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The near-eutectic Al-12 wt.% Ce alloy has been alloyed with 0.4 wt.% Sc to improve its creep resistance. 

A bidirectional influence between Sc and Ce has been identified: (i) the Ce element suppresses the Sc 

partition between the liquid and solid phases during solidification, as implied by the reduction of Sc 

microsegregation in the as-cast ingot; (ii) the Sc atoms migrate towards the Al 11 Ce 3 interface to form 

Al 3 Sc thin layer or particles upon aging. The former effect promotes the spatial uniformity of Al 3 Sc pre- 

cipitate distribution in the Al matrix and the latter one introduces additional lattice misfit strain to the 

Al 11 Ce 3 /Al α phase boundary inhibiting matrix dislocations to climb over the Al 11 Ce 3 lamellae. Both effects 

can improve the creep resistance of the aged Al-12Ce-0.4Sc alloy showing a high tensile stress threshold 

for dislocation creep of ∼ 60 MPa at 300 ◦C. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Aluminum alloys have been widely used as lightweight struc- 

ural materials at ambient temperature [1–4] . However, expanding 

heir applications to elevated temperature faces great challenges for 

he rapid coarsening or dissolution of nanosized second phase(s) 

egenerating mechanical properties [5] . As a consequence, most of 

hem, including the Al-Si(-Cu)- and Al-Cu-Mg-based alloys having 

ained a certain market share in automobile engines, are limited 

o temperatures below 250 ◦C [6,7] . To forward Al alloys towards 

igher temperature, a highly thermally stable microstructure is de- 

irable. 

Recently, the Al alloys with a high content of cerium, a rela- 

ively low-priced and abundant by-product of rare-earth mining, 

ave been attracting increasing attention [8–13] . The Al-Ce alloy 

ith the eutectic composition ( ∼ 10 wt.%) is compatible with mod- 

rn casting practices due to its exceptional castability even exceed- 

ng the Al-Si system [14] . The cast eutectic Al-Ce alloy consists of 

ighly branched submicron-sized Al 11 Ce 3 lamellae surrounded by 

lmost pure Al [8] . This microstructure is extremely stable against 

he long-time heat-exposure up to 400 ◦C or higher [8,15] be- 

ause the coarsening is hard to proceed when the diffusion of Ce 

toms between the neighboring Al 11 Ce 3 lamellae is almost forbid- 

en by the negligible solid solubility of Ce in Al ( ≤ 0 . 005 wt.%

t 642 ◦C [8] ) and the low diffusivity of Ce in Al, estimated as
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4 . 7 × 10 −19 s −1 at 400 ◦C, much smaller than that of Si, Cu or

c by more than one order of magnitude [15] . Consequently, the 

l-Ce alloy holds an outstanding retention of strength at elevated 

emperatures [8,15] . Besides, appropriate alloying the Al-Ce alloy 

ith, for instance, Mg and Si [10,13] , can provide the additional 

olid-solution and precipitation strengthening improving further its 

echanical properties. 

To date, the studies of mechanical properties of Al-Ce-based 

lloys have mostly focused on the strength and ductility under 

uasi-static tensile loading conditions [8–10,12,14,16] . However, for 

he materials in high-temperature service, the creep strain accu- 

ulating over a long-term heat-exposure can be prominent and 

ltimately results in failure of component under a stress below 

ield strength. Nonetheless, only recently, the creep behaviors were 

tudied in an Al-12.5 wt.%Ce alloy [15] and an Al-6.9 wt.%Ce- 

.3 wt.%Mg alloy [13] . The stress threshold of dislocation creep was 

easured to be ∼ 22 MPa at 300 ◦C for the former alloy, supe- 

ior to the latter one containing fast-creeping Al-Mg matrix, but 

nferior to, for instance, the newly developed Al alloys containing 

oarsening-resistant plate-like precipitates [17,18] . To improve the 

reep resistance of Al-Ce alloy, in this study, we alloyed it with 

c to form thermally stable Al 3 Sc coherent precipitates [19] , which 

an inhibit the dislocation climb effectively due to the misfit strain 

round the precipitates [20–22] . The same methodology of com- 

ining the advantages of eutectic and coherent nano-particles has 

een utilized in, for instance, Refs [23–26] . In particular, an out- 

tanding creep resistance has been achieved in a eutectic Al-Ni al- 
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Fig. 1. Characterization of eutectic structure and Sc distribution in the as-cast alloy. (a) and (b) Characteristic SEM images of the Al-12Ce and Al-12Ce-0.4Sc alloys, with 

