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A B S T R A C T   

This study explored the consequences of incorporating Sc and Zr into hypoeutectic Al–9Ce cast alloys, specifically 
investigating their influence on microstructure and mechanical properties. The findings demonstrated the sig-
nificant reduction in the grain size of the Al–9Ce alloy while successfully maintaining the distinctive shape of the 
eutectic Al11Ce3 phase through the incorporation of Sc and Zr additions. During aging treatments, Al3(Sc,Zr) 
coherent precipitates formed both at the interface between the α-Al and Al11Ce3 phases and within the α-Al 
matrix. Remarkably, this led to optimal hardness achieved within a short duration of 3 h at 350 ◦C. Peak-aged 
quaternary Al–9Ce–xSc–yZr alloys showed significantly better tensile strength than the binary Al–Ce alloy at 
both ambient and elevated temperatures. Overall, the study underscored promising prospects of Al–Ce–Sc–Zr 
alloys for use in high-temperature applications, as they exhibited enhanced mechanical properties.   

1. Introduction 

Aluminum alloys are widely employed on a global scale due to their 
exceptional mechanical characteristics, excellent castability, good 
corrosion resistance, lightweight nature, cost-effectiveness and recy-
clability. These factors contribute to their extensive utilization across 
various industries. The combination of mechanical and service proper-
ties of aluminum alloys, combined with their ability to be easily shaped 
through casting or deformation processes, make them highly sought 
after. Furthermore, their low density relative to other metals enhances 
their appeal, as it allows for weight reduction in applications where 
lightweight materials are desirable. Lastly, the cost-effectiveness and 
recyclability of aluminum alloys add to their popularity, making them a 
preferred choice for a diverse array of applications [1]. Aluminum alloys 

have found extensive applications and diverse functionalities, particu-
larly in the transportation sector. The need for aluminum alloys capable 
of withstanding elevated temperatures has grown significantly recently. 
This demand stems from the potential to enhance engine efficiency and 
minimize environmental impact through reduced fuel consumption. The 
mechanical properties of widely utilized Al–Si casting alloys, although 
augmented via the addition of alloying elements, i.e., Mg and Cu to 
induce precipitate formation, as well as Ni and Fe to improve thermal 
stability, prove insufficient to satisfy the escalating demand for 
aluminum alloys that exhibit high-temperature resistance [2]. This in-
adequacy stems from the detrimental effects of eutectic phase dissolu-
tion and rapid coarsening of these precipitates as temperatures exceed 
200 ◦C, leading to a decrease in their strength [3,4]. Therefore, there is a 
significant emphasis on conducting extensive research to formulate 
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innovative aluminum alloys that can uphold their exceptional me-
chanical properties when exposed to high temperatures. 

Among various aluminum-based eutectic systems developed for high 
temperatures application, such as Al–Ni [5–7], Al–Cu [8,9], Al–Fe 
[10–12], Al–Ce [13–16], the Al–Ce alloys stand out due to their excep-
tional thermal stability. This outstanding stability can be attributed to 
the extremely low solubility (0.05 wt% Ce at 640 ◦C [14]) and diffusivity 
of Ce (DCe/Al 4.65 × 10− 19 m2/s at 400 ◦C [17]) in Al matrix, which 
inhibits the diffusion-controlled microstructure coarsening. The Al–Ce 
based alloys exhibit a eutectic composition at 10 wt% Ce, where a 
fine-lamellar Al11Ce3 eutectic phase is dispersed within the α-Al matrix, 
typically forming at around 645 ◦C [18,19]. The exceptional stability of 
the Al11Ce3 particles is evident from the consistent hardness observed in 
an Al–12.5Ce alloy, which remains unchanged even after 12 weeks of 
annealing at 400 ◦C [13]. Particularly in conventional casting processes, 
Al–Ce binary alloys have equal or superior castability to Al–Si binary 
alloys [20,21]. However, it is crucial to emphasize that binary Al–Ce 
alloys lack the necessary mechanical properties to be employed as a 
high-temperature aluminum alloys without incorporation of other 
alloying elements. This is primarily due to the relatively low solubility 
limit of Ce in Al, which results in a relatively weak matrix. Therefore, the 
addition of micro-alloying elements to Al–Ce alloys plays a vital role in 
improving their mechanical properties through precipitation mecha-
nisms, as well as in preserving its thermal stability and structural 
integrity, particularly in high-temperature applications. 

