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Abstract
Al-Ce alloys are known to retain a large fraction of their room temperature properties at elevated temperatures 
and after exposure to temperature for extended periods. Here we work with the ternary close-to-eutectic alloy 
Al-10Ce-4Mg and explore the effect of extrusion on its microstructure and mechanical properties. Extrusion 
produces a highly refined microstructure with texture exhibiting a twofold increase in strength (tensile strength 
of 390 MPa at room temperature) and fourfold increase in failure strain relative to the as cast state. After exposure 
to 300 °C for 100 h the alloy retains 82% and 88% of the room temperature strength in the as-cast and extruded 
states, respectively. The ratio of the strength at 300 °C to the strength at room temperature is 0.4, below the 
corresponding ratio for the Al-10Ce binary alloy (ratio 0.7) but higher than that of AA2618 (ratio 0.1). The extruded 
Al-10Ce-4Mg has fracture toughness of 23 kJ/m2, which is retained in proportion of 97.6% after exposure to 300 °C 
for 100 h. The material exhibits negative strain rate sensitivity at room temperature and in the range of strain 
rates 10−5 s−1 to 10−2 s−1. We show that the high room temperature strength is due to Al11Ce3 dispersoids 
and Mg-rich precipitates. The Mg-rich precipitates dissolve in the temperature range 200 °C to 250 °C while the 
Al11Ce3 dispersoids remain stable and provide strengthening at 300 °C. Mg-rich precipitates reform upon cooling, 
which ensures property retention upon thermal cycling. The high toughness, strength and property retention upon 
exposure to elevated temperatures make this alloy an excellent candidate for applications requiring lightweight 
temperature resistant materials.
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​​Introduction
A need exists for light materials with enhanced thermal 
stability to be used in supersonic aircraft design. The use 
of Al alloys would provide higher fuel savings, lower CO2 
emissions, and overall increased energy efficiency. How-
ever, the use of current Al alloys from the AA2XXX and 
AA7XXX class, which are precipitate hardened, is impos-
sible as their properties degrade above ~ 200 ? due to the 
dissolution and/or coarsening of precipitates(Gao et al. 
2019)(Mondol et al. 2017). In contrast, the Al-Ce inter-
metallics are highly stable and resist coarsening up to at 
least 350 °C (Guo et al. 2022, Shen et al. 2023, Nam et al. 
2023, Singh et al. 2024). This drives the emergence of a 
new generation of castable Al-Ce alloys with significantly 
improved high-temperature strength (Shen et al. 2023, 
Stojanovic et al. 2018, Sims et al. 2016, El-Hadad et al. 
2023, Weiss and Cerium 2019, Huda and Edi 2013).

Ce is a relatively abundant rare earth element (REE) 
which may be obtained as a byproduct of the extraction 
and purification of more valuable REEs, including Li, Pr, 
Nd, Dy, and Tb (Sims et al. 2022). Cerium lacks high-
volume applications at present time (Weiss and Cerium 
2019, Czerwinski 2019). When added to Al as an alloy-
ing element, Ce forms the Al11Ce3 intermetallic, with an 
eutectic point at 10% Ce (Sims et al. 2017) (all percent-
ages in wt%). Microstructures with off-eutectic composi-
tions contain a dominant Al (fcc) phase for hypoeutectic, 
and script-like (or plate-shaped) Al11Ce3 intermetallics 
in the case of hypereutectic alloys (Perrin et al. 2023, 
Okamoto 2011, Cao et al. 2017, Dai et al. 2023, Sun et 
al. 2019, Kozakevich et al. 2023, Ye et al. 2023, Rogachev 
and Naumova 2021). The non-uniform distribution of the 
intermetallics in the as-cast state leads to sub-optimal 
strengthening. Nevertheless, Al-Ce alloys in the near-
eutectic range (5–15% Ce) exhibit excellent castability 
and resistance to hot tearing and cracking (Plotkowski et 
al. 2020).

Ce has low diffusivity and solubility in the Al (fcc) 
phase (Okamoto 2011) which implies slow dissolution 
and Ostwald ripening of precipitates at elevated tem-
peratures and hence superior temperature stability of 
these alloys (Singh et al. 2024, El-Hadad et al. 2023). To 
benefit from this exceptional behavior, it would be nec-
essary to ensure high strength and ductility/toughness 
at room temperature. To this end, a uniform dispersion 
of fine intermetallics is desirable(Rogachev et al. 2021). 
This has been achieved by additive manufacturing (Nam 
et al. 2023, Sisco et al. 2021) and by thermo-mechanical 
processing of cast alloys (Singh et al. 2024, D’Souza et 
al. 2019, Zhang et al. 2021). Despite significant enhance-
ment of the room temperature yield stress and strength 
of binary Al-Ce alloys processed by these methods, the 
performance remains below that of high strength com-
mercial Al alloys. To address this problem, strengthening 

of the Al matrix has been pursued by alloying to promote 
either solid solution hardening or precipitation strength-
ening associated with other alloying elements.

Several studies evaluated the effect of Mg on the micro-
structural and mechanical properties of cast and addi-
tive-manufactured Al-Ce alloy (Nam et al. 2023, Sisco et 
al. 2021, Czerwinski et al. 2022, Gröbner et al. 2002, Lv 
et al. 2022, Hu et al. 2021). Hu et al. studied the effect of 
solid solution strengthening in high-pressure die-cast-
ing Al–Ce–Mg alloys. They suggest that the work hard-
ening of Al–8Ce-yMg increases as the Mg content, ‘y’, 
increases from 0 wt% to 0.75 wt% (Hu et al. 2021). Nam 
et al. studied ternary alloys (Al-8Ce-10Mg, Al-16Ce-
1Mg) produced by additive manufacturing over a wide 
composition range (Nam et al. 2023). Weiss et al. studied 
the addition of 10% Mg in an Al-8Ce alloy, indicating an 
increase of the yield stress from ~ 50 MPa to ~ 162 MPa 
(Weiss and Cerium 2019). Forging, rolling, extrusion, 
high-pressure torsion and equal-channel angular press-
ing (ECAP), have been used to produce microstructural 
refinement in metals and alloys and some of these proce-
dures have been also applied to Al-Ce alloys (Singh et al. 
2024, Wang et al. 2022).