insets showing the structure within the eutectic colony. (c) and (d) EPMA line profile of Sc concentration for the as-cast Al-0.4Sc and Al-12Ce-0.4Sc alloys, respectively. 

l

i

p

A

1

m

p

w

o

t

t

(

f

c

w

a

i

b

t

A

a

w

1

c

t

i

s

i

l

m

l

t

w

t

l

a

t

t

s

t

d

l

s

m

a

c

p

t

m

s

a

p

[

r

d

s

a

a  

8

a

e

e

a

b

t

a

n  

g

s

d

w

i

s

oy with Sc addition [23] . However, the effectiveness of Sc addition 

n the Al-Ce system and the associated origin of enhanced creep 

roperties, which should be of value for further developments of 

l-Ce-Sc-based alloys, have not been investigated. 

The Al-12 wt.% Ce (Al-12Ce), Al-0.4 wt.% Sc (Al-0.4Sc), and Al- 

2 wt.% Ce-0.4 wt.% Sc (Al-12Ce-0.4Sc) alloys were respectively 

elted under the argon protection and then cast into a steel mold 

reheated to 200 ◦C. The distribution of Sc in the as-cast ingot 

as examined using electron probe micro-analysis (EPMA), based 

n which the aging procedure was decided. The alloy microstruc- 

ure was characterized using scanning electron microscopy (SEM), 

ransmission electron microscopy (TEM), and high-resolution TEM 

HRTEM). Samples for tensile creep experiments were machined 

rom the center of the ingot and tested in the atmosphere under a 

onstant load at 300 ◦C. When the steady-state creep deformation 

as achieved, the load was increased to a value corresponding to 

 2.5 MPa ∼ 5 MPa increment of engineering stress. 

The eutectic structure of the as-cast Al-12Ce alloy is shown 

n Fig. 1 (a). It comprises Al 11 Ce 3 /Al α eutectic colonies separated 

y pure Al channels or by channels with large and sparsely dis- 

ributed Al 11 Ce 3 intermetallic. In the eutectic colony, the fine 

l 11 Ce 3 platelets with a width of 150 nm ∼ 450 nm arrange into 

 labyrinth-like morphology (inset of Fig. 1 (a)). The average aisle 

idth of “labyrinth” (i.e., eutectic spacing) was measured to be 

.71 ± 0.23 μm. With 0.4 wt.% Sc addition there is no identifiable 

hange for the eutectic morphology and the structure in between 

he eutectic colonies (see Fig. 1 (b)), except that the eutectic spac- 

ng was measured as 2.18 ± 0.97 μm, slightly larger than, but not 

ignificantly different from, that of the Al-Ce binary alloy, indicat- 

ng that the Sc has a minor influence on the solidification of Al-Ce 

iquid. 

On the other hand, the abundant Ce atoms significantly opti- 

ize the Sc atom distribution in the Al-12Ce-0.4Sc alloy after so- 

idification. To demonstrate this point convincingly, it is necessary 

o compare the distribution of Sc between the alloys with and 

ithout Ce. Based on this consideration, we first show the Sc dis- 

ribution for the as-cast Al-0.4Sc alloy in Fig. 1 (c), where the EPMA 

ine profile reveals a periodic fluctuation of Sc concentration within 

 wide range of 0.28 wt.% ∼ 0.44 wt.%. This is because Sc forms a 
2 
erminal eutectic with Al, with an equilibrium solid-liquid parti- 

