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Abstract As a kind of important light alloys, the Al alloys
exhibit mechanical properties that are closely related to the
microstructures. Changing the main alloying elements and
adjusting heat treatments are usually approaches to tune the
microstructure and hence artificially control the mechanical
properties. However, the windows for the two approaches
have become quite narrow, after extensive studies in the
last half of century. Microalloying has become the most
promising strategy to further modify the microstructure and
improve the mechanical properties of Al alloys, among
which the element of scandium (Sc) is especially powerful.
In this paper, the recent progresses in Al alloys microal-
loyed with Sc are briefly reviewed, focusing on the
microstructural characterization, strengthening response,
and underlying mechanisms. The possible key research
points are also proposed for the further development of Al
alloys microalloyed with Sc and other rare earth elements.

Keywords Al alloys; Microalloying effect; Scandium;
Mechanical properties

1 Introduction

The aluminum (Al) alloys, with a low density and high
strength, are the primary materials of choice for industrial
applications such as in aircraft, where specific strength
(i.e., strength-to-weight ratio) is a major design consider-
ation [1-3]. The high strength of heat-treatable Al alloys is
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mainly associated with the precipitation of excess alloying
elements from supersaturated solid solution to form nano-
sized precipitates that serve as effective obstacles to
moving dislocations. On the one hand, the size, volume
fraction, interparticle spacing, and characteristics of the
precipitates will significantly affect the strengthening
response [2, 4, 5]. On the other hand, the precipitations are
closely dependent on the composition, processing tech-
nology, and heat treatments [6, 7]. The composition—pro-
cessing—microstructure—property correlations are well
manifested in the heat-treatable Al alloys. In particular,
aging treatment is a commonly used approach to tune the
microstructural features at nanometer length scale, where
the nucleation and growth kinetics of precipitates could be
artificially controlled by simply adjusting the aging tem-
perature and aging time. Quantitatively, dynamic aging-
hardening models have been proposed to describe the
variation of precipitate parameters (size, volume fraction,
and interparticle spacing) with aging treatment (based on
precipitation thermodynamic and Kkinetic theories) and
correspondingly the yield strength/hardness evolution
(based on precipitate-dislocation interaction theories)
[4-9]. This makes the precipitation hardening predictive
for heat-treatable Al alloys, which promotes the Al alloys
to achieve progressively increased level of performance.
Besides the optimization of aging technologies,
microalloying is another effective approach to regulate the
precipitation and concomitantly enhance the mechanical
properties. A typical example of the microalloying effect is
well documented in the Al-Cu alloys. Small addition of Sn,
Cd, or In in the Al-Cu alloys was reported to suppress low-
temperature aging but enhance the age hardening at ele-
vated temperature, by facilitating the formation of 6 at the
expense of GP zones and 6" [10, 11]. Two mechanisms
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have been proposed for this microalloying effect. One is
that the microalloying elements segregate to the precipi-
tate/matrix interface and reduce the interfacial energy
[11-13]. This mechanism was first suggested to rationalize
the weak X-ray reflection detected during the early stages
of aging [11] and subsequently supported by indirect
experimental results from calorimetric measurements [12]
and transmission electron microscopy (TEM) observations
[13], respectively. The other one is that the trace elements
advance heterogeneous nucleation of 6’ precipitates either
directly at Sn (Cd or In)-rich particles [14], or indirectly at
the dislocation loops created in the as-quenched
microstructure [15]. Later on, it was evidently revealed by
using atom probe field ion microscopy [16] that the
heterogeneous nucleation mechanism should be predomi-
nant in controlling the microstructural evolution in Sn (Cd
or In)-modified Al-Cu alloys. Similarly, the heterogeneous
nucleation mechanism is also responsible for some recent
findings [17, 18] that minor Si or Ge additions into the Al—
Cu alloys increased hardness and produced a fast hardening
rate when aged at elevated temperature, where the first
formed Si—Ge precipitates provided preferential nucleation
sites for the metastable 6” and then for 6 phases.

Rare earth (RE) elements have been generally known to
impact on the microstructure and mechanical properties of
Al alloys even in a small addition [19]. Although early
studies were mainly focused on the advantages of remov-
ing impurities and refining grains (or dendrite structure)
induced by the RE addition, the RE effect on solute—solute
interactions and precipitation has been attracting more and
more interest, especially with the continuous progress in
microstructure characterizing techniques at the atomic
length scale, such as atom probe tomography (APT) [20].
At present, the RE, in particular scandium (Sc), is widely
used as microalloying elements in Al alloys to control
precipitation and the underlying mechanisms have been
extensively investigated [21-23]. Here in this paper, we try
to summarize the recent progresses in Al alloys microal-
loyed with Sc. In a narrow sense, the microalloying effect
in Al alloys is defined that the added minor elements
interact with the main alloying elements and therefore
influence the nucleation/growth of inherent precipitates,
which will happen in heat-treatable Al alloys, while in a
broad sense, the microalloying effect could be also referred
to the cases where the microalloying elements are added
into non-heat-treatable Al alloys, introducing new precip-
itates and making the Al alloys aging-hardenable. We will
discuss a broad Sc microalloying effect here. In this paper,
the first part will concentrate on the non-heat-treatable Al
alloys and the second part on the heat-treatable ones. It
should be especially noted that only a small part of studies
will be mentioned in this paper, other studies (although
equally important and excellent) have to be ignored due to
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the limits in the text length and mostly in the authors’
knowledge.

2 Non-heat-treatable Al alloys microalloyed with Sc
2.1 Pure Al

The commercial pure Al possesses good ductility and
electrical conductivity, but quite low hardness or strength.
The soft characteristic restricts the more applications of
pure Al in industrials. While a great number of solute
atoms and/or precipitates introduced in the pure Al,
although increasing the hardness like in heat-treatable Al
alloys remarkably reduces the ductility and simultaneously
decreases the conductivity. Formation of nanosized sec-
ond-phase particles with a small volume fraction is suit-
able to improve the strength but remain a high level of
ductility and conductivity of the pure Al [5, 24, 25]. From
this viewpoint, RE elements are likely the appropriate
candidates, because the solubility of RE in Al is commonly
low and the possibly produced RE-contained precipitates
are small in volume fraction [19]. The RE addition in pure
Al usually results in the formation of Al;X (X = RE)
precipitates, changing the pure Al from non-heat-treat-
able to heat-treatable [19]. Since the diffusion of RE is
much slow in the Al matrix, the precipitation of Al;X
particles could be precisely controlled by adopting favorite
aging temperature/time to reach a dispersion distribution in
ultrafine size.