Conventional processing methods such as extrusion 
and rolling need to be explored in this context to facili-
tate industrial adoption of these materials. Extrusion was 
suggested as being effective in refining the microstruc-
ture of Al-Ce binary alloys (Singh et al. 2024). Extrusion 
of binary Al-Ce was also reported in(Sims et al. 2017) 
as a method to increase the strength over the cast state. 
Wang et al.(Wang et al. 2020) report processing Al-Ce-
X (X = Sc, Y, Zr) by extrusion, but only for low (0.2%) Ce 
concentrations. Milligan et al.(Milligan et al. 2024) pro-
cess Al-8Ce-4Mg using a non-conventional method that 
combines extrusion and torsion to enhance the total plas-
tic strain and report significant enhancement of strength 
due to microstructural refinement.

In this work we consider the Al-10Ce-4Mg alloy. Al-
10Ce is the eutectic composition, which was demon-
strated previously to have optimal room temperature 
mechanical properties among the binary alloys (Singh 
et al. 2024, Odhiambo et al. 2025). We introduce micro-
structural refinement by conventional extrusion to ren-
der the study relevant for industrial applications. We 
provide full characterization of mechanical properties 
at room and elevated temperatures, including tough-
ness and hardness, in conjunction with microstructural 
characterization. Microstructural characterization is 
performed using scanning electron microscopy (SEM), 
X-ray diffraction (XRD), electron backscatter diffraction 
(EBSD), differential scanning calorimetry (DSC) and high 
resolution transmission electron microscopy (HRTEM). 
Uniaxial tensile testing is performed at ambient and 
elevated temperatures, as well as in ambient conditions 
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after exposure to elevated temperatures. Fracture tough-
ness testing is performed in ambient conditions, before 
and after exposure to elevated temperatures. The degree 
of microstructural refinement retention and thermal sta-
bility are evaluated for both cast and extruded states. This 
article provides the first report of fracture toughness and 
strain rate sensitivity measurements of Al-Ce-Mg alloys, 
and a detailed characterization of the microstructure and 
thermo-mechanical properties of close-to-eutectic com-
positions of the Al-Ce-Mg system upon processing by 
pure extrusion.

Experimental
Materials and processing
Al-10Ce-4Mg alloys were prepared by mixing Al with 
Al-Ce and Al-Mg master alloys (Al-20Ce and Al-50Mg). 
The materials used are high purity raw materials acquired 
from Ames Lab Materials Preparation Center. The two 
homogenous and high purity master alloys were acquired 
from AGI Alloys Inc. Pure Al was heated in a graph-
ite crucible to 850 ? and held for at least 30 min before 
Al-Ce and Al-Mg master alloys were added into the 
melt. The molten alloy was then vigorously mixed for at 
least 10 min before it was poured into a 25.4 mm diam-
eter graphite mold preheated to 400 °C. The actual com-
position of the sample was determined by Inductively 
Coupled Plasma – Optical Emission Spectroscopy (ICP-
OES) with a resolution of 0.01 ppm. The results indi-
cate 85.162% Al, 10.096% Ce, 4.676% Mg, 0.029% Fe and 
0.037% Si (all wt%).

The specific addition of 4 wt% Mg was chosen here 
for utility in the investigation of thermomechanical 
processing effects because it provides an opportunity 
to perform deformation above and below the rele-
vant intermetallic solvus boundaries, within the range 
of ~ 290  °C to 310  °C. For the specific experiments 
described here, the selected deformation and anneal-
ing temperatures are at or just below the τ-Al13CeMg6 
solvus and above the metastable β-AlMg solvus. This 
affords the opportunity to utilize the high disloca-
tion density generated during deformation to stimulate 
nucleation of fine intermetallics either at this tempera-
ture, or upon subsequent cooling below the β-AlMg 
solvus. These determinations are based on CALPHAD 
modeling of Al-Ce-Mg phase equilibria using the 
assessed parameters reported in (Moore et al. 2020).

The cast rods were hot extruded to a final diameter 
of 9.5 mm using an Innovare LMS extrusion press. This 
was done by heating to 300 ?, holding isothermally for 
30 min, extruding through a steel die at an average rate of 
(96.2  MPa/min) with a maximum pressure of 560  MPa, 
and forced-air cooling to room temperature. The total 
reduction during extrusion was 86%, which corresponds 
to a plastic strain of 1.97.

Properties were measured in the as-cast (AC) and 
cast and extruded (CE) conditions, and also in the cor-
responding heat-treated conditions (AC-10, AC-100, 
CE-10, CE-100), where 10 and 100 indicate the number 
of hours of exposure to 300  °C. Table 1 summarizes the 
test alloys and conditions considered in this study.

Tensile and fracture toughness experiments
Tensile specimens of 52  mm gauge length for all cast, 
extruded, and heat-treated conditions were CNC 
machined per the ASTM E8 standard (E8/E8M 2013). An 
Instron 5969 machine with a 50kN load cell was used for 
testing under quasi-static conditions ( ϵ̇ = 3 × 10−4 s−1

). The extensometer used in all tensile tests at room 
temperature was an Epsilon Technology Corp. Model 
3542 clip-on axial extensometer with a 10  mm gauge 
length. Tests were performed at room temperature (25 ?
) and at elevated temperatures of 150 ?, 200 ?, 250 ?
, 300 ? and 350 ?. For testing at temperature, samples 
were heated at 5 ?/s followed by a 300  s hold after the 
target temperature was reached and before the begin-
ning of the test. Samples were kept at the target tem-
perature for the duration of the test. Deformation at 
temperatures above room temperature was measured by 
the machine (not with an extensometer). Tensile testing 
was also performed with the same Instron 5969 machine 
equipped with a 50 kN load cell at various strain rates 
( ϵ̇ = 3 × 10−2, 3 × 10−3, 3 × 10−4 and 3 × 10−5 s−1

).
A microhardness tester (Qness 60  M QATM) with a 

load of 500 g and 15 s dwell time was used for hardness 
measurements, as per the ASTM E92 standard (E384-17 
2016). Ten measurements were made for each sample 
condition, and the average values are reported.