ion coefficient k 0 smaller than one [27,28] . In this case, the first 

olid forming during solidification contains less Sc than the solid 

o form later, leading to the non-uniform Sc distribution at the 

endritic scale. However, this harmful Sc microsegregation in Al α
argely disappears for the Al-12Ce-0.4Sc alloy, as suggested by the 

mooth EPMA line profile of Sc concentration in Fig. 1 (d). It is com- 

on that the equilibrium partition coefficient k 0 changes for the 

ddition of other elements since the partition behavior strongly 

orrelates with element interactions [29] . In this sense, the sup- 

ression of Sc microsegregation in the Al-12Ce-0.4Sc alloy implies 

hat the Ce element increases k 0 of Sc towards one, and thus mini- 

izing the Sc partition between the liquid and solid phases during 

olidification [30] . 

This resultant uniformity of Sc distribution is highly desir- 

ble, as it avoids the homogenization treatment that would be 

erformed around 640 ◦C to eliminate the Sc microsegregation 

20,31] . Note that the heat-treatment at such a high temperature 

emains a challenge for the casting alloy as it may induce severe 

istortion and residual stress to casting components complex in 

hape [32] . Therefore, we passed the homogenization treatment 

nd directly aged the Al-12Ce-0.4Sc alloy at relatively low temper- 

tures (first at 300 ◦C for 5 h and then at 400 ◦C for 1 h, 3 h or

 h) to precipitate Al 3 Sc particles. 

Due to the suppression of Sc partition in the Al-12Ce-0.4Sc 

lloys, we found that, upon aging, the number density and av- 

rage size of Al 3 Sc precipitates are almost the same at differ- 

nt positions we measured within the Al α eutectic, see Fig. 2 (a) 

nd (b). Moreover, dense Al 3 Sc precipitates with a similar num- 

er density were also observed in the channels between the eu- 

ectic colonies. In contrast, the Sc concentration fluctuation in the 

s-cast Al-0.4Sc alloy results in an aged microstructure with alter- 

ative Al 3 Sc-depleted ( Fig. 1 (c)) and Al 3 Sc-enriched ( Fig. 1 (d)) re-

ions corresponding to the dendritic and interdendritic areas re- 

pectively. The fast creep of the precipitate-depleted regions is 

eleterious for the high-temperature performance [33] . Thereby, 

e can say that the Sc addition can suppress the creep of Al α
n the Al-12Ce-0.4Sc alloy effectively, especially considering its ab- 

ence of precipitate-depleted regions. Moreover, this effective en- 
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Fig. 2. Characterization of Al 3 Sc precipitates. (a) and (b) Bright field TEM images taken at different positions of the Al-12Ce-0.4Sc alloy aged at 300 ◦C for 5 h and then at 

400 ◦C for 3 h. (c) and (d) Bright field TEM images taken at different positions of the Al-0.4Sc alloy with the same aging treatment as the Al-12Ce-0.4Sc alloy in (a) and (b). 

(e) Sketch showing the Al 3 Sc precipitation in the Al-12Ce-0.4Sc alloy. 
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ancement of Al α phase can promote the load transfer from the 

oft Al α phase to the hard Al 11 Ce 3 intermetallic [8] , thus improv- 

ng further the creep resistance of the Al-12Ce-0.4Sc alloy. 

Besides the Al 3 Sc precipitates in the Al matrix, the Al 11 Ce 3 /Al α
nterface should be also paid attention to, as the Al 11 Ce 3 - 