Sc is a typical kind of RE elements that is widely used to
microalloy the Al alloys. It has been claimed [26, 27] that
the Sc is the most effective precipitation hardening element
per atomic fraction added compared with the elements
commonly used for precipitation hardening in Al. There
have been abundant studies on the Sc addition in Al alloys
[26-28], but the recent hot topic on Sc-microalloyed Al
alloys was boosted by a series of work from Seidman’s
group [19, 29-31]. Marquis and Seidman systematically
investigated the evolution in size and morphology of Al;Sc
precipitates in Al with different Sc additions
(< 0.3 wt%Sc) [29, 30]. For the first time, they determined
the exact morphologies of the Al;Sc precipitates by using
high-resolution  transmission  electron  microscope
(HRTEM). It was clearly revealed that the equilibrium
shape of coherent Al;Sc precipitates had 26 facets, which
were the 6 {100} (cube), 12 {110} (rhombic dodecahe-
dron), and 8 {111} (octahedron) planes, showing a great
rhombicuboctahedron (Fig. 1) [29]. Both size and mor-
phology of the Al;Sc precipitates were found to vary with
the aging treatment and Sc content. Generally, the coars-
ening kinetics of AljSc precipitates obeyed a (time)'
kinetic law of the Lifshitz—Slyozov—Wagner theory, from
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Fig. 1 a Wulff’s construction of Al;Sc precipitate morphology at 0 K based on first-principles calculations and b experimental transmission
electron microscopy (TEM) image in Al-0.3wt%Sc alloy aged at 300 °C for 350 h [29]. Copyright Elsevier Ltd. All rights reserved

which the activation energy for diffusion was quantita-
tively determined to be ~ (164 £ 9) kJ-mol™', in good
agreement with the values obtained from tracer diffusion
measurements of Sc in Al and first-principles calculations
[29]. It hence verified that the coarsening of Al;Sc pre-
cipitates was diffusion-controlled. With the coarsening of
the Al;Sc precipitates, coherency would be gradually lost
and the precipitate shape was reported to be spherical.
Marquis and Seidman [29] claimed that the critical radius
for coherency loss of Al;Sc particles in the Al matrix was
from ~ 15 to ~ 20 nm. Similarly, Iwamura and Miura
[32] argued the critical radius from ~ 15 to ~ 40 nm.
The conclusions drawn, respectively, by the two groups are
quite close.

Strengthening effect of the Al;Sc precipitates was sub-
sequently studied by Marquis et al. with an aim of quan-
titative modeling [30]. In an elaborately designed
experimental work, Al;Sc precipitates with L1, structure
were created in dilute Al-Sc alloys by varying Sc content
to change the radius from ~ 1.4to ~ 9.6 nm (Fig. 2a, b),
which allowed to distinguish the strengthening mechanisms
operating at different precipitate size regimes. The size
evolution of Al3Sc precipitate was further realized by
varying aging treatment under constant Sc additions.
Experimental results from room-temperature testing
demonstrated that the coherent Al;Sc precipitates signifi-
cantly increased the room-temperature yield strength of
aluminum by ~ 6-8 times, from about 20 MPa in pure Al
to 140-200 MPa in the dilute Al-Sc alloys. The precipitate
radius corresponding to the peak strengthening was
detected to be about 1.5 nm (Fig. 2¢). The experimental
results were found to agree well with the strength values
predicted from the classical dispersion-strengthening the-
ory, which indicated that the strengthening should be
controlled by the precipitate shearing mechanism for
smaller sizes (< ~ 1.5 nm), while by the Orowan dislo-
cation bypass mechanism for larger sizes (> ~ 1.5 nm)
[30].
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Besides the hardening at room temperature, the Al;Sc
precipitates also make a remarkable contribution to
strength at elevated temperatures. This is associated with a
quite limited coarsening rate of the Al;Sc precipitates even
at elevated temperatures, due to a slow diffusion of Sc in
the Al matrix [26]. The thermally stable Al;Sc precipitates
highly improve the creep resistance of the Al alloys. The
Sc addition is thus exactly consistent with the criteria
proposed by Knipling et al. [19] for the selection of
alloying elements that are capable of producing precipita-
tion-strengthened Al alloys with high-temperature stability
and strength: these alloying elements must (1) be capable
of forming a suitable strengthening phase, (2) show low
solid solubility in the Al, and (3) have a low diffusion in
the Al matrix.

With the aim of further improving the thermal stability
of precipitates, some elements with lower diffusivity and
closer location to Sc, such as Zr, were additionally added
into the dilute Al-Sc alloys. In the complex addition, a
strong interaction between the solutes was expected. It was
evidently shown that a combined addition of Sc and Zr
considerably increased the tensile strength, which was
much larger than a simple sum of the single addition
[31, 33-36]. The explanation from microstructural con-
sideration was that a higher density of smaller precipitates
were produced in the case of Sc + Zr co-addition, and the
precipitates were also less sensitive to coarsening. By using
atomic simulations as well as various advanced character-
izing approaches, the underlying mechanism was revealed
to be a strongly inhomogeneous structure of the precipi-
tates [21]: due to the much faster diffusivity of Sc than Zr
in the solid solution, the precipitate core was mostly Sc-
rich, whereas the external shell was Zr-rich (Fig. 3). This is
responsible for the observations of an enhanced nucleation
rate in the Al-Zr—Sc alloys compared with the binary Al-
Sc alloys, and of a much higher resistance to Ostwald
ripening. This anti-coarsening effect is due to the Zr-rich
shell acting as a barrier to Sc moving across the shell
region [21].
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Fig. 2 a TEM image of Al;Sc precipitates with an average size of ~ 1.4 nm in Al-0.3wt%Sc alloy aged at 300 °C for 72 h; b TEM image of
Al;Sc precipitates with an average size of ~ 9.6 nm in Al-0.1wt%Sc alloy aged at 300 °C for 72 h; ¢ increase in yield stress as a function of
precipitate radius for an Al-0.3wt%Sc alloy aged at different temperatures [30]. Copyright Elsevier Ltd. All rights reserved

The core—shell Al3(Sc, Zr) precipitates show more
advantages besides their conspicuous strengthening
response. On the one hand, the shell part enriched with Zr
of slow diffusivity retards the precipitate coarsening,
opening a new pathway to create thermally stable nano-
sized strengthening particles and making the Al alloys
possibly to serve at elevated temperatures. On the other
hand, the introduction of Zr could partially replace the
relatively expensive Sc element and hence reduce the cost.
For a similar purpose, other transition metal elements, such
as Ti or Hf, were also added into the dilute Al-Sc alloy to
substitute for Sc in the L1,-ordered-Al;(Sc,M) precipitates
(M = transition metal element) [37, 38].