The elastic-plastic fracture toughness (JIc) was mea-
sured in a single-edge bend test configuration (ASTM 
E1820 standard 2009) using the Instron frame also 
employed for uniaxial testing (ASTM ). Sample dimen-
sions were 12 ×  6 ×  60 mm and the loading span was 
50  mm. Fatigue loading with amplitudes of 0.10 to 0.20 
kN was performed before the toughness test, such to 
generate a sharp pre-crack extending for 1.2  mm from 
the machined notch. The pre-crack and the notch were 
oriented normal to the extrusion direction. The crack 

Table 1  Materials and conditions considered in the present 
study
Naming convention Description
AC As cast

CE Cast and extruded

AC-10 As cast + 300 °C for 10 h

AC-100 As cast + 300 °C for 100 h

CE-10 Cast and extruded + 300 °C for 10 h

CE-100 Cast and extruded + 300 °C for 100 h
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Results
Phase analysis
Figure 1 shows the normalized XRD spectra for as-cast, 
as-extruded, and extruded and heat treated Al-10Ce-
4Mg. The spectra indicate the presence of the α-Al 
FCC phase and Al11Ce3 intermetallic phase. Prominent 
α-Al peaks are (111), (220), (200) and (311) in all mate-
rial states considered. The intensity of the Al (200) and 
Al (220) peaks (relative to the Al (111) peak) increases 
after extrusion (CE) compared with the as cast state 
(AC), indicating the development of texture. The 
(101), (141) and (200) peaks of the Al11Ce3 intermetal-
lic phase also increase. Annealing for 100 h leads to a 
decrease of the Al (200) and Al (311) peaks which sug-
gests a more random texture in CE-100 compared to 
CE and CE-10. No evidence of phase transformations 
taking place during extrusion and heat treatment is 
obtained. Similar observations have been made in the 
binary Al-10Ce alloy (Singh et al. 2024). No direct evi-
dence of Al-Mg phases is visible in the diffractogram.

Microstructural evolution during extrusion and 
subsequent annealing
Scanning electron microscopy
The microstructure of Al-10Ce-4Mg in AC, CE, 
CE-100 states is shown in Fig.  2(a-c). Two phases are 
visible in these micrographs: the α-Al (fcc) matrix and 
the Al11Ce3 intermetallic. No phase containing Mg is 
visible at this magnification (see Section High tem-
perature mechanical properties for further discussion 
of Mg-containing phases). The as cast micrograph, 
Fig.  2a, shows the eutectic microstructure com-
monly observed in the Al-10Ce binary alloy (Singh 
et al. 2024). Extrusion leads to a fine distribution of 
Al11Ce3 intermetallics in the Al matrix, as shown in 
Fig.  2b, which remain plate-like upon extrusion, but 
are shorter and become preferentially aligned in the 
extrusion direction. Phase fractions and phase compo-
sitions are statistically identical among the three states 
shown, indicating thermodynamic stability. In addi-
tion, the precipitate sizes are 3.57 ±  1.56 μm, 1.91 ±  
1.12 μm and 2.51 ±  1.02 μm for AC, CE, and CE-100 
states, respectively, showing refinement due to defor-
mation and the resistance to coarsening of the refined 
structure. The SEM-EDX analysis of CE-100 (Al-10Ce-
4Mg) is shown in the Supplementary information (S1), 
Fig. S1(a-d). This analysis indicates that, with the reso-
lution of this probe (5 nm), Mg is present in solid solu-
tion or potentially small clusters in the α-Al phase; this 
conclusion is revisited in Section High temperature 
mechanical properties.

length to sample width ratio was 0.5. The toughness test 
(static bending) was performed at room temperature 
with a constant strain rate of 5 × 10−3 s−1.

Microstructure characterization
To prepare samples for XRD and metallographic (SEM/
EBSD) analysis, grinding was done with abrasive papers 
(320, 800, and 1200 grit), after which polishing was per-
formed with cloths containing an abrasive suspension 
of alumina and colloidal silica, 5  μm to 0.05  μm. XRD 
was performed with a Panalytical XRD instrument with 
Cu-Kα radiation, between 20° to 90°, and at a scan rate 
of 1° per minute. Imaging (for metallography and frac-
tography) was done using a FEI SEM. For this purpose, 
surfaces were etched with Kellar’s reagent for 10 s after 
polishing. The inspection of fracture surfaces was per-
formed without polishing and etching.

An Oxford SEM microscope was used for EBSD. The 
EBSD specimens’ preparation required additional pol-
ished steps using diamond and colloidal silica to mini-
mize surface deformation. The analysis of EBSD images 
was performed using MTEX software. The mapping is 
based on the fcc Al and orthorhombic Al11Ce3.

Transmission electron microscope (TEM) samples 
were prepared with a focused ion beam instrument with 
a gas injection system (Helios, Thermo Fisher Scientific 
Ltd.) and investigated with an aberration-corrected TEM 
(Titan Cube, Thermo Fisher Scientific Ltd.) at 200  kV 
acceleration voltage. STEM-EDS was taken at 200  kV 
acceleration voltage with 40 pA current.

