. The surface preparation of samples was performed 
by grinding with SiC abrasive paper from P120 to P2500 
grade followed by diamond paste polishing up to 1 μm to 
produce a mirror-like surface followed by chemical etching 
by a Keller’s reagent (2.5 mL HNO3 + 1.5 mL HCl + 1 mL 
HF + 95 mL distilled water) for 10 s to reveal the microstruc-
ture. A MIRA3-TESCAN FE-SEM equipped with an EDS 
system was used to identify/analyze microstructural phases. 
The image analysis of microstructures was performed using 
Digimizer 5.3.5 software. An X-ray diffractometer (XRD) 
(GNR APD 2000) was also employed to identify phases 
present in the microstructure. XRD patterns were obtained 
by using a continuous scan mode and 2θ angle of 25 to 80 

degrees with a sampling width of 0.02 degrees and a scan-
ning speed of 1 degmin−1. In order to better reveal weak 
peaks, before the XRD analysis all samples were deep etched 
using 30 vol. % H2SO4 + 70 vol. % distilled water solution 
followed by ultrasonic cleaning with acetone in an ultrasonic 
bath.

Results and discussion

Microstructure evaluation and phase analysis

Figure 2 depicts the as-cast microstructure of the Al 2024 
alloy at two different magnifications. It is evident that the 
alloy microstructure consists of different phases whose EDS 
analyses are presented in Table 2. According to the EDS 
analysis and in agreement with previous reports presented 
in Table 2, the main phases present in the microstructure of 
unmodified Al 2024 alloy are θ-Al2Cu (tetragonal, a = 6.06 
Å, c = 4.87 Å) [30] and S-Al2CuMg (orthorhombic, a = 4.01 
Å, b = 9.23 Å, and c = 7.14 Å) [31] which are distributed 
within an α-Al matrix. It is worth noting that, due to the 
presence of small amounts of Si and Fe impurities in the 
alloy composition (Table 1), the Mg2Si (FCC antifluorite, 
a = 6.338 Å) [32] and α-Fe(Mn) compounds are also likely 
to be observed in the microstructure.

The effect of Ce addition (0.5, 1.0, 1.5, and 3.0 mass %) 
on the microstructure of Al 2024 alloy is shown in Fig. 3. As 
it can be seen, due to the near-zero solid-solubility of Ce in 
Al (maximum 0.00005 mass % [34]) its addition resulted in 

Aluminum Silicon Magnesium

ManganeseCopperIronCerium

(a) (b) (c) (d)

(h)(g)(f)(e)

Fig. 4   Backscattered SEM micrograph and series of elemental maps showing the distribution of key elements in intermetallic compounds of the 
1.5Ce sample
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the formation of various randomly distributed bright phases 
in the microstructure whose fraction is increased by the Ce 
content. The EDS mapping result showing the elemental 
distribution of Al, Cu, Mg, Ce, Mn, Si, and Fe within the 
microstructure of 1.5Ce alloy is shown in Fig. 4. The chemi-
cal composition of main microstructural phases determined 
by the EDS method is shown in Table 3. For comparison, 

the EDS analyses of two main Ce-containing compounds 
obtained by other researchers are also presented in Table 4.

According to EDS analysis (Table 3), it seems that the 
predominant phases present in the microstructure of 0.5, 1.0, 
and 1.5 mass % Ce-containing samples are Al2Cu, AlCeCuSi 
(Al9Ce2Cu5Si3), and Al8CeCu4 (tetragonal, a = 8.85 Å, 
c = 5.18 Å [37]) along with other Cu- and Ce-rich inter-
metallics such as Al2CuMg, and Al24Cu8Ce3Mn, and small 

Table 3   EDS analysis of 
the phases observed in the 
microstructure of Ce-added Al 
2024 alloys in Fig. 3