As compared to these transition metals, heavy rare earth
elements, including Er, Tm, Yb, and Lu, substitute in a
larger quantity within the AlzSc precipitates [39], which
can substantially replace more of the expensive Sc. These
REs also increase the lattice parameter mismatch between
the Al3(Sc, RE) precipitates and the o-Al matrix, thus
enhancing the elastic interactions with dislocations and
improving the creep resistance of the alloys [40]. Espe-
cially, Er is the most effective and the cheapest RE [41].
Generally, Er diffuses faster than Sc in Al at aging tem-
perature > ~ 300 °C [41]. A minor Er addition into the
dilute Al-Sc alloys will lead to the formation of another
kind of core—shell-structured precipitates where Al;Er
rather than Al;Sc serves as the core and Als(Sc, Er) as the
shell (Fig. 4a, b) [41]. In this case, the high-temperature
creep resistance of Al-Er-Sc alloys was significantly
improved in comparison with the binary Al-Sc alloys, due
to a smaller lattice parameter mismatch between the pre-
cipitate shell and the Al matrix. Formation of these com-
plex precipitates also impacts on the diffusivity of Er
atoms. Karnesky et al. [41] performed careful measure-
ments in an Al-0.06Sc—0.02 Er (at%) alloy aged at 300 °C.
Their experimental results surprisingly showed that the

Rare Met. (2020) 39(6):636-650

diffusivity of Er in the ternary alloy was about three orders
of magnitude smaller than that of Er in binary Al-
0.045at%Er and about two orders of magnitude smaller
(rather than faster) than the diffusivity of Sc in binary Al-
Sc, while the diffusivity of Sc was not changed, being
consistent with that in binary Al-Sc alloys. This clearly
proves a significant interaction between the microalloying
atoms that should be further investigated in the future.
The Al;Sc-based core—shell complex precipitates have
triggered further researches on the metallurgical physics in
phase transformation of heat-treatable Al alloys. It is well
known that the size distribution of particles is important for
the mechanical behavior of alloys that derive their strength
from a dispersion of nanoscale precipitates. In general, the
particle size distributions formed by solid-state precipita-
tion are not well controlled. Through an example of core—
shell precipitates in Al-Sc-Li alloys, Radmilovic et al. [42]
demonstrated an approach to form highly monodisperse
particle size distributions by simple solid-state reactions.
This approach involved an application of a two-step heat
treatment. During the two-step heat treatment, the core was
firstly formed at a higher temperature, providing a template
for subsequent growth of the shell at a lower temperature
(Fig. 5) [42]. Once the core was grown to a sufficient size,
the shell developed in a so-called size focusing regime,
where the smaller particles grew faster than the larger ones
[42]. Apparently, this excellent work suggested a strategy
to manipulate precipitate size distributions in similar sys-
tems through simple variations in the heat treatments.
Besides the substation of Sc atoms in Al;Sc precipitates,
the Al atoms could be also replaced by other elements.
Experimental results showed L1,-structured Si-containing
Al;Sc precipitates formed in an Al-0.16Sc—0.05Si (wt%)
alloy aged at 300 °C [43]. Corresponding first-principles
calculation indicated that the Si atoms tended to substitute
Al sites in the Al;Sc precipitates, and thus, the precipitates
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Fig. 3 Representative HRTEM images to show an Al;(Sc,Zr) precipitate with different crystal structures between core part and shell part: a in
low magnification and b in high magnification; ¢ a high-angle annular dark-field (HAADF) image to show core—shell structure of Al;(Sc,Zr)
precipitates; d APT analysis of edge of an Al;(Sc,Zr) precipitate, showing a Zr enrichment at periphery (size being 5 nm x 5 nm x 18 nm)

[21]. Copyright Springer. All rights reserved
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Fig. 4 a A representative APT image of a single Al;(Sc, Er) precipitate with concentric 5 at% isoconcentration surfaces for Sc and Er showing
Er-core and Sc-shell structure; b concentration profile along the orthogonal cylinders in a for two directions, [011] and [100] showing core—shell

structure quantitatively [41]. Copyright Elsevier Ltd. All rights reserved

could be represented as (ALSi);Sc. The (Al,Si);Sc had a
dramatic precipitation-strengthening effect in the cast Al-
Sc-Si alloy. However, more details on the precipitate size,
distribution, and coarsening resistance were not provided in
the report, and further studies are required to understand
the microalloying response comprehensively.

Although Sc is the most studied RE element to
microalloy pure Al [44-51], some studies were also
focused on other cheaper RE elements. Typically, Nie’s
group mainly used Er rather than Sc to achieve a
microalloying effect [52-55]. In the case of Er addition,
AlEr precipitates were produced, just like the Al;Sc for-
mation under Sc addition. Nie’s group firstly determined
the solubilities of Er in Al at different temperatures.
According to the solubility curves, they subsequently
evaluated the largest volume fractions of AlzEr to be ~
0.18%, which was obviously less than that of Al;Sc
(~ 0.92%). However, calculations on the nucleation of
trialuminides suggested that the Al;Er showed a smaller
critical radius and a larger steady state nucleation rate than
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the Al;Sc. This implies a higher number density of fine
precipitates could be possibly created in the Al-Er alloys.
They further found in experiments that a maximum aging
hardness of 400 MPa due to the precipitation of ALEr
could be reached in an Al-0.04Er (at%) alloy aged at
350 °C [53], while in an Al-0.04Er-0.08Zr (at%) alloy, a
maximum hardness of 560 MPa was recorded that was
significantly greater than the Al-Er or Al-Zr binary alloys.
The synergetic effect of Er and Zr on the precipitation
hardening of Al-Er—Zr alloys was manifested to be a result
of core—shell structure with Zr segregated in the shell of the
Al;(Er,Zr) precipitates. With increasing the Zr addition, the
lattice parameter of precipitates would be much closer to
that of the L1,-structured Al;Zr, so the misfit between the
precipitate and the Al matrix decreased and the critical size
for coherency losing increased. In a recent study, the Nie’s
group further added minor Hf into the Al-Er—Zr alloy, and
finally obtained a maximum hardness up to 662 MPa in an
Al-0.045Er-0.08Zr—0.1Hf alloy aged at 350 °C [54]. The
high hardness was rationalized by a sequential precipitation