Fig. 1  XRD of Al-10Ce-4Mg for as cast (AC), extruded (CE), extruded and 
heat treated at 300 °C for 10 h (CE-10), and 100 h (CE-100)
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Electron backscattered diffraction
Electron backscattered diffraction (EBSD) provides the 
grain size, grain misorientation, phase fraction, micro 
strain, and texture information in the as cast, extruded 
and heat-treated alloys. EBSD analysis (100  nm reso-
lution) includes the computation of pole figure (PF), 
inverse pole figure (IPF), and kernel averaged misorien-
tation (KAM). Figure  3a-c shows EBSD data for as cast 
Al-10Ce-4Mg. The IPF map in Fig.  3a shows that the 
microstructure contains primary Al-Mg fcc solid solu-
tion phase and Al11Ce3 precipitates. The grain size was 
measured as 23.56 ±  0.76 μm. The script-like structure 
of the primary phase, Fig. 2a, observed here is similar to 
that seen in the binary Al-10Ce alloy (Singh et al. 2024). 
The high fraction of primary phase in both cases sug-
gests that the eutectic coupled zone is skewed to higher 
Ce compositions, as common for faceted-non-faceted 
eutectics and previously shown experimentally for binary 
Al-Ce (Jones 2005). The phase map in Fig.  3b shows 
the spatial distribution of fcc and Al11Ce3 phases, with 
a measured area-based intermetallic phase fraction of 

0.13. The average precipitates size is 3.57 ±  1.56 μm, but 
larger cuboidal precipitates are also present. The aver-
age misorientation across grain boundaries is 20.34o. The 
KAM map of the cast samples is shown in Fig. 3c with an 
average KAM value of 0.59, which indicates the distribu-
tion of microstrain in the as cast state. This information 
is used to calculate the density of geometrically necessary 
dislocations later in this section.

Figures 4a-c shows the EBSD IPF maps of Al-10Ce-
4Mg in the CE, CE-10, and CE-100 conditions. All sam-
ples show heterogeneous microstructures, with different 
grain sizes in different regions: strip-like regions oriented 
in the extrusion direction, with larger grains also elon-
gated in the extrusion direction, are separated by finer 
grains. A similar observation has been made for binary 
Al-Ce in our previous work (Singh et al. 2024). The aver-
age grain size for (111) oriented grains is 5.6 ±  2.6 μm, 
5.8 ±  2.6  μm, and 9.2 ±  7.3  μm for CE, CE-10, and 
CE-100 conditions, respectively. The average grain size 
for (101) oriented grains is 7.9 ±  4.3 μm, 9.8 ±  6.9 μm, 
and 8.4 ±  5.4 μm for CE, CE-10, and CE-100 conditions, 

Fig. 2  The microstructure of Al-10Ce-4Mg (a) AC, (b) CE, (c) CE-100 samples, (black = Al, gray = Al11Ce3). The zoom-in in (a) shows the script-like phase 
which is characteristic for the eutectic Al-Ce phase
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Fig. 4  IPF maps of Al-10Ce-4Mg in the (a) CE, (b) CE-10, (c) CE-100 states. The phase maps corresponding to panels (a), (b) and (c) are shown in (d), (e) 
and (f), respectively

 

Fig. 3  EBSD of as-cast Al-10Ce-4Mg (a) IPF map, (b) Phase map (c) KAM map. Large, rectangular, and fine, script-like, Al11Ce3 intermetallics are visible in (b)
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respectively. Considering the large relative uncertainty in 
these measurements, the difference between the two ori-
entations is not statistically significant. Considering now 
the full population of grain orientations, we compare the 
average grain size for the three material conditions, yield-
ing values of 7.24 ±  5.88 μm, 7.08 ±  6.09 μm, and 10.22 
±  8.11 μm, for CE, CE-10, and CE-100, respectively, sug-
gesting that high temperature exposure does not modify 
the grain size to any statistically significant degree. The 
grain size distribution is shown in S1, Fig. S2a.

The average dispersoid size is 1.91 ±  1.12, 2.22 ±  
1.72, and 2.51 ±  1.02  μm for CE, CE-10, and CE-100, 
respectively. Consistent with the grain size measure-
ments, this modest and statistically insignificant variation 
even after 100 h of annealing suggests good microstruc-
tural stability at 300 °C.

The average misorientation distribution is 26.57o, 
29.06o, 29.82o for CE, CE-10, and CE-100, respectively. 
The distributions of misorientation are shown in Fig. S2b 
for the three states. Annealing leads to a slight shift of the 
misorientation distribution to higher angles. The fraction 
of high-angle grain boundaries (defined as boundaries 
with misorientation above 15o) is 0.60, 0.63, and 0.65 for 
CE, CE-10, and CE-100 sample conditions, respectively. 
The EBSD phase maps for the three states are shown in 
Fig.  4d-f. The Al11Ce3 phase volume fraction inferred 
from these images is 17.8% in the extruded state and 
17.9% and 14.6% after annealing at 300 ? for 10  h and 
100 h, respectively.

Figures 5a-c show the pole figure map in (001), (110), 
and (111) projections for CE, CE-10, and CE-100 condi-
tions. Annealing for 10  h increases the intensity of the 
brass texture ({110}<112> )of CE sample, but the texture 
becomes somewhat less well defined upon annealing for 
100 h. This feature is consistent with the XRD measure-
ments (Fig.  1), where the intensity of the Al (200) and 
Al (220) peaks are observed to increase upon extrusion 

and then to decrease upon annealing for 100 h. This sug-
gests a more random texture in CE-100 compared to CE 
and CE-10, which is further supported by the pole figure 
map, Fig. 5. Table 2 shows the maximum intensity of the 
pole figure and supports the described texture evolu-
tion (enhancement and weakening after 10 h and 100 h 
annealing, respectively). The influence of these texture 
variations on mechanical properties is discussed in Sec-
tion  Mechanical properties.