Ce content/mass % Point Elements/mass % Predicted phases

Cu Ce Mn Mg Fe Si Al

0.5 (Fig. 3a,3b) A 2.38 1.03 1.53 1.88 – – 93.18 α-Al
B 27.15 – – 10.14 – 62.71 Al2CuMg
C 53.51 – – 0.71 – 45.78 Al2Cu
D 10.48 – 14.33 – 15.63 2.52 57.04 Al15(CuFeMn)3Si2
E 31.32 33.86 – 0.54 6.09 28.19 AlCeCuSi
F 28.32 18.92 6.23 0.56 – – 45.97 Al24Cu8Ce3Mn
G 41.32 18.78 – – – – 39.90 Al8CeCu4

H – – – 57.32 – 35.67 7.01 Mg2Si
1 (Fig. 3c,3d) A 2.34 1.44 0.25 1.45 – 0.83 93.69 α-Al

B 32.83 – – 8.78 – 58.39 Al2CuMg
C 53.51 – – 0.71 – 45.78 Al2Cu
D 11.23 0.63 12.78 – 14.43 3.45 57.48 Al15(CuFeMn)3Si2
E 27.03 35.61 – – 5.64 31.72 AlCeCuSi
F 27.20 20.21 5.52 1.66 – 45.41 Al24Cu8Ce3Mn
G 42.09 16.88 – – – 41.03 Al8CeCu4

1.5 (Fig. 3e,3f) A 2.03 1.55 0.33 1.95 0.28 0.71 93.18 α-Al
B 32.83 – – 8.78 – – 58.39 Al2CuMg
C 53.51 – – 0.71 – – 45.78 Al2Cu
D 12.68 1.02 13.26 – 16.79 4.58 51.67 Al15(CuFeMn)3Si2
E 27.03 35.61 – – – 5.64 31.72 AlCeCuSi
F 27.20 20.21 5.52 1.66 – – 45.41 Al24Cu8Ce3Mn
G 42.09 16.88 – – – 41.03 Al8CeCu4

3 (Fig. 3g,3h) A 2.94 2.45 0.76 1.65 0.32 0.29 91.59 α-Al
B 32.83 – – 8.78 – – 58.39 Al2CuMg
C 53.51 – – 0.71 – – 45.78 Al2Cu
E 28.03 32.61 – – – 4.25 35.11 AlCeCuSi
F 29.54 19.93 6.24 0.83 – – 43.46 Al24Cu8Ce3Mn
G 42.09 16.88 – – – – 41.03 Al8CeCu4

I 2.45 45.26 – – – – 52.29 Al4Ce

Table 4   EDS composition of 
the main Ce-rich compounds 
detected in the microstructure 
of Al 2024 alloys presented in 
other studies

Phase Elements/mass % References

Cu Ce Mn Mg Si Al

Al8CeCu4 41.66 22.96 – – – 35.38 [35]
43.5 22.2 – – – 34.3 [36]
42.5 19.2 – – – 38.3 [4]

Al4Ce – 58.62 – – – 41.38 [35]
3.8 54.5 – – – 41.7 [36]

– 56.5 – – – 43.5 [37]
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amounts of Mg2Si which are distributed in an α-Al matrix. 
In addition, a new phase composed of Al and Ce (Al4Ce) is 
also detected as an interconnected eutectic microstructure 
in 3.0 mass % Ce-containing sample which is concordant 
with the previous studies [38]. The effect of Ce content 
on the fraction of main Ce-rich compounds in the micro-
structure of Ce-added Al 2024 alloys is shown in Fig. 5. 
As it can be seen, increasing the Ce content up to about 
1.5 mass % expectedly increased the fraction of AlCeCuSi 
(Al9Ce2Cu5Si3), Al24Cu8Ce3Mn and Al8CeCu4 compounds 
in the microstructure. Further addition of Ce up to about 
3.0 mass % increased the fraction of Al8CeCu4 compound 
by about 20%. But probably due to the formation of new 
Ce-rich phase Al4Ce and the significant consumption of Ce 
atoms, the fraction of AlCeCuSi and Al24Cu8Ce3Mn phases 
in 3.0Ce sample has decreased.