Throughout the exploration for elements that can produce substan-
tial and thermally stable precipitation effects, Sc and Zr have been 
chosen for their ability to form dense precipitates of Al3Sc and Al3Zr, 
respectively [17,22]. These precipitates exhibit exceptional thermal 
stability, with Al3Sc maintaining its stability up to 300 ◦C, while Al3Zr 
remains stable up to 450 ◦C. The limited diffusion of the Sc and Zr in 
aluminum (DSc/Al = 2 × 10− 17 m2/s, DZr/Al = 1 × 10− 20 m2/s at 400 ◦C 
[17]), contributes to the remarkable resistance to coarsening and ther-
mal stability of these precipitates, preventing their growth and disso-
lution. Recent research has revealed that incorporating Sc and Zr 
together in cast eutectic aluminum alloys leads to exceptional strength 
properties that surpass the effects of adding these elements individually, 
regardless of temperature [23–25]. This remarkable improvement is 
attributed to the formation of Al3(Sc,Zr) dispersoids with a core-shell 
morphology within the aluminum matrix [26,27], which are consid-
ered responsible for the observed enhancements in the mechanical 
properties of the alloys. Al3(Sc,Zr) nanoprecipitates are coherent with 
the α-Al solid-solution and act as effective strengtheners at both ambient 
and elevated temperatures [26,28]. In several other studies, Sc and Zr 
were introduced into aluminum casting alloys for improving their high 
temperature performances. For example, the creep resistance of an 
Al–6Ni alloy was significantly improved at 300 ◦C [23]. It was also 
observed that the tensile strength at high temperature of an 
Al–1.75Fe–1.25Ni alloys was increased [10]. The addition of Sc with 
small amount of Zr significantly enhanced the microstructure stability of 
the an Al–4Ni–1Mn alloy at elevated temperatures [29]. In addition to 
forming their own fine dispersoids of Al3(Sc,Zr), it was shown that Zr 
and Sc played a crucial role in nucleating and refining the θ′-(Al2Cu) 
precipitates in an Al–Cu alloy [30]. Recently, a near-eutectic Al–12Ce 
alloy was alloyed with 0.4Sc to improve its creep resistance by the 
uniform Al3Sc distribution in the Al matrix [31]. It has been demon-
strated that Al3(Sc,Zr) precipitates can be formed in Al–Ce–Sc–Zr alloys; 
therefore, the strength of the Al–Ce alloy at ambient temperature was 
improved [32]. However, further investigation is necessary to fully 
comprehend the specific role of these precipitates in enhancing the 
mechanical properties of the Al–Ce alloys at both ambient and elevated 
temperatures. Moreover, investigating their role in preserving the 
integrity of the eutectic Al11Ce3 phase at elevated temperatures not only 
offers exciting prospects for future research endeavors but also promises 
valuable insights to enhance engineering applications in the future. 

Therefore, the primary focus of this research is to examine how the 

incorporation of Sc and Zr affects the microstructure and mechanical 
properties of the hypoeutectic Al–9Ce cast alloy both at ambient and 
elevated temperatures. These aspects, which have not been extensively 
explored for hypoeutectic Al–Ce alloys before, give potential for 
expanding the range of applications for aluminum alloys, particularly in 
elevated temperature environments. 