EBSD also provides the kernel average misorientation 
(KAM) values of the CE, CE-10, and CE-100 samples. 
This information is used to evaluate the dislocation 
density. The KAM map of CE, CE-10, and CE-100 are 
shown in Fig. 6a-c. The average KAM value of AC, CE, 
CE-10, and CE-100 are 0.59o, 0.59o, 0.62o, and 0.55o, 
respectively. The geometrically necessarily disloca-
tions density, ρ GND , is calculated based on the average 
KAM value using the strain gradient approach (Basu et 
al. 2018):

	
ρ GND = 2θ

nλ |bD| .� (1)

Here θ  is the experimental KAM value, λ  = 1  μm 
is the step size, n is the number of nearest neighbors 

Table 2  Mean grain size, maximum texture intensity, and 
dislocation density (obtained from EBSD, ρ GND) for AC, CE, 
CE-10, and CE-100 states of the Al-10Ce-4Mg alloy

Mean 
grain 
size 
(µm)

Maximum 
Texture 
Intensity 
(m.r.d.)

Main texture 
component

EBSD 
(m− 2)

AC 23.56 - - 6.92*10^13

CE 7.24 7.10 brass texture ({110}<112> ) 1.4*1014

CE-10 7.08 12.07 brass texture ({110}<112> ) 1.44*1014

CE-100 10.22 4.47 brass texture ({110}<112> ) 1.34*1014

Fig. 5  Pole figure of (a) CE, (b) CE-10, (c) CE-100 for Al-10Ce-4Mg, A1 is the extrusion direction and A2 is transverse direction
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averaged in the KAM calculations (here it is 5), and bD  
is the Burgers vector of the active slip system ( bD  = 
0.286  nm). The resulting dislocation density values are 
reported in Table  2. The dislocation density increases 
upon extrusion, as expected, it is essentially unchanged 
upon annealing for 10  h and decreases slightly upon 
annealing for 100  h. The GNDs depend on the micro-
structural characteristics, such as grain size, texture, 
and phase (Kamaya 2012, Sun et al. 2021). The grain 
size increase and texture intensity decrease lead to a 
slight reduction in dislocation density for annealed sam-
ples (100 h). The lack of a more drastic reduction of the 
dislocation density upon annealing indicates that the 
stable intermetallic distribution is effective at pinning 
dislocations.

The grain orientation spread (GOS) map is helpful in 
distinguishing strain-free (recrystallized; GOS ≤ 2°) and 
deformed grains (GOS > 2°). The GOS maps for the three 
states are shown in Fig.  6d-f. Recrystallization may be 
inferred from the GOS values, with recrystallization frac-
tions for CE, CE-10, and CE-100 being estimated as 0.59, 
0.62, and 0.73, respectively. It suggests that CE-100 con-
tains more recrystallized grains, which is consistent with 
the observation of a more random texture (lowest texture 
intensity, as shown in Fig. 5c) upon annealing for longer 
times and a slightly lower dislocation density.

These results indicate that extrusion produces micro-
structural refinement (both smaller grains and smaller 
intermetallics), an increase of the dislocation density and 

the emergence of crystallographic texture. Annealing for 
100  h does not substantially affect the mean grain and 
dispersoid size but decreases slightly the dislocation den-
sity and the texture intensity. No microstructural changes 
are observed upon annealing for 10 h. This suggests that 
the annealing time should have some influence on the 
mechanical properties, which is discussed further in Sec-
tion  Mechanical properties.

 NNM O[OIP NBBPPKOBNJH,N .Mechanical properties
Mechanical properties of as cast and extruded Al-10Ce-4Mg
The room temperature engineering stress-strain curves 
of Al-10Ce-4Mg alloy in the AC, AC-10, AC-100 and CE, 
CE-10, and CE-100 conditions are shown in Fig. 7a. All 
AC samples (including after annealing) have rather poor 
mechanical properties, with strength below 150  MPa. 
The extruded (CE) samples have significantly improved 
properties: the yield stress and tensile strength increase 
by 2 and 3 times, respectively, while the elongation at 
failure increases ~ 5 times, from 3.8% to 17.2%. Young’s 
modulus results E = 75 GPa. The simultaneous improve-
ment in strength and ductility is attributed to microstruc-
tural refinement, increased uniformity of the distribution 
of the Al11Ce3 intermetallics and the texture caused by 
extrusion. The mechanisms leading to the increase of 
strength are discussed further in Section Considerations 
related to the strengthening mechanisms. We associate 
the increase of ductility to the development of texture 
during extrusion. Structural refinement includes both the 

Fig. 6  KAM maps of Al-10Ce-4Mg in the (a) CE, (b) CE-10, (c) CE-100 states. The GOS maps corresponding to panels (a), (b) and (c) are shown in (d), (e) 
and (f), respectively
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size and shape of the dispersoids, with the shape chang-
ing from thin interconnected eutectic lamellae (script-
like features) in AC state to rods of low aspect ratio in the 
CE state, Fig. 4a.

Mechanical properties are slightly reduced by the expo-
sure to 300 ? for both the as cast (AC) and extruded (CE) 
alloys, which is attributed to the variation of texture. The 
yield stress, tensile strength, and elongation at break for 
AC, AC-10, AC-100, CE, CE-10, and CE-100 states are 
shown in Table 3. The percent retention of the yield stress 
and tensile strength after annealing for 10 h is 76% and 
85%, and after annealing for 100 h is 79%, and 88%.

