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Abstract: Artificially controlling the solid-state precipitation in aluminum (Al) alloys is an efficient way to achieve well-performed prop-
erties, and the microalloying strategy is the most frequently adopted method for such a purpose. In this paper, recent advances in length-
scale-dependent scandium (Sc) microalloying effects in Al–Cu model alloys are reviewed. In coarse-grained Al–Cu alloys, the Sc-aided
Cu/Sc/vacancies complexes that act as heterogeneous nuclei and Sc segregation at the θ′-Al2Cu/matrix interface that reduces interfacial
energy  contribute  significantly  to θ′  precipitation.  By  grain  size  refinement  to  the  fine/ultrafine -grained  scale,  the  strongly  bonded
Cu/Sc/vacancies complexes inhibit Cu and vacancy diffusing toward grain boundaries, promoting the desired intragranular θ′  precipita-
tion. At nanocrystalline scale, the applied high strain producing high-density vacancies results in the formation of a large quantity of (Cu,
Sc, vacancy)-rich atomic complexes with high thermal stability, outstandingly improving the strength/ductility synergy and preventing the
intractable low-temperature precipitation. This review recommends the use of microalloying technology to modify the precipitation beha-
viors toward better combined mechanical properties and thermal stability in Al alloys.

Keywords: aluminum alloy; microalloying effect; length-scale dependence; precipitation; mechanical properties

  

1. Introduction

Due  to  its  appealing  high  strength  and  low  density,  the
materials community has shown much interest in Al alloys.
Heat-treatable  Al–Cu  alloys  are  the  most  typical  precipita-
tion strengthening Al alloys because they offer the basis for
different  types  of  age-hardening  Al  alloys.  The  commonly
observed precipitation  sequence  during the  aging of  Al–Cu
alloys  is  supersaturated  solid  solution  (SSSS)  →  Guinier–
Preston (GP) zones → θ″ → θ′ → θ, which often serves as a
template to describe the fundamentals  of  precipitation from
supersaturated solution and precipitation hardening [1].

Age hardening of heat-treatable Al alloys is mainly caused
by the decomposition of excess alloying elements into nanos-
ized precipitates, which act as effective obstacles to moving
dislocations [2]. The classical nucleation theory has been ex-
tensively adopted to quantitatively determine the critical radi-
us  of  a  nucleus  [3–5].  The  nucleation  rate  is  normally  de-
scribed by the classical nucleation rate equation [6]. The sub-
sequent growth rate of precipitates in heat-treatable Al alloys
depends on the shape, composition, and interfacial structure
[2,7]  and  can  be  quantitatively  expressed  by  the  Lifshit–
Slyozov–Wagner  model  modified  by  Boyd  and  Nicholson
[8]. The strengthening effects of precipitates closely depend
on size, volume fraction, interparticle spacing, and character-

istics  [9–10],  all  of  which  are  determined  by  composition,
processing  technology,  and  heat  treatment  [11–13].  The
composition–processing–microstructure–property  relation-
ships can be well presented in heat-treatable Al alloys. Gen-
erally,  artificial  aging is  applied  to  control  the  precipitation
behaviors of heat-treatable Al alloys, such as nucleation and
growth kinetics of precipitates [14]. In the past three decades,
dynamic age-hardening models that quantitatively predict the
variation  in  precipitate  parameters  with  aging  treatments
(temperature and time, based on the precipitation thermody-
namic and kinetic theories) and the associated strength evolu-
tion (stemming from the precipitate–dislocation interactions)
have  been  well  established  [9,11,15–18].  Significant  ad-
vances in quantitative prediction of the precipitation harden-
ing of heat-treatable Al alloys greatly move forward the de-
velopment of high-performance Al alloys.