2. Experimental procedures 

2.1. Material preparation 

Hypoeutectic Al–9Ce casting alloys with various Sc and Zr contents 
(Al–9Ce, Al–9Ce–0.12Sc–0.02Zr, Al–9Ce–0.24Sc–0.04Zr, and 
Al–9Ce–0.36Sc–0.06Zr) were synthesized by commercially pure 99.7Al 
and three master alloys of Al–20Ce, Al–10Zr and Al–2Sc (compositions 
are in wt%). Note that the Sc/Zr ratio was held constant about 6 in the 
studied alloys, following the methodology previously described in Refs. 
[26,29]. The pure aluminum ingot was melted at 800 ◦C in a SiC crucible 
inside an induction furnace, then Al–9Ce–xSc–yZr alloy were obtained 
by adding three master alloys. The chemical composition of the studied 
alloys was analyzed by spark optical emission spectrometry (OES) and 
X-ray fluorescence (XRF); the results are shown in Table 1. Finally, after 
degassing by argon gas and removing dross, the melt was poured at a 
temperature of 750 ◦C into a cylindrical copper mold with the di-
mensions of 70 mm height, 30 mm inner diameter, and 30 mm thickness. 
The copper mold was designed to provide a cooling rate of 10 ◦C/s. In 
addition, a second series of casting was performed to study the tensile 
properties. After a similar preparation route, each alloy was poured at 
720 ◦C into a steel mold with the dimensions of 150 mm × 170 mm × 17 
mm. 

2.2. Microstructure characterization 

For a comprehensive microstructure analysis of the alloys, metallo-
graphic specimens were carefully prepared. These specimens were ob-
tained from a specific portion of the cylindrical cast ingot, located 15 
mm above the bottom. Specimens for macrostructure observation were 
ground with SiC papers, etched with Keller’s reagent (5 ml HNO3, 3 ml 
HCl and 2 ml HF in 190 ml distilled water), and then observed by an 
optical microscopy (Olympus DSX1000). Additionally, electrolytic 
Barker etching (5 % HBF4 in distilled water) for about 2 min at 20 V was 
performed on the specimens to reveal their grain structures with optical 
microscopy using polarized light. The grain sizes were measured with 
the linear intercept method (ASTM E112-10). For microstructure 
observation, the specimens were ground with SiC papers, polished with 
3 μm diamond suspensions and 0.25 μm oxide polishing suspensions and 
then etched in a water solution containing 0.5 % HF, followed by ex-
amination using an optical microscope. Furthermore, to enhance the 
visibility of the eutectic phase, the specimens were characterized by 
scanning electron microscopy (SEM, JEOL JSM-6610). The SEM- 
attached energy dispersive X-ray spectrometer (EDS) was employed 
for composition analysis. Moreover, the phase determination of the 
specimens was examined by X-ray diffraction (XRD, Bruker D8 advance) 
under Cu Kα radiation. The identification of precipitates was conducted 
using transmission electron microscopy (TEM) on peak aged isother-
mally 3 mm disk samples. To achieve electron transparency, the speci-
mens underwent twin-jet electro polishing and were then polished to a 

Table 1 
Chemical composition of studied alloys (wt%).  

Alloys Ce Sc Zr Si Fe Al 

Al–9Ce 9.28 – – 0.09 0.20 Bal. 
Al–9Ce–0.12Sc–0.02Zr 9.12 0.16 0.02 0.09 0.22 Bal. 
Al–9Ce–0.24Sc–0.04Zr 9.26 0.28 0.04 0.09 0.20 Bal. 
Al–9Ce–0.36Sc–0.06Zr 9.20 0.36 0.06 0.09 0.21 Bal.  
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thickness of 50 μm. 

2.3. Aging studies and mechanical testing 

Quarter disc specimens (30 mm diameter, 1 mm thickness) were cut 
from cast specimens to study the aging behavior of the alloys. Isochronal 
aging involved subjecting the specimens to increasing temperatures 
(200 ◦C–600 ◦C) for 3 h. The temperature yielding the maximum 
hardness (350 ◦C) was identified, followed by isothermal aging at this 
temperature for up to 720 h. Micro-hardness measurements were carried 
out on an Innovatest hardness tester (Nova 330) using a 200 g load and 
5 s dwell time, with a minimum of ten measurements recorded. 