Table 3 shows a comparison of the mechanical proper-
ties of binary Al-10Ce (from (Singh et al. 2024)) and ter-
nary Al-10Ce-4Mg alloys in as cast, extruded and heat 
treated states. The corresponding stress-strain curves 
are compared in Fig. S3 of the SI. The extruded ternary 
alloy has much larger strength (390  MPa) compared to 
the binary alloy extruded in same conditions and to the 
same reduction (228 MPa), but it has lower strain at fail-
ure (17.2% compared with 22% in the binary CE case). 
The retention of yield stress and tensile strength in the 
case of the binary alloy is larger than 100% in both CE-10 
and CE-100 states. The retention is significantly lower in 
the ternary case: 76% of the yield stress and 85% of the 
strength are retained after exposure to 300 °C for 10 h, and 
79% and 88% of the yield stress and strength are retained 
after exposure to 300 °C for 100 h. The origin of this differ-
ence of behavior of the two types of alloys is explored fur-
ther in Section High temperature mechanical properties.

Figure 7b shows microhardness test results. Each value 
represents a minimum of 10 measurements with the 
standard deviation indicated by the error bars. The hard-
ness is 98, 105, 101, 114, 111, and 104 HV for AC, AC-10, 

AC-100, CE, CE-10, and CE-100, respectively. Generally, 
hardness and strength increase in proportion. This is not 
observed here when comparing the cast and extruded 
states. The cast samples showed some shrinkage porosity, 
which contributes to the reduced ductility and strength 
of cast samples relative to extruded samples, as seen in 
Fig.  7a. Porosity does not affect the hardness measure-
ment. The hardness test results confirm the strong prop-
erty retention upon exposure to elevated temperatures 
observed in the tensile tests and consistent with the 
microstructure-based observations discussed in the pre-
ceding section.

The fracture surfaces of Al-10Ce-4Mg samples were 
imaged to investigate the failure mechanisms and to cor-
relate with microstructural features; images are shown 
in Fig. S4. Fracture surfaces of cast samples exhibit many 
cleavage facets, which indicate brittle failure. Fracture 
surfaces of extruded samples contain dimples, which 
indicates intense plastic deformation during failure. This 
agrees with the rather large strain at failure (17%) of the 
extruded samples.

High temperature mechanical properties
Al-10Ce-4Mg samples were further tested at 150 ?, 200 ? 
250 ?, 300 ? and 350 ?. Samples were equilibrated at the 
test temperature and maintained at this temperature for 
the duration of the test. The stress-strain curves reported 
in Fig. 8 correspond to the CE material. The yield stress 
and the strength decrease with increasing temperature, 
as expected. Strain localization takes place at smaller 
strains as the temperature increases, while post-critical 
ductility increases.

For reference, we compare the temperature resis-
tance of Al-10Ce-4Mg with that of AA2618, which is 

Fig. 7  (a) Room temperature engineering stress-strain curves of extruded and cast Al-10Ce-4Mg samples tested with a strain rate of ϵ̇ = 3 × 10−4 s−1

, and (b) hardness measured at room temperature for the same set of samples
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considered a commercial high temperature Al alloys. Fig-
ure 9a shows the temperature dependence of the strength 
(UTS) of Al-10Ce (Singh et al. 2024) and Al-10Ce-4Mg, 
both in CE state and subjected to extrusion under same 
conditions and to the same reduction, compared with 
data for extruded pure Al (Kaufman 2018, Committee 
1990) and AA2618 (T61 conditions) (Handbook 2019). 
Pure Al and AA2618 lose 80% and 90% of their room 
temperature strength, respectively, as the test tempera-
ture increases to 300 ?. The extruded Al-10Ce loses 34% 
of its room temperature strength under the same condi-
tions, while Al-10Ce-4Mg loses 60%. However, the UTS 
reduction of the ternary takes place mostly below 250 °C, 
while above this temperature the UTS of the ternary is 
essentially identical to the UTS of the binary alloy. Hence, 
the room temperature UTS gain of Al-10Ce-4Mg relative 
to Al-10Ce is eliminated as the temperature increases to 
250 °C.

Figure 9b shows the data in Fig. 9a normalized by the 
room temperature strength of the respective materi-
als. The strength of pure Al decreases continuously as 
temperature increases (primarily in proportion to the 
reduction of the shear modulus). AA2618 exhibits three 
regimes: stage I, for T < 150 ? UTS decreases slower 
than in the pure Al case; stage II, for 150 ? < T < 250 ?, 
UTS decreases fast due to the dissolution of the Al2Cu 
q-phase and the increase of solubility of Cu in Al; stage 
III, for T > 250 ?, the softening rate becomes equal to that 
of pure Al. The binary Al-10Ce alloy exhibits an initial 
regime, for T < 150 ?, where UTS does not decrease with 
increasing temperature – a behavior reported in(Singh 
et al. 2024) for this particular alloy. For T > 150 ?, UTS 
decreases at the same rate with pure Al. Yet, the ternary 
Al-10Ce-4Mg alloy exhibits a behavior that combines 
features described for Al-10Ce and AA2618. Specifically, Ta
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UTS is independent of temperature for T < 150 ? (stage 
I), decreases rapidly in the temperature range 150 ? < 
T < 250 ? (stage II), after which the decay continues at the 
rate of Al-10Ce and pure Al (stage III).

These observations suggest that Al–Mg precipitates in 
Al-10Ce-4Mg are too fine to be identified by XRD and 
EBSD. For additional nanoscale characterization, TEM 
analysis was performed and representative results from a 
region away from any Al₁₁Ce₃ dispersoids are shown in 
Fig.  10. The HAADF (High-Angle Annular Dark-Field) 
image (Fig. 10a) reveals three Al–Mg matrix grains with 
slightly different orientation contrast. In addition, fine 
nanoscale precipitates are visible both along the grain 
boundaries/triple junction and within the grains, as 
marked by the white circles. These dark Z-contrast pre-
cipitates indicate the presence of lower-atomic-number 
elements. EDS mapping provides additional composi-
tional information about the precipitates. However, the 
intragranular precipitates could not be clearly identi-
fied due to their small size, combined with effects from 
specimen thickness and the electron–beam interaction 
volume. In contrast, the EDS maps of the intergranular 
precipitates clearly show a high Mg concentration. There-
fore, the TEM analysis provides evidence for the pres-
ence of Mg-rich precipitates. These precipitates are not 
visible in the XRD pattern, Fig. 1, likely due to their low 
volume fraction.