Rare Met. (2020) 39(6):636-650
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Fig. 5 a Dark-field micrograph of an Al-8.46Li—0.11Sc (at%) alloy, showing a remarkably uniform distribution of core—shell precipitates with
L1, structure (selected area diffraction pattern inset showing strong fcc reflections and weaker L1, superlattice reflections in a square pattern
typical of an <001> crystal orientation); b particle size distributions comparing core, shell and core—shell sizes in Al-Li-Sc alloy with much
broader distribution of a typical AlSc binary alloy; ¢ HRTEM image and d HAADF image of core—shell interface where arrows in d show perfect
alignment of (Sc, Li) sublattice (red arrows) in core with the Li sublattice (green arrows) in shell [42]. Copyright Springer. All rights reserved

of solute elements in terms of the disparity in their intrinsic
diffusivities (i.e., Dg, > Dz > Dygy). Sun et al. [56] added
trace Y and Zr into pure Al, and they found the grain size
was refined and eutectic Al3Y phase particles were formed
within the grain interior and at the grain boundaries in the
as-cast Al-Zr-Y alloys. The increase in Y additions
resulted in more eutectic Al3Y particles with larger size.
The decomposition of solid solution led to a high number
density of secondary L1,-structured Al;(Zr,Y) precipitates
within the dendritic regions during isothermal aging treat-
ment. The recrystallization resistance of Al-Zr—Y alloys
was somewhat improved by increasing the Y addition.
However, excess Y addition, e.g., > 0.16%, was detri-
mental to the recrystallization resistance, due to the parti-
cle-simulated nucleation related to the micron-sized Al;Y
phase.

2.2 Al-Mg alloys
The Al-Mg alloys are a kind of Al alloys that are not heat-
treatable. Therefore, the Sc could be also used to

microalloy the AI-Mg alloys, as in the pure Al. A differ-
ence between the Al-Mg alloys and the pure Al is that Mg
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atoms are present in the formers, which may strongly
interact with the RE atoms and highly affect the aging
response. For example in an Al-2.2Mg—0.12Sc (at%) alloy
aged at 300 °C [57], it was clearly revealed by APT that
there were some Mg atoms segregated at the perfectly
coherent Al matrix/Al3Sc heterophase interface (Fig. 6).
Ab initio calculations demonstrated that the driving force
for Mg segregation was due to electronic interactions rather
than elastic strain relaxation associated with highly over-
sized Mg atoms. The calculated value of the relative Gibbs
excess of Mg with respect to Al and Sc was ~ 1.2
atoms-nm™ 2, which was in good agreement with the
experimental value. The Mg segregation lowered the free
energy of {110} and {111} orientations by 10-20 mJ m~>
relative to {100} orientations [58]. In addition to the
interfacial Mg segregation, Mg located at the centers of
Al;Sc precipitates was also detected, which was kinetically
trapped since Mg is insoluble in Al3Sc. The diffusivity of
Mg in Al;Sc was estimated to be 2 x 1073 m2-s_1, which
was approximately seven orders of magnitude smaller than
that of Mg in pure Al at 300 °C (1.62 x 107'¢ m*s™).
These will definitely reduce the growth/coarsening rate of
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Fig. 6 a Three-dimensional reconstruction of an Al3Sc precipitate in
Al-2.2Mg-0.12Sc alloy after aging at 300 °C for 1040 h; b proximity
histogram of Al;Sc precipitate in a, where colored areas correspond to
interfacial excesses of Al (blue), Mg (green), and Sc (red) [57].
Copyright Elsevier Ltd. All rights reserved

Al;Sc precipitates and resultantly improve the creep
resistance.

Like in the pure Al, the Sc and Zr co-addition was also
applied in the AlI-Mn alloys [59-62]. In an Al-Mg—Sc—Zr
alloy produced through conventional rolling and annealing
process, a high thermal stability and a high yield strength
of about 320 MPa were achieved [59]. Microstructural
examinations revealed that complex effects of solute Mg
atoms and Al;(Sc,Zr) precipitation promoted the formation
of bimodal grain microstructure with large lattice misfit
and sub-grains. The authors claimed that the high strength
was related to the solid-solution strengthening of Mg, sub-
grain and fine grain strengthening, and Alz(Sc,Zr) precip-
itation strengthening [59]. In an Al-3.02Mg—0.2Sc-0.1Zr
(Wt%) alloy produced by selective laser melting, a tensile
strength of about 373 MPa was obtained together with a
great elongation of 32.5% [61], which was mainly related
to the formation of nanosized Als(Sc,Zr) precipitates. In
addition, the Sc and Zr co-addition will also refine the grain
size and modify the dispersoids in the Al-Mg alloys. In an
Al-5Mg—-0.7Mn (wt%) alloy added by Sc and Zr, the for-
mation of primary Al3Sc and Alz(Sc,Zr) refined the
Alg(Mn,Fe) dispersoids, increased the dispersoid number
density, and made the dispersoid shape more regular [62].
The grain refinement and finely dispersed Alg(Mn, Fe)
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phase improved the mechanical properties and increased
the corrosion resistance.

2.3 Al-Si alloys

The microstructure of cast Al-Si alloys normally contains
coarse primary Al and plate-like eutectic (Al/Si) phases
[63]. Mechanical properties of the Al-Si alloys are closely
dependent on the microstructure features. Generally, the
smaller the microstructure features are, the higher the
strength/hardness is. As to the ductile fracture, the coarse
and lamellar structures are more prone to crack under the
applied loading, while the finer structures are capable of
delaying damage. Therefore, how to form a fine
microstructure is very important for the AI-Si alloys.
Recently, it has been found that some RE elements such as
Ce and Sc could refine both the Al matrix and the eutectic
(Si) of the AIl-Si cast alloys [63, 64]. The underlying
mechanism for the refinement of eutectic Si was proposed
as follows [64]. On the one hand, the nucleation of (Si) was
retarded by absorbing RE on the nuclei interface within the
solidification process, which induced the eutectic (Si)
nucleation at a larger undercooling. On the other hand, the
growth of (Si) was also limited, due to two possible
refining mechanisms of twin plane re-entrant edge mech-
anism [65] and impurity-induced twinning mechanism. In a
Y-microalloyed hypoeutectic Al-7.08Si (wt%) alloy [66],
for example, the cooling rate was found to be a critical
influencing factor: at a low cooling rate, Y modified the
eutectic (Si) by introducing additional nucleation cores
during the nucleation process, while at a high cooling rate,
Y modified the eutectic (Si) by promoting the twin for-
mation during its growth process. However, the predomi-
nant mechanism is not well known at present, and more
ongoing studies should be urgently required.