Tensile tests were conducted using an Instron 5969 universal testing 
machine at both ambient temperature (25 ◦C) and elevated temperature 
(300 ◦C). The specimens were prepared following the ASTM E8 standard 
with a gauge length of 40 mm, width of 7 mm and thickness of 6 mm by 
using a wire cut EDM machine. These specimens, except for binary 
Al–9Ce, were aged at 350 ◦C for 3 h to reach the peak-aged condition 
before testing. Tensile tests were carried out on a universal testing ma-
chine with a constant cross head velocity of 1 mm/min. Three samples of 
each composition were tested to ensure reproducibility. Finally, fracture 
surfaces of broken samples were observed under SEM for evaluating 
possible fracture mechanisms of the alloys. 

3. Results 

3.1. Macro- and microstructure 

The X-ray diffraction analysis conducted on the as-cast specimens 
indicating that all the studied alloys consisted of α-Al and Al11Ce3 phases 
as presented in Fig. 1, which is consistent with the findings obtained in 
previous studies [14]. The XRD patterns revealed a higher intensity of 
the α-Al phase compared to the Al11Ce3 phase in each of the alloys. The 
XRD results did not show any additional phases, indicating that the in-
clusion of Sc and Zr did not introduce new phases during solidification, 
or their amount was below the detection limit. This suggests that the 
solidification process of the Al–Ce base alloy remained largely un-
changed even with the incorporation of Sc and Zr. 

Figs. 2 and 3 illustrate the cross-sectional macrostructures of the 
studied alloys. The binary Al–9Ce alloy exhibits columnar grains that 
extend radially from the edge of the specimen towards the center, with 
coarse equiaxed grains at the center (Fig. 2(a)), whereas the average 
grain size is 1245 μm (Fig. 3(a)). The 0.12Sc+0.02Zr addition led to the 
formation of a more refined and equiaxed grain structure as depicted in 

Fig. 2(b), and the grain size of the alloys decreased to 683 μm (Fig. 3 
(b)). With further addition of Sc and Zr, the grain size of the alloy was 
further reduced to 550 μm with 0.24Sc+0.04Zr and 411 μm with 
0.36Sc+0.06Zr. Therefore, the addition of Sc and Zr to the hypoeutectic 
Al–9Ce alloy resulted in grain refinement. 

Fig. 4 presents optical micrographs of the four studied alloys. As 
expected the as-cast microstructure of binary Al–9Ce alloy consisted of 
primary α-Al dendritic grains and eutectic colonies (α-Al + Al11Ce3) 
(Fig. 4(a)), which was in agreement with previous studies on Al–Ce al-
loys [33]. In-depth examination of microstructures was conducted using 
SEM, as presented in Fig. 5. The microstructure of the eutectic region in 
all studied alloys consisted of Al11Ce3 lamellar phase alternating with 
layers of the α-Al solid solution. There was no substantial change in the 
shape, size, or alignment of the Al11Ce3 phases as a result of the addition 
of Sc and Zr elements (Fig. 5(b)–(d)), contrary to the conclusions in 
Ref. [32]. Fig. 6 shows SEM observation in the eutectic region of the 
Al–9Ce–0.36Sc–0.06Zr alloy. The BSE image in Fig. 6(a) shows the 
polygonal intermetallic phase with a centrally located black particle. 
The EDX mapping analysis results shown in Fig. 6(b)–(e) demonstrated 
that the polygonal intermetallic phase contained aluminum and cerium, 
and particle in the center contained aluminum, scandium, and a small 
amount of zirconium. 