The UTS of CE Al-10Ce-4Mg decreases in the tem-
perature range 150 ? < T < 250 ?, in which the Mg-rich 
precipitates dissolve, from 340  MPa to 150  MPa, drop 
that represents 48% of the room temperature UTS value, 
Fig. 9a. Pure Al softens by approximately 20% in the same 
temperature range. Hence, these precipitates contribute 

a large fraction of the room temperature strength. The 
DSC scan in Fig.  11 confirmed this precipitate dissolu-
tion event in Al-10Ce-4Mg sample. Figure 11b shows that 
there is an endothermic event for Al-10Ce-4Mg sample 
when it is heated. This endothermal event has an onset 
temperature of 215 ?. In contrast, there is no such event 
in the DSC curves for Al-10Ce, Fig. 11a, suggesting that 
there is no dissolution of precipitates for Al-10Ce up to at 
least 400 ?. A weak exothermic peak is seen on the cool-
ing branch of the curve in Fig. 11b at ~ 360 ?, which, we 
consider, indicates formation of Mg-rich precipitates. 
This is supported by the observation that the stress-strain 
curves of the material before and after this heat treat-
ment are identical, which indicates precipitation during 
cooling. We infer that Mg-rich precipitates account for 
about 55% of the room temperature flow stress. This issue 
is discussed further in Section Considerations related to 
the strengthening mechanisms.

Strain rate sensitivity of Al-10Ce-4Mg Alloy
The stress-strain curves shown in Fig.  8 are serrated, 
which is a manifestation of the Portevin-LeChatelier 
(PLC) effect caused by dynamic strain aging (DSA). The 
occurrence of this phenomenon is well documented in 
various solid solutions (Beukel 1975, Kubin and Estrin 
1990, McCormick and Estrin 1989, Mulford and Kocks 
1979), including Al-Mg alloys (Fujita and Tabata 1977, 
Balík and Lukáč 1993, Picu et al. 2005, Bintu et al. 2016).

Several mechanisms explaining DSA have been pro-
posed (Fujita and Tabata 1977, Picu 2004), all being 
related to the diffusion of Mg atoms in the vicinity of 
dislocation cores. Being diffusion-controlled, the mech-
anisms are temperature dependent. Equivalently, PLC 

Fig. 9  (a) Dependence on temperature of the strength (UTS(T)) of Al-10Ce-4Mg in CE state compared with Al-10Ce extruded under same conditions and 
to the same reduction (Singh et al. 2024), with pure Al(Kaufman 2018, Committee 1990) and AA2618 (Handbook 2019). (b) Data in (a) normalized with the 
room temperature strength, UTS(RT), of the respective materials. Three stages are defined for the Al-10Ce-4Mg curve in (b)
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is both temperature and strain rate-dependent and it is 
common to observe the effect within specific ranges of 
temperatures and strain rates. To explore it, Al-10Ce-
4Mg in the CE state was tested at various strain rates with 
ϵ̇  ranging from 10− 2 to 10− 5 s− 1, and the corresponding 
stress-strain curves are shown in Fig. 12. The curves are 
smooth (no PLC) for ϵ̇ = 10−2 s−1 and ϵ̇ = 10−5 s−1. 
Between these limits, the strain rate sensitivity is nega-
tive and strain-dependent. At ϵ̇ = 10−4 s−1, serrations 

begin beyond an incubation strain of 2%, with the 
strain rate sensitivity being zero (compare the curves 
for ϵ̇ = 10−5 s−1 and ϵ̇ = 10−4 s−1) for ϵ < 2% and 
negative for ϵ > 2%. The incubation strain decreases 
as the strain rate increases to ϵ̇ = 10−3 s−1. The strain 
rate range in which negative rate sensitivity is observed 
at room temperature is similar to that reported for 
the commercial alloy AA5182 which has 4.5% Mg 
(Picu et al. 2005). The effect of temperature on PLC is 

Fig. 11  DSC curves of (a) Al-10Ce and (b) Al-10Ce-4Mg samples. The inset shows a zoomed in region highlighting the endothermic peak

 

Fig. 10  STEM HAADF image and EDS map of Al-10Ce-4Mg alloy. (a) STEM-HAADF image of matrix (three grains forming a triple junction), (b-d) EDS map 
of (b) Al, (c) Mg, and (d) Ce. The white circles indicate the presence of Mg-rich precipitates
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visible in Fig.  8, where the room temperature stress-
strain curve is serrated (PLC), while the curve at 150 ? is 
smooth (no PLC). The strain rate sensitivity parameter, 
m = ∂ logσ /∂ logϵ̇ , was calculated based on the curves 
in Fig.  8 for strains larger than 5%. At ϵ̇ = 10−4 s−1 
and ϵ̇ = 10−3 s−1, m = − 0.03. m increases towards the 
positive range as the strain rate increases or decreases 
away from the range shown in Fig. 8. These observations 
indicate that sufficient Mg remains in solid solution to 
produce negative rate sensitivity and a macroscopically-
observable PLC effect.