There has been another claim that, in the Sc-microal-
loyed Al-Si alloys, AlSc,Si, phase (or V-phase) was pro-
duced that dominated the microalloying response [64]. The
AlSc,Si, phase was partially coherent with both Al matrix
and the eutectic (Al) (Fig. 7). The semi-coherent interfaces
made it possible for a great number of dislocations
accommodated at the Al-Si—Sc alloys, which improved
both the mechanical strengths/hardness and the ductility.
This work demonstrated that an artificial introduction of
hard phases (even in micrometer scale), once partially/fully
coherent with the Al matrix, provides an alternative
dimension for tailoring properties and performance of the
Al alloys [64].

The Sc addition has also obvious effect on the
mechanical properties of high-Si Al-Si alloys used for
electronic packaging. In an Al-50%Si alloy, minor Sc
addition (0.3%) was found to increase the tensile strength,
flexural strength, and hardness by 16.2%, 8.9%, and 14.7%,
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Fig. 7 a A representative HRTEM image of Region B marked with white dotted square to show partially coherent interface between eutectic
(Al) and AlSc,Si,; inverse fast Fourier transformation of regions in a marked by b red and ¢ yellow square [64]. Copyright Elsevier Ltd. All

rights reserved

respectively [67]. The thermal expansion coefficient and
thermal conductivity coefficient were decreased only
slightly with Sc addition. Microstructural observations
demonstrated that fine spherical Sc-rich particles, deter-
mined as AlSc,Si,, were produced in the Sc-microalloyed
Al-Si alloy. It was then proposed that the increase in
strength was mainly attributed to the AlSc,Si, phase that
strengthened the Al matrix [67]. However, the formation of
incoherent AlSc,Si, phase will definitely degraded the
ductility of alloys, in comparison with the coherent Al;Sc
phase.

2.4 Other non-heat-treatable Al alloys

Ma et al. applied hot rolling, solid-solution treatment, and
friction stir processing to Al-20Zn and Al-20Zn-0.5Sc
(Wt%) alloys to investigate the Sc effect on Al-Zn alloys
[68]. They found that Sc addition refined the grains in any
state and the dynamic precipitation was promoted by Al;Sc
phase. A combination of high strength and good ductility
was achieved with Sc addition. In particular, the fine grains
and high density of Al3Sc particles with grain boundary
pinning effect led to increased high-temperature internal
friction value and excellent damping stability.

In an Al-Mn alloy produced by selective laser melting
process, Sc addition was utilized to create a high strength
Al alloy with a yield strength of up to 560 MPa and a
ductility of about 18% after a simple industrially desirable
post-heat treatment at 300 °C [69]. The high strength was
mainly ascribed to a high solid-solution strengthening
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effect from Mn and simultaneously precipitation strength-
ening from a high density of nanosized Al;Sc precipitates.
This advanced Al alloy, promoted by Sc, offers tremendous
benefits for the fabrication of complex high-performance
lightweight engineering components made by selective
laser melting process.

Eutectic Al-Ni alloys are also promising for application
at high temperatures, where their high strength at elevated
temperature was derived from Al;Ni microfibers formed
during solidification [70-73]. Dunand et al. investigated
the possible Sc microalloying effect in AlI-6%Ni (wt%) by
comparing binary Al-6%Ni and Al-Sc alloys [74]. They
found no noticeable Sc effect on the AI;Ni microfiber
formation, composition, and hardening response. Similarly,
there was no apparent effect of Ni on the hardening of the
Al;Sc precipitates, although 0.14at%-0.17at%Ni was
detected in the Al3Sc precipitates [74]. This means that the
Ni and Sc did not interact during the precipitation, and the
contributions of AlzNi and Al;Sc phases to room-temper-
ature strength were simply added linearly. When crept at
300 °C, all the alloys showed a creep threshold stress,
which hinted that both the microsized Al;Ni and nanosized
Al;Sc impeded dislocation motion [74].

3 Heat-treatable Al alloys microalloyed with Sc
As reviewed above, the usage of Sc to microalloy pure

aluminum or non-heat-treatable Al alloys (e.g., AI-Mg and
Al-Si alloys) has been extensively investigated, mainly due
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to two advantages. The first one is to strengthen these non-
heat-treatable Al alloys by forming Al;Sc precipitates,
making them heat-treatable and creep-resistant. The second
is to use Al3Sc precipitates as model particles for studying
basic principles in physical metallurgy, including coars-
ening behaviors and interaction with dislocations. On the
other hand, there have been also increasing studies on the
Sc (and other RE) microalloying in heat-treatable Al alloys
[75-78]. However, it is relatively hard for Sc addition to
further strengthen the heat-treatable Al alloys by addi-
tionally forming Al;Sc precipitates. The Al;Sc precipitates
difficultly coexist with other strengthening precipitates,
because the aging temperature regime for Al;Sc precipi-
tation is between the temperature regimes for aging treat-
ment and solution treatment of common heat-treatable Al
alloys [26]. Therefore, the Sc microalloying in heat-treat-
able Al alloys is mainly to affect the nucle-
ation/growth/coarsening of the intrinsically formed
precipitates. Note that carefully designed heat treatments,
such as two-step aging treatment and aging with tempera-
ture gradually increased [79, 80], could lead to the coex-
istence of Al3;X (X = RE or Zr) and traditional precipitates.
However, the controlling window for aging treatment is
quite narrow and this is not the topic in present paper.