3.2. Isochronal and isothermal aging 

Fig. 7(a) shows the Vickers microhardness measurements of the four 
studied alloys after isochronal aging for 3 h at different temperatures. In 
the as-cast state, the Al–9Ce alloy exhibited the lowest microhardness 
(413 MPa), while the Al–9Ce–0.36Sc–0.06Zr alloy demonstrated the 
highest value (432 MPa). As the isochronal aging process progressed, the 
microhardness of the binary Al–9Ce alloy remained almost constant 
until reaching a maximum temperature of 600 ◦C. The peak hardness of 
Sc and Zr addition alloys was obtained at an isochronal aging temper-
ature around 350 ◦C. By aging at temperatures higher than 375 ◦C, the 
hardness of alloys dramatically decreased until it became nearly close to 
the as-cast condition at the temperature of 600 ◦C. 

Fig. 7(b) presents the Vickers microhardness of studied alloys after 
isothermal aging at 350 ◦C, which was taken from the isochronal aging 
tests as the temperature providing the peak hardness. Subsequently, the 
duration of the holding period was systematically varied, spanning from 
0.5 to 720 h. The hardness of Al–9Ce base alloy remained almost stable 
throughout the entire duration of testing. Conversely, the Al–9Ce alloys 
modified with Sc and Zr displayed a distinctive hardening behavior. 
Within a relatively brief interval, their hardness values underwent a 
rapid ascent, reaching a peak at 3 h. Specifically, the 
Al–9Ce–0.12Sc–0.02Zr alloy attained a maximum hardness of approxi-
mately 600 MPa, subsequently decreasing to around 445 MPa after 720 
h. Similarly, the Al–9Ce–0.24Sc–0.04Zr and Al–9Ce–0.36Sc–0.06Zr al-
loys achieved their highest hardness values of 840 MPa and 905 MPa, 
respectively, followed by a decline to 630 MPa and 720 MPa after 720 h. 
Even though the hardness values of the Al–9Ce alloys modified with Sc 
and Zr decreased to these levels after 720 h, they still surpassed the 
hardness observed in their as-cast state. 

The hardness enhancement in Al–Ce–Sc–Zr alloys should be due to 
the formation of Al3(Sc,Zr) precipitates. To examine the formation of 
precipitates by Sc and Zr, the Al–9Ce–0.36Sc–0.06Zr sample peak aged 
isothermally (after 3 h aging at 350 ◦C) was observed by transmission 
electron microscopy (TEM), as shown in Fig. 8. The L12-Al3(Sc,Zr) 
nanoprecipitates were uniformly distributed in the α-Al matrix and at 
the α-Al/Al11Ce3 phase interface. It has been reported that the additions 
of Zr to Al–Sc alloys even as small as 0.03 wt% result in the formation of 
the Al3(Sc,Zr) precipitates during the annealing process [26]. The for-
mation of these precipitates shifts the peak hardness to higher temper-
atures, above 300 ◦C, whereas the peak hardness caused by the Al3Sc 
precipitates occurs in the range of 250–300 ◦C [34]. Therefore, the 
observed precipitation hardening with the peak values achieved at Fig. 1. XRD comparison of the studied alloys.  
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350 ◦C in Al–Ce–Sc–Zr alloys (Fig. 7) is caused by the precipitation of the 
Al3(Sc,Zr) phase (Fig. 8). Earlier investigations on cast Al–Sc–Zr alloys 
have extensively characterized the coarsening behavior of Al3(Sc,Zr) 
nanoprecipitates, which exhibit Sc-rich cores and Zr-rich shells [35]. 
Increasing the Sc and Zr content while maintaining a constant Sc/Zr 
ratio led to higher hardness values in the Al–Ce–Sc–Zr alloys. In view of 
the observed marginal decline in alloy hardness over an extended period 
of ageing for our quaternary Al–Ce–Sc–Zr alloys (Fig. 7(b)), most likely 
attributable to the anticipated minor coarsening of Al3(Sc,Zr), no 
comprehensive microstructural examination of overaged alloys was 
deemed necessary in the current investigation. 