Fracture toughness of cast and extruded Al-10Ce-4Mg alloys
The fracture toughness was measured using the single-
edge bend configuration with load-line displacement 
method (ASTM-E1820 2009) for the alloy in CE, CE-10 
and CE-100 states (ASTM ). This requires determining 
the area under the force-displacement curve obtained in 
a 3-point bend test using a notched (including pre-crack) 
sample up to the maximum force value. Equations  (2) 
and (3) provide the elastic and plastic components of the 
energy release rate (ASTM ):

	
Jel =

K2
Q(1 − ν 2)

E
,� (2)

	
Jpl =

η plApl

B(W − a0) ,� (3)

where ν  and E are the Poisson’s ratio and elastic mod-
ulus, and KQ is the stress intensity factor at fracture. ν  
and E are taken to be 0.34 and 70 GPa, as per our test 

results. η pl is taken to be 1.9 per the ASTM E-1820 stan-
dard. Apl is the area under the load-displacement curve 
calculated up to the maximum point. Parameters S, W, B, 
and ao are the loading span length, specimen width and 
thickness, and the notch length, respectively. The critical 
energy release rate, JIc, is the sum of Eqs. (2) and (3):

	 J = Jel + Jpl� (4)

The load vs. displacement of CE, CE-10, and CE-100 are 
shown in Fig. 13. The ternary extruded and heat-treated 
samples have toughness values of 20.3 ±  0.85 kJ/m2, 15.5 
±  0.80 kJ/m2, and 24.3 ±  1.21 kJ/m2 for CE. CE-10, 
and CE-100, respectively. Component Jpl (18 kJ/m2, 13 
kJ/m2, 21 kJ/m2) is larger than Jel (2.3 kJ/m2, 2.5 kJ/m2, 
3.3 kJ/m2) since these materials are ductile. These values 
are obtained by performing 3 repeats for each case. The 
annealed and non-annealed samples show similar frac-
ture toughness which, again, demonstrates the thermal 
stability of this alloy. These values are comparable with 
some of the largest fracture toughness values reported 
for Al alloys, such as for wire-arc DED-processed Al-Si 
( Jc =36.8 kJ/m2) (Paul et al. 2022), Al-Li ( Jc ≈ 26 kJ/
m2(Lynch et al. 2014) and Al2618 ( Jc = 10.34 kJ/m2 ) 
(Gariboldi et al. 2007).

Considerations related to the strengthening mechanisms
Solid solution and grain size strengthening, strain hard-
ening and precipitation strengthening (due to Al11Ce3 
and nanoscale Mg-rich precipitates) are expected to be 
active strengthening mechanisms in this alloy. Solid solu-
tion strengthening is associated with the Mg solute in Al, 
while Ce has too low solubility in Al to increase the flow 
stress through this mechanism.

Fig. 13  Load-displacement curves of notched CE, CE-10 and CE-100 sam-
ples loaded in the 3-point bend configuration

 

Fig. 12  Effect of strain rates on engineering stress-strain curves of Al-
10Ce-4Mg in CE state tested at room temperature
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Figure 14 shows the yield stress and UTS of as cast and 
extruded states of binary Al-10Ce (Singh et al. 2024) and 
ternary Al-10Ce-4Mg alloys, with the binary alloy being 
extruded in the same conditions as used here for the ter-
nary. Comparing these stress values provides insight into 
the contribution to the flow stress of the various mecha-
nisms. Specifically, the effect of microstructural refinement 
due to extrusion (both grain and dispersoid refinement) 
emerges by comparing the yield stress of Al-10Ce AC and 
CE states; this mechanism contributes 114 MPa to the yield 
stress. Same processing conditions applied to Al-10Ce-
4Mg lead to similar refinement and an increase of the yield 
stress of 106 MPa, consistent with the value for the equiva-
lent binary alloy. This increase is also due, in part, to the 
increase of the dislocation density by a factor of 2 between 
cast and extruded states, Table 3, which is expected to pro-
duce an increase of the yield stress of 

√
2 (or ~ 41%, i.e. 

52 MPa) relative to the AC state. Hence, we conclude that 
the increase of 106 MPa in yield stress of Al-10Ce-4Mg is 
due in equal proportions to the increase of the dislocation 
density and to grain and intermetallic refinement.

Comparing the yield stress of Al-10Ce and Al-10Ce-
4Mg both in the AC state, indicates that the addition of 
Mg contributes only 32 MPa to the yield stress.

Comparing the yield stress with UTS sheds light on 
the strain hardening ability of the material. The ability 
of the binary alloy to strain harden is limited (difference 
between UTS and yield stress of 65 MPa and 52 MPa in 
the AC and CE states). However, the ternary alloy in the 
CE state strain hardens by 190  MPa. This much larger 
strain hardening effect, compared to the binary alloy, 
can be attributed to the influence of a fine dispersion of 
Mg-rich nanoscale precipitates, which correlates with the 
TEM observations shown in Fig. 10.

Conclusion
The effect of extrusion on the microstructure and 
mechanical properties of Al-10Ce-4Mg is evaluated in 
this work in conjunction with the material’s ability to 
retain properties upon exposure to elevated tempera-
tures. The as-cast alloy has large grain size and relatively 
low yield stress and strength, while the effect of Mg 
in Al-Ce is not profound in the cast state. Significant 
microstructural refinement is observed upon extrusion 
which leads to both grain size reduction and a decrease 
of the size of Al11Ce3 intermetallics. Extrusion increases 
the yield stress, ultimate tensile strength, and elonga-
tion at failure by factors of 2.5, 2.5, and 4.5, respectively. 
These properties are largely preserved after annealing at 
300  °C for up to 100 h. The toughness is also preserved 
upon annealing at 300  °C for up to 100  h. The strength 
at elevated temperatures decreases relative to the room 
temperature strength, with a rapid decrease in the 150 ? 
to 250 ? range. This is attributed to the dissolution of 
nanoscale Mg-rich precipitates which have been identi-
fied by TEM in the extruded alloy. The ratio of the UTS 
at 300 ? to the room temperature UTS is 0.39, lower than 
that of the equivalent binary alloy, Al-10Ce (ratio 0.65), 
but larger than the high temperature commercial alloy 
AA2618 (ratio 0.1). The study shows that adequate ther-
momechanical processing and associated microstructural 
refinement render these alloys potentially useful in appli-
cations requiring resistance to elevated temperatures.
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