The results obtained by FE-SEM/EDS analysis were fur-
ther confirmed by the XRD characterization. Figure 6 shows 

XRD patterns of 2024-xCe (x = 0, 0.5, 1.0, 1.5, and 3.0 mass 
%) alloys which demonstrate the presence of α-Al, Al2Cu, 
Al2CuMg, Al24Cu8Ce3Mn, and Al8CeCu4 in samples with 
the Ce content of ≤ 1.5 mass %, and α-Al, Al2Cu, Al2CuMg, 
Al24Cu8Ce3Mn, Al8CeCu4, and Al4Ce (orthorhombic, 
a = 4.39 Å, b = 13.02 Å, c = 10.09 Å [37]) phases in the alloy 
containing 3 mass % Ce.

Computer‑aided cooling curve analysis

Solidification cooling curves and respective first derivative 
curves corresponding to the Al 2024-xCe (x = 0.0, 1.0, 1.5, 
and 3.0 mass %) alloys are shown in Fig. 7. It is worth not-
ing that, due to the similarity of the cooling curves of the 
0.5Ce and 1Ce samples, the cooling curve of the former 
is not presented in this figure. As is well known, upon the 
onset of the crystallization of each phase, the latent heat 
evolved decreases the solidification rate and affects the 
cooling curve by local decreasing its gradient. However, 
situations are encountered where thermal signals are so 
weak and it is practically hard to properly detect them on 
the cooling curve. In these situations, the first derivative 
curve is applied to provide conditions for a more accu-
rate identification of characteristic features of the cooling 
curve. Indeed, the appearance of sudden peaks in a first 
derivative curve implies a phase transformation.

Considering the liquidus projection of the Al-rich cor-
ner of the Al-Cu-Mg phase diagram (Fig. 8) and the Scheil 
non-equilibrium solidification model [37], the solidifica-
tion of the experimental Al 2024 alloy begins with the 
nucleation of primary α-Al dendrites at about 640 °C. 
Following the development of the dendritic network, the 
solidification process continues by the quasi-binary eutec-
tic reaction e′3 (24.5 mass % Cu and 10.1 mass % Mg [37]) 
and the ternary eutectic reaction of E′1 (30 mass % Cu and 
6 mass % Mg [36]).

The above predicted reactions are also detected by the 
CA-CCA. According to Fig. 7a, the solidification of Al 
2024 alloy starts with the nucleation of α-Al dendrites (the 
dark gray dendritic matrix in Fig. 2) at a temperature of 
about 640 °C (TN) which manifests itself as a sudden peak 
(the first peak) in the corresponding first derivative curve 
(Fig. 7a). The binary eutectic reaction e′3 appears as another 
peak (peak #3) in the temperature range of 512–501 °C. The 
product of this reaction is seen as a Chinese-script eutectic 
composed of dark gray α-Al and rather light gray Al2CuMg 
phases in the microstructure (Fig. 2b).

According to SEM micrographs 2a and 2b, EDS analysis 
results (Table 2), and in confirmation of the solidification 
sequence of the alloy (Fig. 8), the coexistence of S-Al2CuMg 
(the rather light gray networks in Fig. 2b) with θ-Al2Cu 
(the bright polygonal particles in Fig.  2b), and Mg2Si 
(dark phase) suggests that they are probably crystallized 
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concurrently through another eutectic reaction at last stages 
of the alloy solidification. The occurrence of this eutectic 
reaction (E′1) in the temperature range of 493–483 °C was 
also predicted by CA-CCA in Fig. 7a which is associated 
with a sharp peak in the first derivative curve (peak #4).

In addition to the above-discussed peaks, there is also 
another noticeable peak (peak #2) in the first derivative 

curve of Al 2024 alloy. Considering the presence of Mn, 
Fe, and Si in the alloy composition and in agreement with 
the previous findings [3], this peak is probably related to 
another binary eutectic reaction L → α-Al + Al15(CuFeMn)3
Si2 + Al20Cu2Mn3 which is expected to occur in the tempera-
ture range of 570–545 °C. Moreover, based on Mondolfo’s 
assumption [39], the Al20Cu2Mn3 compound is an unsta-
ble phase that converted to Al2Cu and Al15(CuFeMn)3Si2 
through a hypothetical peritectic reaction (Table 5). The 
Al15(CuFeMn)3Si2 compound is indicated in Fig. 2b. Rel-
evant reactions of Al 2024 alloy are summarized in Table 5.
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Fig. 7   Thermal analysis curves of Ce-added Al 2024 alloys a Al 2024, b 1Ce, c 1.5Ce, and d 3.0Ce samples
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Table 5   Predicted solidification sequences during the solidification of 
the Al 2024 alloy at the cooling rate of 0.4°Cs−1