3.1 Al-Cu-based alloys

Al-Cu-based alloys are a kind of well-studied precipita-
tion-strengthening system because they form the basis for a
wide range of commercial age-hardening Al alloys. Plate-
or disk-like 6’-Al,Cu is the most observed strengthening
precipitate in the Al-Cu-based alloys, with coherent
interfaces being their broad flat faces and semi-coherent
interface at their periphery. Segregations of Si and Mg
atoms at the 6'/matrix interfaces have been visibly revealed
in the Al-Cu alloys with minor Si and Mg additions
[58, 81], by using the APT examinations. The solute atom
segregation will change the interfacial conditions (e.g.,
interface structure, chemistry composition, and energies)
and cause a series of evolutions in both precipitation
behaviors and strengthening responses, including precipi-
tate nucleation and concomitantly number density and
driving force for precipitate coarsening [81]. Solute seg-
regation at the precipitate/matrix interfaces is an important
microalloying method to tailor the precipitation and
improve the hardening response.

Sc is a RE element that has been experimentally found
[82, 83] to segregate at the §//matrix interfaces in the Al-
Cu alloys (Fig. 8). Chen et al. [82] demonstrated that, in an
Al-2.5Cu-0.3 Sc alloy (wt%), the microalloying Sc atoms
were prone to segregate at the 6'/matrix interfaces, which
promoted the 6 precipitation and hence enhanced the
strengthening response. For comparison, the Al-Cu-Sc
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Fig. 8 a Representative three-dimensional atom probe (3DAP) maps
to show distribution of Al, Cu, and Sc atoms across 0'/matrix interface
in Al-Cu-Sc sample aged at 250 °C for 3 h (green = Al atoms,
orange = Cu atoms, blue = Sc atoms, dimensions of 20 nm x 20
nm X 40 nm); b Cu and Sc atoms co-presented, ¢ only Cu atoms
presented and d only Sc atoms presented (Sc segregation at 6//matrix
interfaces is evident) [82]. Copyright Elsevier Ltd. All rights reserved

alloy was aged at three different temperatures, i.e., 200,
250, and 300 °C, for the same time, respectively. It was
found that the most interfacial Sc segregation was created
in the 250 °C-aged alloy, where the interfacial Sc con-
centration was about 10 times greater than that in the
matrix. As a result, a reduction of ~ 25% in interfacial
energy was achieved. Based on the experimental results of
strength measurements and APT analyses, the authors
proposed a scaling relationship between the interfacial
energy and precipitation-strengthening increment [82].
This scaling relationship could semi-quantitatively
rationalize the most notable strengthening effect observed
in the 250 °C-aged alloy, which was about 2.5 times that of
the Sc-free Al-Cu alloy and about 1.5 times that of the
counterparts aged at 200 or 300 °C. Ductile fracture of the
alloy was further discussed with respect to the interfacial
Sc segregation. Especially in the 250 °C-aged Al-Cu-Sc
alloy, a quick drop in ductility was experimentally revealed
when the precipitate radius was greater than about 200 nm.
This drop indicated a possible transition in fracture
mechanisms. Using in situ TEM tensile testing, the authors
argued that the underlying fracture mechanism for reduced
ductility was the interfacial decohesion induced at the ¢’
precipitates ahead of crack tip, which favorably aided the
crack propagation [82].

As a kind of heat-treatable Al alloys, the Al-Cu-based
alloys are required to undergo solid-solution treatment
before aging. Although the aging temperature (~ 190 °C)
of & precipitation is much lower than that of the Al;Sc
precipitation, the temperature of solid-solution treatment is
high enough to precipitate Al;Sc. This means that there
should be some Al;Sc particles created during the solid-
solution treatment of the Al-Cu-Sc alloys. The Al;Sc
particles formed during high-temperature treatments, i.e.,
homogenization and solid-solution treatments, generally
have a relatively large size (e.g., several tens nanometers in
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size) and are referred as “Al;Sc dispersoids,” which are
different from the fine “Al;Sc precipitates” (with a size
below a few tens nanometers) formed during low-temper-
ature aging treatment. The well-known contribution of
Al;Sc dispersoids is to stabilize the grain/sub-grain struc-
ture of Al alloys through Zener-drag action and hence
enhance recrystallization resistance [26, 28]. The
strengthening of Al;Sc dispersoids is normally smaller than
that of the Al;Sc precipitates, due to a much larger size
than the later ones. In the case of Al-Cu—Sc alloys with a
constant Sc addition, the formation of Al;Sc dispersoids
will consume Sc atoms and hence leave less Sc atoms
available for interfacial segregation in subsequent aging
treatment. The Sc partitioning between Al;Sc dispersoids
and Sc segregation at the 0'/matrix interfaces should be
carefully balanced to reach an optimized microalloying
effect.

Yang et al. [83] systematically studied the microstruc-
tural evolution and strengthening response of Al-xCu
alloys (x =1.0 wt%, 1.5 wt%, and 2.5 wt%) with
0.3wt%Sc addition. They found a dual solute alloying/
microalloying effect on the microstructural evolution. On
the one hand, a Cu alloying effect was evident that affected
the nucleation and coarsening of Al;Sc dispersoids. With
increase in the Cu content, a decrease was detected in both
the Al3;Sc dispersoid size and the volume fraction in the
solid-solution condition. On the other hand, the precipita-
tion of O-Al,Cu strengthening particles during aging
treatment displayed a notable Sc microalloying effect,
because the precipitation was promoted by Sc segregation
at the ©//matrix interfaces. Comparisons showed that the
strongest interfacial Sc segregation was generated in the
Al-2.5Cu-Sc alloy, where the €' precipitation was most
promoted. A Sc partitioning between the Al;Sc dispersoids
and interfacial Sc segregation, which could be tuned by Cu
content, played an important role in strengthening response
and deformation behavior. The room-temperature yield
strength of the Al-2.5Cu-Sc alloy was approximately 1.8
times that of the Al-1.5Cu-Sc and Al-1.0Cu-Sc alloys
[83].

To predict the solute segregation at the ©'/matrix inter-
faces in Al-Cu-based alloys, Shin et al. [84] constructed a
large theoretical database of solute segregation energies at
the coherent and semi-coherent interfaces. They analyzed
the relationship between the solute segregation energies
and atomistic descriptors [84]. It was generally shown that
the large solutes had a strong tendency to segregate at both
the coherent and semi-coherent interfaces [84]. Besides,
solubility- and mixing-related factors were highly consid-
ered in the analysis. A main conclusion was drawn that the
elements predicted to have a large solubility within 6 as a
result of ideal mixing behavior probably displaying
favorable segregation to the interfaces. From these
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predictions, another RE element of Y, besides Sc, should
be also thermally stable to segregate at the ©'/matrix
interfaces and may produce a significant microalloying
effect.