islocation interaction associated with the interfacial structure 

as been argued as another main mechanism determining the 

levated-temperature strength of Al-Ce alloy [15] . A previous study 

evealed in an Al-Ce-Mg alloy that the Al α and Al 11 Ce 3 phases hold 

 coherent relation [8] ; however, we checked more than ten cases 

f Al 11 Ce 3 /Al α interfaces in the Al-Ce alloy, without encountering 

 coherent alignment, indicating that the coherent relation is rare 

n, at least, the binary Al-Ce alloy. Fig. 3 (a) gives a typical example

f our observation, where the Al α phase aligns along its [100] Al 

one axis, while the Al 11 Ce 3 phase still deviates from its zone axis 

nd its lattice is not very clear. By tilting ∼ 6 ◦ away from the 

100] Al zone axis, the [111] Al 11 Ce 3 
zone axis was reached. With such 

 large misalignment, the coherency is largely lost ( Fig. 3 (a)), and 

he Al 11 Ce 3 /Al α interface should be more close to incoherent than 

oherent. 

Actually, our result is fully consistent with a recent TEM in- 

estigation revealing that the coherent relation holds only at the 

nitial stage of nucleation and growth of Al 11 Ce 3 lamella dur- 

ng solidification [34] . As the growth of Al 11 Ce 3 proceeds, the 

wo eutectic phases tilt away from their initial orientation re- 

ation for several degrees to release the misfit strain; corre- 

pondingly, the Al 11 Ce 3 /Al α interfacial relation evolves from co- 

erent to semi-coherent and then to incoherent after solidification 

34] . 
3 
For the Al-12Ce-0.4Sc alloy, the modification of Al 11 Ce 3 /Al α
nterface occurs upon aging, which should impact its high- 

emperature mechanical properties considering that its interface 

rea to volume ratio is significant. Fig. 3 (b) is a representative 

right-field TEM image of the aged Al-12Ce-0.4Sc alloy, where the 

recipitate-free zones (PFZs) with a width of ∼ 100 nm appear 

earby the Al 11 Ce 3 lamella. Similar PFZs nearby the θ ′ -Al 2 Cu pre- 

ipitates have also been observed in an aged Al-Cu-Sc alloy [17] , 

ith Al 3 Sc particles precipitating on the θ ′ -Al 2 Cu/Al α interface. 

imilarly, we found in our aged Al-12Ce-0.4Sc alloy that the Sc 

toms within the PFZs have migrated to the Al 11 Ce 3 /Al α interface 

nd formed interfacial Al 3 Sc precipitates. 

Two types of interfacial Al 3 Sc precipitates varying in morphol- 

gy have been identified: (i) a thin layer of Al 3 Sc precipitation, as 

ndicated in the dark-field image taken using (100) diffraction spot 

ssociated with the Al 3 Sc precipitates in Fig. 3 (c); and (ii) spherical 

l 3 Sc particles, as shown by the bright field image in Fig. 3 (d) and

he corresponding energy dispersive spectrometer (EDS) Sc map- 

ing in Fig. 3 (e). The Al 3 Sc morphology may be determined by 

he orientation relationship between the Al 11 Ce 3 and Al α phases. 

owever, the key point we focus on is that the interfacial Al 3 Sc 

recipitates, regardless of their morphology, are coherent with the 

l α matrix, see Fig. 3 (f), and thus introducing substantial mis- 

t strain to the Al 11 Ce 3 /Al α interface that was more likely to be 

emi-coherent or incoherent. It has been known, from the theory 

35,36] and experiments [5,22] , that the threshold stress σth below 

hich the dislocations are unable to climb over the precipitates 

s determined by the magnitude of lattice mismatch strain around 

recipitates. Therefore, generating (or enhancing) the misfit strain 
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Fig. 3. Characterization of Al 11 Ce 3 /Al α interfacial structure. (a) Interfacial atomic structure in the as-cast Al-12Ce alloy. (b) Bright-field image of the Al-12Ce-0.4Sc alloy 

aged at 300 ◦C for 5 h and then at 400 ◦C for 3 h. (c) Dark-field image of (100) diffraction spot for the marked area in (b). (d) shows the precipitation of sphere Al 3 Sc 

particles at interface in the same material of (b). (e) EDS mapping of Sc element corresponding to (d). (f) HRTEM image of the Al 11 Ce 3 /Al 3 Sc/Al α interface. 
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Fig. 4. Tensile creep properties. (a) Double-logarithmic plot of minimum creep 

rates vs. creep stresses at 300 ◦C for Al-12Ce and Al-12Ce-0.4Sc alloys. Data points 

of Al-6Ni alloy is taken from Ref. [23] (b) Linear plot of ˙ ε 1 /n vs. σ with n = 5 . 
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A

n the boundary of Al 11 Ce 3 and Al α should offer an elevated creep- 

esistance for inhibiting the dislocations to climb over the Al 11 Ce 3 
amella. 