Reaction no Chemical reaction Tem-
perature 
range/°C

1 L → α-Al dendritic networks 640
2 L → α-Al + Al15(CuFeMn)3Si2 + A

l20Cu2Mn3
L + Al20Cu2Mn3 → α-Al + Al2Cu + 

Al15(CuFeMn)3Si2

570–545

3 e′3: L → α-Al + Al2CuMg 512–501
4 E′1: L → α-Al + Al2CuMg + Al2Cu 

+ Mg2Si
493–483
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Figure 9a depicts the liquidus projection of the Al-rich 
corner of the Al-Ce-Cu phase diagram [36]. The modi-
fied diagram proposed by Perrin et al. [35] is also shown 
in Fig. 9b. According to Fig. 9a and based on the Scheil 
non-equilibrium solidification approach [35], the solidifi-
cation of 1Ce and 1.5Ce alloys starts with the formation 
of α-Al dendritic network. With the progress of the solidi-
fication transformation and, accordingly, the enrichment 
of the interdendritic liquid by Cu and Ce solutes rejected 
from growing dendrites, the binary eutectic reaction 
L → α-Al + Al8CeCu4 (reaction #2 in Table 6, 16.91 mass 
% Cu and 7.72 mass % Ce [37]) is preceded by the ternary 
eutectic reaction L → α-Al + Al8CeCu4 + Al2Cu (reaction 
#4 in Table 6, 28.42 mass % Cu and 4.57 mass % Ce [37]).

It is worth noting that if the sequence of reactions is 
followed up by the modified diagram (Fig. 9b), during the 
binary eutectic reaction #2 (Table 6) Al8CeCu3 is formed 

which then transforms to Al8CeCu4 through a peritectoid 
reaction. More details about this matter will be provided 
later. Therefore, the α-Al dendritic network, Al8CeCu4, 
and Al2Cu compounds are the main phases predicted to 
be formed in the microstructure of 1Ce and 1.5Ce alloys. 
However, due to the presence of other alloying elements/
impurities such as Mn, Fe, and Si in the composition of 
the experimental alloys, other Ce-containing intermetallics 
such as AlCeCuSi (Al9Ce2Cu5Si3), Al15(CuFeMn)3Si2 (reac-
tion #3 in Table 6), and Al24Cu8Ce3Mn are also likely to 
be formed in the microstructure of 1Ce and 1.5Ce samples 
(Fig. 3c–d and e–f, respectively).

In line with the above, the CA-CCA (Fig. 7b and c) con-
firms the predicted solidification sequence of 1.0 and 1.5 
mass % Ce-added Al 2024 samples. The first peak in Figs. 7b 
and c appears to be related to the formation of α-Al dendritic 
networks at about 640 °C. According to the solidification 
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3.0Ce alloys obtained based on the Scheil non-equilibrium solidifica-
tion approach are shown in the diagrams

Table 6   Predicted solidification 
sequences in 1Ce and 1.5Ce 
samples at the cooling rate of 
0.4°Cs− 1

a Based on the modified liquidus projection of the Al-rich corner of the Al-Cu-Ce ternary phase diagram 
(Fig. 9b)

Reaction(s) No Chemical reactions Reaction temperature 
(range)/°C

1Ce 1.5Ce

1 L → α-Al dendritic networks 640 640
2 L → α-Al + Al8CeCu4 (Al8CeCu3

a) 582–569 603–577
3 L → α-Al + Al15(CuFeMn)3Si2 + Al20Cu2Mn3

L + Al20Cu2Mn3 → α-Al + Al2Cu + Al15(CuFeMn)3Si2
569–547 577–557

4 L → α-Al + Al8CeCu4 + Al2Cu 538–528 538–529
5 e′3: L → α-Al + Al2CuMg 514–507 510–503
6 E′1: L → α-Al + Al2CuMg + Al2Cu + Mg2Si 486–485 489–486
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characteristic data obtained from CA-CCA (Fig. 10a), the 
addition of Ce up to 1.5 mass % did not cause any significant 
changes in the onset temperature of α-Al dendrites (TN). 
The second peak in Fig. 7b and c probably corresponds to 
the binary eutectic reaction L → α-Al + Al8CeCu4 (reaction 
#2 in Table 6) which occurs in the temperature ranges of 