3.3. Tensile testing 

Fig. 9 shows the tensile properties (UTS, YS, and %EI) of the studied 
alloys at both ambient temperature of 25 ◦C and elevated temperature of 
300 ◦C after a 3 h aging process at 350 ◦C. At ambient temperature 
(Fig. 9(a)), the Al–9Ce alloy demonstrated UTS, YS, and %EI results of 
135 MPa, 60 MPa, and 14 %, respectively. With the increasing additions 
of Sc and Zr the strength increased while the ductility decreased, 
reaching the highest UTS (240 MPa), and YS (185 MPa) but a low 
elongation of 2 % in the Al–9Ce–0.36Sc–0.06Zr alloy. At high 

temperature (Fig. 9(b)), the binary Al–9Ce alloy had UTS, YS and %El of 
70 MPa, 45 MPa, and 24 %, respectively. With the increasing amount of 
Sc and Zr, the tensile properties improved, achieving the highest UTS 
(130 MPa) and YS (95 MPa), along with an optimum %EI of 28 % with 
the additions of 0.36Sc and 0.06Zr. It can be concluded that, at 300 ◦C, 
the tested alloys demonstrated decreased UTS and YS, while signifi-
cantly gaining the ductility. 

Figs. 10 and 11 display the fracture surfaces of all studied alloys after 
tensile tested at ambient and high temperatures, respectively. A largely 
dimple fracture (with a few cleavage sites) appeared in the Al–9Ce alloy, 
indicating a ductile deformation behavior. Contrarily, the Al–9Ce alloys 
with the addition of Sc and Zr alloys exhibited distinctive smooth 
cleavage planes, and fewer dimples, implying a higher degree of brit-
tleness. Additionally, the absence of grain contrast was noticeable on the 
fracture surfaces of the Al–9Ce–0.24Sc–0.04Zr and 
Al–9Ce–0.36Sc–0.06Zr alloys. 

Fig. 11 presents the fracture surfaces of all studied alloys at elevated 
temperature (300 ◦C). Notably, the observed fracture morphology of 
these alloys after testing at the elevated temperature revealed a pro-
nounced augmentation in both the quantity and depth of dimples in 
contrast to the fractures observed at room temperature of their coun-
terpart. Specifically, the fracture surfaces of the hypoeutectic Al–9Ce 

Fig. 2. Optical macrograph showing the as-cast grain structure on a horizontal cross-section: (a) Al–9Ce, (b) Al–9Ce–0.12Sc–0.02Zr, (c) Al–9Ce–0.24Sc–0.04Zr, and 
(d) Al–9Ce–0.36Sc–0.06Zr alloys. 

Fig. 3. Polarized images showing the as-cast grain structure in the central portion of the cross-section: (a) Al–9Ce, (b) Al–9Ce–0.12Sc–0.02Zr, (c) 
Al–9Ce–0.24Sc–0.04Zr, and (d) Al–9Ce–0.36Sc–0.06Zr alloys. 
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Fig. 4. Optical micrographs of as-cast specimens: (a) Al–9Ce, (b) Al–9Ce–0.12Sc–0.02Zr, (c) Al–9Ce–0.24Sc–0.04Zr, and (d) Al–9Ce–0.36Sc–0.06Zr.  