Co-addition of Sc and Zr into the Al-Cu alloy has been
also investigated. In an Al-4Cu—0.1Sc-0.14Zr (wt%) alloy,
Dorin et al. [85] observed that Ll,-type core—shell
Al3(Sc,Zr) dispersoids were firstly produced during high-
temperature homogenization. These dispersoids played a
significant role in the nucleation and growth of &' during
following aging treatment, since the dispersoids served as
preferential nucleation sites for the precipitates (Fig. 9).
The dispersoid-promoted precipitation resulted in a refined
size distribution for §' precipitates, showing a remarkable
microalloying effect [85].

It should be especially mentioned that RE elements of
La and Ce have been also used [86] to microalloy the Al-
Cu alloys. The creep resistance of Al-Cu-La alloys was
almost 3-5 times higher than that of the La-free counter-
part. It was claimed that the underlying mechanism of the
La modification was mainly the formation of Al;;La;
phases [86]. These phases were thermally stable and
located at the grain boundaries and ligaments between the
dendrites (Fig. 10), which inhibited the grain boundary
migration and dislocation movement during creeping.
Nevertheless, the presence of micron-sized Al;;La; phases
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Fig. 9 a, b Representative APT images and ¢ corresponding com-
position evolution across plate-like precipitates and dispersoids to
show core—shell structure in Al;(Sc,Zr) dispersoids and ' particles
precipitated preferentially on Als(Sc,Zr) dispersoids [85]. Copyright
Elsevier Ltd. All rights reserved
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Fig. 10 Representative TEM images of a La-free Al-Cu alloy and
b La-added Al-Cu alloy before creep testing, and their corresponding
samples ¢ La-free and d La-added after crept at 220 °C and a stress of
90 MPa [86]. Copyright Elsevier Ltd. All rights reserved

will dramatically reduce the ductility and fracture tough-
ness of the Al-Cu alloys. This means that it is extremely
difficult to balance the room-temperature mechanical
properties and the high-temperature creep resistance in the
La-modified Al-Cu alloys. In a Ce-microalloyed Al-
5.8Cu-0.3Mn-0.2 Mg—0.2Zr (wt%) alloy [87], it experi-
mentally revealed that a 0.2 wt% Ce addition promoted the
precipitation of denser and finer 6’ phase, which improved
the tensile strength at both room and elevated temperatures.
High-melting-point AlgCu,Ce phase particles were found
in the alloys with Ce additions up to 0.4 wt%, which
contributed to the mechanical properties at elevated tem-
perature. Another investigation reported that an addition of
Ce up to 0.45 wt% into an Al-Cu—Mg-Ag alloy induced
the precipitation of finer and denser Q and 6’ phases when
compared to the Ce-free case [88]. These enhanced pre-
cipitations improved the tensile strength at both room
temperature and high temperature. Besides, the addition of
Ce up to 0.45 wt% also improved thermal stability of the Q
phase. These factors may promote the service temperature
of the conventional AlI-Cu-Mg—Ag-based alloys.

Sc addition is not always helpful for the precipitation
and mechanical properties of the Al-Cu-based alloys. In an
Al-Cu—Mg-Ag alloy with 0.32wt%Sc addition [89], the
yield strength of alloy was found to be degraded in com-
parison with the Sc-free counterpart. This Sc negative
effect was directly associated with the formation of
AlgCuySc intermetallics, which consumed some Cu solutes
and hence limited the Cu atoms available for Q precipita-
tion, resulting in a slower ( nucleation and lower precip-
itate number density. The Sc-promoted rapid growth of S
precipitates was also found during extended aging. In
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addition, no apparent refinement in grain size was
observed. In this case, it is evident that Sc addition is
unfavorable.

3.2 Al-Mg-Si-based alloys

As a kind of important structural materials, the age-treat-
able Al-Mg—Si-based alloys (known as 6xxx series Al
alloys) have been widely used in many fields, such as in
automotive and aviation industries. A typical precipitation
sequence of the Al-Mg—Si alloys follows the below order:
supersaturated solid solution — early precipitation stages
(GP zones) — B’ phase — B’ phase — B phase (Mg,Si)
[9]. However, the precipitation in the Al-Mg-Si alloys is
quite complicated, because it is highly sensitive to the
composition, heat treatments, and other factors. It has been
claimed [90, 91] that the Mg/Si ratio had remarkable
influence on the precipitations. Since the Mg/Si mass ratio
is about 1.73 in Mg,Si, the Mg and Si will be fully used to
produce Mg,Si particles, once the nominal Mg/Si ratio
equals 1.73. Either Mg or Si in excess addition will impact
on the precipitation and therefore on the mechanical
properties. Previous reports showed that an increase in Si
content usually resulted in more formable alloys with a
higher strength [90]. The main reason was that excess Si
promoted the uniform precipitation of fine " precipitates
[90]. On the contrary, addition of excess Mg usually led to
a low strength. When a minor Sc is added in the AI-Mg—Si
alloys, the B” precipitation will be further changed. It is
well known that the diffusion coefficient of Si in Al matrix
is much greater than that of Mg and also several orders of
magnitude greater than that of Sc [92]. In the Sc-microal-
loyed Al-Mg-Si alloys, the formation of Si—Sc pairs is
thermodynamically favored, due to a high negative
enthalpy between Si and Sc atoms (~ — 207 kJ-mol™"
[92]). This means that the originally fast Si atom diffusion
would be slowed down by Sc capturing, which would
significantly restrict the precipitate growth. In contrast, Mg
atom diffusion is slightly affected by Sc addition, because
of a weak Mg-Sc binding (with an enthalpy of
only ~ — 13 kJ-mol™"). The Sc-induced decrease in Si
diffusion could thus reduce the growth rate of [’
precipitates.