Along with the observations of the Al 3 Sc coherent particles uni- 

ormly distributed in the Al α matrix and the embellishment of 

he Al 11 Ce 3 /Al α interface (see the sketch in Fig. 2 (e)), we found

hat the creep resistance of Al-Ce alloy has been remarkably im- 

roved: the aged Al-12Ce-0.4Sc alloy can bear a much higher ex- 

ernal stress than the Al-12Ce alloy in the tensile creep tests at 

00 ◦C, see Fig. 4 (a) showing the minimum strain rates ˙ ε vs. ten- 

ile stresses σ on a double-logarithmic plot. The values of appar- 

nt stress exponent, n ′ = d ( log ˙ ε ) /d ( log σ ) , have been marked on

ig. 4 (a). To characterize the creep resistance by the stress thresh- 

ld of dislocation creep σth , the existence of which is implied by 

he n ′ larger than the typical value for dislocation creep in pure Al 

 n ′ < 5 [37] ), the relation ˙ ε = A ( σ − σth ) 
n exp ( −Q/RT ) was used, 

here A is a dimensionless constant; n and Q are the true stress 

xponent and the activation energy for dislocation creep in Al α re- 

pectively; R is the ideal gas constant and T is the temperature. 

ased on this relation, σth was estimated by extrapolating the lin- 

ar regression line to ˙ ε = 0 in the plot of ˙ ε 1 /n vs. σ, and presented

irectly on Fig. 4 (b). Note that the best linear fits were achieved 

hen n = 5 , implying the dislocation climb to be the main creep

echanism within the stress range explored. 

With an age treatment at 400 ◦C for more than 3 h, the Al-

2Ce-0.4Sc alloy displays a stress threshold of ∼ 60 MPa ( Fig. 4 (b)), 

lready higher than our elaborately designed Al alloys contain- 

ng coarsening-resistant plate-like precipitates [17,18] and compa- 

able to an outstanding Al-6Ni-0.4Sc alloy reported recently [23] . 

t should be noticed that their Al-6Ni matrix alloy overwhelms 

ur Al-12Ce matrix alloy, see the comparison in Fig. 4 (a). There- 

ore, with the same amount of Sc addition, the Al-12Ce-0.4Sc alloy 

atches up with the Al-6Ni-0.4Sc alloy in term of creep-resistance, 

ndicating an optimization of the Sc effect in the Al-Ce system that 

as been discussed throughout the paper. 

In summary, we alloyed the near-eutectic Al-12Ce alloy with Sc. 

 bidirectional influence between the elements Sc and Ce has been 

dentified. On the one hand, the abundant Ce atoms interact with 

c during solidification and reduces the tendency of Sc partition 

etween the liquid and solid phases. As a result, the microsegrega- 

ion of Sc is largely suppressed, which ultimately results in a uni- 
s

4 
orm distribution of Al 3 Sc precipitates in the Al matrix upon ag- 

ng. On the other hand, the interfacial precipitation of Al 3 Sc layer 

r particles modifies the atomic structure of Al 11 Ce 3 /Al α interface, 

hich are believed to introduce additional lattice misfit strain in- 

ibiting the dislocations to climb over the Al 11 Ce 3 lamellae. With 

hese two beneficial interactions, the creep resistance of the aged 

l-12Ce-0.4Sc alloy is greatly improved, showing a high tensile 

tress threshold for dislocation climb of ∼ 60 MPa at 300 ◦C. 
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