Fig. 5. Scanning electron micrographs of as-cast specimens: (a) Al–9Ce, (b) Al–9Ce–0.12Sc–0.02Zr, (c) Al–9Ce–0.24Sc–0.04Zr, and (d) Al–9Ce–0.36Sc–0.06Zr.  
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alloy, observed at this elevated temperature, displayed elongated dim-
ples and the grains became visible. In contrast, the 
Al–9Ce–0.12Sc–0.02Zr alloy (Fig. 11(b, f)) exhibited a significant in-
crease in the number and depth of dimples on its fracture surfaces, 
indicating an enhancement in ductility compared to the binary Al–9Ce 
alloy fracture morphology at this temperature. Moreover, the number 
and depth of dimples also increased for the Al–9Ce–0.24Sc–0.04Zr and 
Al–9Ce–0.36Sc–0.06Zr alloys, further emphasizing their higher elon-
gation and reduced brittleness compared to the binary Al–9Ce alloy at 
this temperature. The fracture characteristics of the 
Al–9Ce–0.36Sc–0.06Zr alloy (Fig. 11(d)), revealed deformed eutectic 
phase (Al11Ce3). This suggests that this particular alloy experienced the 
fracture in two ways: trans-granular (through the grains) and inter-
granular (along the grain boundaries) modes. In contrast, the fracture 
surface of the Al–9Ce base alloy displayed undistorted Al11Ce3 phase, 
indicating that the crack propagates solely along the grain boundaries, 
thus following an intergranular mode of fracture. 

4. Discussion 

The microstructure of hypoeutectic Al–9Ce alloy included primary 
α-Al and binary eutectic α-Al/Al11Ce3 phases. The addition of Sc and Zr 
to the Al–9Ce alloys did not lead to the formation of large primary 

Al3(Sc,Zr) phase in the as-cast state (Fig. 4), due to the content of Sc and 
Zr in this work do not exceeded the eutectic point in the Al–Sc system 
(0.6 wt% [17]) and the peritectic point in the Al–Zr system (0.12 wt% 
[17]). Primary Al3(Sc,Zr) particles in Al-based alloys have a potential to 
act as nucleants for Al grains, e.g., an addition of high concentration of 
Sc and Zr (0.2Sc–0.4Zr) to an Al–6Ni cast alloy formed the primary 
Al3(Sc,Zr) during early stage of solidification, and these particles 
nucleated primary α-Al grains [23]. Although in our work, no obvious 
primary Al3(Sc,Zr) particles were observed, some Al3(Sc,Zr) particles 
may have formed during solidification due to the local segregation, 
which led to the observed grain refinement. 

The Al11Ce3 phase found in the eutectic microstructures is oriented 
parallel to the α-Al solid solution which exhibits a lamellar morphology 
similar to that seen in binary aluminum-cerium alloys [14,36,37]. With 
the addition of Sc and Zr, there was no significant change in morphology 
of the Al11Ce3 phase. Interestingly, Fig. 6(a) presents the Al11Ce3 phase 
containing a nucleus located at the particle center in the alloy containing 
0.36Sc and 0.06Zr. The Al11Ce3 phase has lattice parameters of a =
4.382 Å, b = 10.157 Å, c = 12.916 Å [38]. It possesses an orthorhombic 
crystal structure. On the other hand, the L12-Al3(Sc,Zr) phase has lattice 
parameters of a = 4.103 Å. The small lattice mismatch between these 
phases makes Al3(Sc,Zr) a highly effective nucleating substrate for 
Al11Ce3. The latest work has provided evidence of Al3(Sc,Zr) substrates 

Fig. 6. SEM micrograph and EDX analysis of a eutectic region in sample of Al–9Ce–0.36Sc–0.06Zr alloy: (a) BSE image, EDX mapping (b) Al, (c) Ce, (d) Sc, and (e) Zr.  

Fig. 7. Room temperature hardness evolution of investigated alloys after (a) isochronal aging at varying temperatures for 3 h and (b) isothermal aging at the 
temperature of 350 ◦C with different holding times. 
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as nuclei for primary Al11Ce3 [39]. 
Typically, refining the grain structure in high-temperature alloys 

would be undesirable as it could lead to the increased grain boundary 
sliding and lower the creep resistance. However, in this case, the 
negative effect of reduced grain size at high temperatures was mitigated 
due to the presence of Al3(Sc,Zr) precipitates. Previous studies [5,22,23] 
have shown that these precipitates have a more significant impact on 
enhancing high temperature mechanical properties, outweighing the 