582–569 °C and 603–577 °C for the 1Ce and 1.5Ce sam-
ples, respectively. After the crystallization of Fe(Mn)-rich 
Al15(CuFeMn)3Si2 compound (peak # 3 in Fig. 7b and c), 
the Al8CeCu4 compound is formed as a result of the ternary 
eutectic reaction L → α-Al + Al8CeCu4 + Al2Cu which mani-
fests itself as a peak (peak #4 in the first derivative curve). 
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Table 7   Predicted solidification 
sequences in 3.0Ce samples at 
the cooling rate of 0.4°Cs−1

a Based on the modified liquidus projection of the Al-rich corner of the Al-Cu-Ce ternary phase diagram 
(Fig. 9b)

Reaction(s) No Chemical reactions Reaction 
temperature 
(range)/°C

1 L → α-Al dendritic networks 639
2 L → α-Al + Al4Ce 604–572
3 L → α-Al + Al4Ce + Al8CeCu4 (Al8CeCu3

a)
4 L → α-Al + Al8CeCu4 (Al8CeCu3

a)
5 L → α-Al + Al15(CuFeMn)3Si2 + Al20Cu2Mn3

L + Al20Cu2Mn3 → α-Al + Al2Cu + Al15(CuFeMn)3Si2
6 L → α-Al + Al8CeCu4 + Al2Cu 535–528
7 L → α-Al + Al2CuMg 514–508
8 L → α-Al + Al2CuMg + Al2Cu + Mg2Si 483–464
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The next peaks in the first derivative curves (Fig. 7b and c) 
can be also attributed to the formation of Al2CuMg, Al2Cu, 
and Mg2Si compounds through the eutectic reactions e′3 and 
E′1 (Table 6).

The main phases detected in the microstructure of 
3.0Ce alloy are marked on micrographs 3g-3h, illustrated 
in Table 3, and confirmed by the XRD in Fig. 6. Keeping 
in mind the main detected phases, the liquidus projection 
of the Al-rich corner of the Al-Cu-Ce ternary phase dia-
gram (Fig. 9a), and concerning the corresponding cool-
ing (first derivative) curves (Fig. 7d), the solidification of 
3.0Ce alloy is likely to be started by the development of 
α-Al dendrites (peak #1 in Fig. 7d) followed by the binary 
eutectic reaction L → α-Al + Al4Ce and the ternary eutectic 
reaction L → α-Al + Al4Ce + Al8CeCu4. However, the results 
of a recent work on the phase stability in Al-rich Al-Cu-Ce 
alloys [35] show that during the ternary eutectic reaction, 
Al8CeCu3 is formed instead of Al8CeCu4 (Fig. 9b). Also, 
unlike predictions made by the liquidus projection of Al-
rich corner of the Al-Cu-Ce ternary phase diagram (Fig. 9a), 
the sequence of solidification reactions predicted by the 
modified diagram (Fig. 9b) is in very good agreement with 
the results of the present research (Fig. 3g–h, Table 3, and 
Fig. 6).

According to Fig. 9b, following the ternary eutectic reac-
tion #3 in Table 7, the solidification of 3.0Ce alloy progresses 
with the binary eutectic reaction L → α-Al + Al8CeCu3 (reac-
tion #4 in Table 7) followed by the formation of the Fe-rich 
compound Al15(CuFeMn)3Si2 (reaction #5 in Table 7). Con-
sidering the close temperature ranges of reactions #2, #3, 
#4, and #5 (in Table 7) the second peak (broad peak) in the 
first derivative curve (Fig. 7d) seemingly belongs to these 
reactions. It is worth noting that the solidified Al8CeCu3 is 
unstable at lower temperatures and will transform into the 
stable Al8CeCu4 compound through a peritectoid reaction: 
Al8CeCu3 + Cu (dissolved in Al) → Al8CeCu4 (Fig. 9b) [35]. 
Therefore, the binary eutectic reaction L → α-Al + Al8CeCu3 
is likely to be followed by the peritectoid transformation of 
Al8CeCu3 to Al8CeCu4, and the ternary eutectic reaction 
L → α-Al + Al2Cu + Al8CeCu4 (peak #3).