Formation of Al;Sc-based dispersoids and their contri-
bution to mechanical properties were still the research
focus in the Sc-microalloyed Al-Mg—Si alloys. The for-
mation kinetics of Al;Sc has been shown [93] to be
enhanced by the presence of Si, even at Si impurity levels.
Similarly in the Al-Mg—Si-based alloys, the coarsening
resistance of Al;Sc could be improved by adding trace Zr,
as it forms Als;Zr shell on the Al;Sc core, which reduces the
lattice mismatch with the Al matrix, and prevents Sc from
moving across the interface. Recent work by Dorin et al.
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[44] on Al-Mg-Si—Sc—Zr alloys revealed solidification
microsegregations in the as-cast condition. The presence of
Si also caused the formation of (Al,Si);(Sc,Zr) dispersoids
in the as-cast microstructure. However, the impact of Sc on
precipitation sequence in the Al-Mg-Si-based alloys is still
unknown up to now. In a recent work on precipitation
sequence in an Al-1Mg—-0.6Si-0.1Sc-0.2Zr (wt%) alloy
[93], the samples were exposed to isochronal aging from
100 to 450 °C with a 25 °C temperature step and a 3-h
holding time at each temperature. At the low aging tem-
peratures, it was claimed from hardness evolution that the
presence of solute Sc and Zr had no noticeable effect on the
B” precipitation, which, however, was not proven by
microstructural evidences [93]. When aged to high tem-
peratures, the precipitation kinetics of Als(Sc,Zr) was
soundly found to be accelerated in the presence of Mg and
Si, and APT results manifested that this was due to the
preferred nucleation of the Als;(Sc,Zr) dispersoids on the
MgSi precipitates.

3.3 Al-Zn-Mg-based alloys

The Al-Zn—Mg-based alloys are widely used in aerospace
fields. Generally, the addition of Sc into Al-Zn—Mg-based
alloys can effectively improve strength, refine grains, and
inhibit recrystallization. The improvements of these prop-
erties are mainly due to the formation of Al;Sc dispersoids.
It is known that the Al-Zn—Mg-based 7xxx series Al alloys
are susceptible to localized corrosion such as pitting,
intergranular corrosion and environmentally assisted
cracking [94], especially with a high content of Zn and Mg,
showing a poor resistance to corrosion [95]. Adding ele-
ments, such as Cr, Zr, and RE of Sc and Yb, could improve
corrosion resistance by refining grains or inhibiting
recrystallization [96, 97]. The co-addition of Sc and Zr has
been proved to improve the corrosion resistance of Al-Zn—
Mg—Cu alloys, due to the inhibition of recrystallization
behavior [96]. The spacing of grain boundary precipitates
in the Al-Zn—-Mg—Cu-Sc—Zr alloy was found to be larger
than that in the recrystallized Al-Zn-Mg—Cu alloy, and the
discontinuity of precipitates distribution along the grain
boundary was also enhanced by the introduction of Sc and
Zr.

Yin’s group studied the Al-5.39Zn-1.91Mg-0.34Cu
(Wt%) alloy doped with different amounts and ratios of Sc
and Zr [98]. Their results showed that the yield strength
increased by 66 MPa with 0.1wt%Sc and 0.1wt%Zr, and
improved by 96 MPa with 0.25wt%Sc and 0.10wt%Zr,
respectively, compared with the Sc- and Zr-free counter-
part. The effect of Sc/Zr ratio on the microstructure and
mechanical properties of Al-Zn-Mg—Sc—Zr alloys was
systematically investigated [99]. It was demonstrated [99]
that the highest tensile strength was achieved by adding
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0.25¢/0.4Zr (wt%), where the most distribution density of
Al;(Sc, Zr) precipitates was obtained. However, it was
clearly revealed that the small additions of Sc and Zr did
not retard or suppress the formation of aging n* precipi-
tates in the Al-Zn-Mg-Sc—Zr alloy. The strengthening
effect from n° precipitates was much stronger than that
from the Sc and Zr microalloying response. The strength
increments caused by additions of Sc and Zr were mainly
derived from refinement of primary Als(Sc, Zr) particles,
substructure strengthening, and Orowan strengthening that
was associated with the secondary Als(Sc, Zr) particles
formed during homogenization treatment.

In Liu et al.’s work [100] on Al-Zn-Mg—Cu alloy
microalloyed by Sc and Zr, they found solute segregation
of Zn, Mg, and Cu in the core—shell-structured Al;(Sc,Zr)
precipitates by using APT, aberration-corrected scanning
transmission electron microscopy (STEM), and first-prin-
ciples simulations. The Al3(Sc,Zr) precipitates had a core
enriched by Sc while shell enriched by Zr. The Zn atoms
were segregated to the Zr-rich shell and substituted mainly
for the Al atoms. The Mg and Cu atoms were segregated to
the Zr-rich shell during the early stages of aging, while the
Mg atoms preferred to the Al matrix at longer aging time.
Such segregation was demonstrated by density functional
theory calculations to be energetically favored [100].

Besides the Sc and Zr co-addition, a novel Al-Zn-Mg
alloy with Er and Zr additions has been developed by Nie’
group [101, 102]. The new type Al-Zn-Mg-Er-Zr alloy
exhibited excellent comprehensive performance, such as
strength, weldability, and recrystallization resistance,
which was unsurprisingly attributed to the presence of L1,-
structured Al3(Er,Zr) nanoparticles.

4 Summaries and perspective

In summary, Sc is capable of playing an important role in
microalloying Al alloys. In the non-heat-treatable Al
alloys, a minor addition of Sc can lead to the formation of
L1,-type Al;Sc precipitates, making the alloys heat-treat-
able. In the heat-treatable Al alloys, a trace Sc mostly
promotes the dispersed precipitation of strengthening par-
ticles with refined size, by facilitating heterogeneous
nucleation and reducing growth/coarsening drive force.
The Sc microalloying effect in Al alloys usually results in
improved strength, enhanced corrosion resistance, and
increased thermal stability. Therefore, the Al alloys
microalloyed with Sc will attract progressive attention and
yield continuing results in both scientific and technological
aspects. The following issues should be especially focused
in the further studies: (1) multiple RE addition rather than
single Sc addition to form complex precipitates with high
growth/coarsening resistance; (2) interactions between Sc
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atoms and the main alloying atoms and their impact on the
precipitation with underlying mechanism at atomic length
scale; (3) Sc microalloying effect on ductile fracture of Al
alloys (not only on strength/hardness); (4) parameters
directly characterizing the Sc microalloying effect and their
relation to mechanical properties; (5) evolution of Sc
microalloying effect during thermal and mechanical
cycling service conditions; and (6) the Sc microalloying
effect on other properties, including corrosion properties,
electrical properties, thermal conductivity, etc., which are
usually required besides the mechanical properties. These
topics should be also applicable to other rare earth
elements.
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