drawbacks of grain size reduction. 
The binary Al–9Ce alloy displayed impressive resistance to hardness 

changes after up to 724 h annealing period at 350 ◦C (Fig. 7(b)). This 
exceptional stability can be attributed to the negligible solubility of Ce in 
Al and the low diffusivity of Ce within the Al matrix [13]. The addition 
of Sc and Zr did not result in a significant improvement in the hardness 
of Al–9Ce alloy in its as-cast condition (Fig. 7), despite the reduction in 
the primary α-Al grain size (Fig. 2). After the aging, the Sc and Zr atoms 

Fig. 8. TEM characterization of Al–9Ce–0.36Sc–0.06Zr with peak-aging heat treatment (350 ◦C, 3h). (a) Bright-field TEM images and (b) HRTEM lattice image 
showing the distribution of Al3(Sc,Zr) precipitates embedded in α-Al matrix; inset is the selected area electron diffraction (SAED) with extra reflections (arrows) from 
the Al3(Sc,Zr) precipitate; (c) HRTEM lattice image of higher magnification and (c1, c2) the corresponding Fast Fourier transform (FFT) images showing the coherent 
interface, as well as cube-on-cube orientation relationship between Al3(Sc,Zr) and α-Al. 

Fig. 9. Tensile properties of studied alloys: (a) at ambient temperature, (b) at 300 ◦C.  
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that were dissolved in the α-Al matrix during solidification formed a 
supersaturated solid solution and then precipitated in the form of 
nanoparticles leading to the increased hardness of the Al–Ce–Sc–Zr al-
loys as revealed from the aging curves (Fig. 7). The maximum hardness 
for Al–9Ce alloys with Sc and Zr was recorded at temperature of 350 ◦C 
within 3 h. TEM image analysis (Fig. 8) identified the presence of 
L12-structure Al3(Sc,Zr) nanoprecipitates embedded within the α-Al 
matrix. Precipitation hardening response was achieved either by pin 
dislocation or by Orowan looping mechanism depending on the size of 
the precipitate. Similar effects were observed in eutectic Al–Ni–Sc–Zr 
alloys strengthened Al3(Sc,Zr) [23]. 

5. Conclusions 

The present study examined the influence Sc and Zr on the micro-
structure and mechanical properties of the hypoeutectic Al–9Ce alloy. 
Tensile tests were performed at ambient and high (300 ◦C) temperature 
to evaluate the mechanical properties. The main conclusions drawn 
from this study are as follows.  

1. Sc and Zr additions to the Al–9Ce alloy reduced the grain size 
without altering the shape of the lamellar eutectic phase. 

Fig. 10. Fracture surfaces of tensile specimens tested at 25 ◦C: (a) Al–9Ce, (b) Al–9Ce–0.12Sc–0.02Zr, (c) Al–9Ce–0.24Sc–0.04Zr, and (d) 
Al–9Ce–0.36Sc–0.06Zr alloys. 

Fig. 11. Fracture surfaces of tensile specimens tested at 300 ◦C: (a) Al–9Ce, (b) Al–9Ce–0.12Sc–0.02Zr, (c) Al–9Ce–0.24Sc–0.04Zr, and (d) 
Al–9Ce–0.36Sc–0.06Zr alloys. 
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2. Incorporating Sc and Zr in the Al–9Ce alloy increased the hardness 
through solid solution effects, and aging at 350 ◦C for 3 h promoted 
the formation of Al3(Sc,Zr) precipitates, resulting in maximum 
hardness.  

3. The superior tensile properties of quaternary Al–9Ce–xSc–xZr alloys 
at 300 ◦C can be attributed to the exceptional thermal stability of 
L12-structure Al3(Sc,Zr) precipitates, which significantly enhance 
mechanical strength when compared to the binary Al–9Ce alloy. 
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