Considering the presence of Mg in the experimental 
alloy composition (Table 1) and in a similar way to the other 
Ce-rich alloys, the solidification of 3.0 alloy is likely to be 
finalized by eutectic reactions #7 and #8 in Table 7 (peaks 
#4 and #5, respectively). Therefore, in agreement with the 
microstructural characterization results (Fig. 3g–h, Fig. 6, 
and Table 3) Ce-rich Al4Ce and Al8CeCu4 intermetallics 
along with AlCeCuSi and Al24Cu8Ce3Mn and Cu-rich com-
pounds Al2CuMg and Al2Cu are seen in the microstructure 
of 3.0Ce alloy.

According to Fig. 10, increasing the Ce content to 
about 3 mass % significantly affects the solidifica-
tion characteristic of Al2024 alloy. In spite of a slight 

decrease in the onset temperature of α-Al dendrites (TN), 
it suppresses the nucleation and growth temperatures of 
the Al2Cu eutectic (Fig. 10b), prolongs the solidifica-
tion time by more than 100 s (Fig. 10c), significantly 
reduces the solidification end temperature (Fig. 10a) and, 
accordingly, increases the solidification range of the alloy 
(Fig. 10c). The formation of the Al4Ce phase is a highly 
exothermic reaction [40] and is associated with signifi-
cant latent heat release. Therefore, its formation is likely 
to slow down the solidification process (Fig. 10d) and 
provide a higher opportunity for the solute atoms to be 
rejected from the growing dendrites to the remaining liq-
uid. As a rule of thumb [41], the enrichment of interden-
dritic liquid pockets at the last stages of the solidification, 
on the one hand, decreases the nucleation temperature of 
the Al2Cu eutectic (Fig. 10b) and, on the other hand, due 
to increasing the collision/interaction of atoms (crowding 
effect) negatively affects their free movement/diffusion 
coefficient [42, 43]. The latter is likely to postpone the 
growth of Al2Cu compound.

Considering the negligible solid-solubility of Ce in Al, 
the rejection and accumulation of Ce atoms (along with 
other elements) ahead of the solidification front are likely 
to result significant degree of constitutional undercooling 
[16]. The combined effect of latent heat release and con-
stitutional undercooling is definitely affected the phases 
transformation (the geometrical parameters of the pre-
cipitates within the as-cast microstructure). More detailed 
information in this field requires further investigations.

Conclusions

The effect of Ce addition (0.0, 0.5, 1.0, 1.5, and 3.0 mass 
%) on the microstructure evolution and solidification char-
acteristic of the Al 2024 alloy was investigated using CA-
CCA, FE-SEM, EDS, and XRD. The following results can 
be drawn:

1.	 Al2CuMg, Al2Cu, Al15(CuFeMn)3Si2, and Mg2Si are the 
main intermetallic compounds that are detected in the 
microstructure of Al 2024 alloy.

2.	 The addition of Ce up to 1.5 mass % results in the for-
mation of AlCeCuSi (Al9Ce2Cu5Si3), Al8CeCu4, and 
Al24Cu8Ce3Mn Ce-rich compounds in the microstruc-
ture of Al 2024 alloy. Further addition of Ce up to 3.0 
mass % promotes the formation of another Ce-rich com-
pound Al4Ce in the microstructure.

3.	 The correlation between the Ce concentration and solidi-
fication parameters of intermetallics in Al 2024 alloy is 
derived to predict solidification behavior in the presence 
of Ce.
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4.	 The temperature range and sequence of reactions during 
which various intermetallic compounds, especially Ce-
rich compounds, are formed, were determined.
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