In  addition  to  optimization  of  aging  technologies,  mi-
croalloying  has  also  been  effectively  employed  in  con-
trolling  the  precipitation  in  Al  alloys  [19–21],  i.e.,  con-
trolling the precipitate size and distribution by adding small
amounts of microalloying elements. In general, the microal-
loying mechanisms in Al alloys can be categorized into two
groups:  promoting  the  precipitation  of  hardening  particles
that are inherently precipitated in Al alloys and forming addi-
tionally introduced new precipitates [22]. The first mechan- 
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ism has been widely explored in Al–Cu alloys [23–30]. The
possible  mechanisms  include  (i)  heterogeneous  nucleation
mechanism  [23–28,31–32]  and  (ii)  interfacial  segregation
mechanism [29–30]. In the first mechanism, atom probe field
ion  microscopy  demonstrated  this  in  the  Sn  (Cd  or  In)-mi-
croalloyed  Al–Cu  alloy  [31],  in  which  the  microalloying
atoms can be heterogeneous nucleation sites for θ′ precipit-
ates. In the second mechanism, the microalloying atoms sig-
nificantly influence the interfacial conditions (e.g.,  interface
structures, chemistry composition, and energies), modifying
the  subsequent  precipitation  behaviors  and  hardening  re-
sponse, such as precipitation nucleation, number density, and
driving force for precipitate coarsening. This can reduce the
interfacial energy, which can be quantitatively expressed by
following  the  proposed  thermodynamic  methods  [29–30],
benefiting  greatly  from  the  advances  in  atom  probe  tomo-
graphy (APT) [33–34].

During the aging precipitation in heat-treatable Al alloys,
atomic diffusion determines the precipitation kinetics, where
vacancies  can fasten the diffusion of  substitutional  alloying
elements. Rapid quenching from solution treatment [35–37]
or plastic deformation [38–39] can produce excess vacancies
in Al alloys. The vacancy–microalloying element interaction
can be applied to significantly adjust the precipitation beha-
viors. Hardy [23] reported that In-, Sn-, or Cd-microalloyed
Al–Cu alloys showed suppressed natural aging, while aging
at  elevated  temperatures  resulted  in  improved precipitation.
The strong binding between microalloying elements (In, Sn,
or Cd) and vacancies prevents the quenched vacancies from
accelerating  Cu diffusion  greatly  during  storage  in  ambient
conditions.  However,  higher  temperatures  can  free  the  va-
cancies  from  the  solute–vacancy  complexes,  which  pro-
motes θ′  precipitation.  Similar  precipitation  behaviors  have
also  been  found  in  Sn-microalloyed  Al–Mg–Si  alloys  [40],
effectively easing the deleterious natural aging in Al–Mg–Si
alloys. In addition, experimental and simulation research dis-
closed that one vacancy can contribute to the formation of up
to  10  clusters,  transferring  about  1000  atoms  to  clusters,
which  can  be  considered  precursors  of  precipitates  [41].
Atomic-resolution  Cs-corrected  scanning  transmission  elec-
tron microscopy (TEM) and APT show that high-density va-
cancies (stimulated at the free surface by heating) led to pro-
moted precipitation, while a lack of vacancies (annihilated at
the free surface by thinning) led to suppressed precipitation,
both  in  small-sized  samples  [4,42].  Recent  studies  reported
that  reducing  the  crystalline  size  in  supersaturated  Al–Mg
and Al–Zn alloys to an extremely small size (~8 and 9 nm,
respectively) can completely inhibit the diffusion-controlled
Al3Mg2 precipitation and the spinodal decomposition of Zn-
rich particles from supersaturated nanograins, which are re-
lated  to  the  quite  low  vacancy  concentration  in  nanograins
[43–44].  During  the  precipitation  process,  excess  vacancies
can also reduce the nucleation energy barrier by releasing the
misfit strain of the nucleus [4]. In general, annihilation of ex-
cess  vacancies  at  grain  boundaries  forms  precipitate-free
zones near grain boundaries in Al alloys [45–46]. All the pre-

vious works exclusively point to the same conclusion that va-
cancies play crucial roles in affecting the precipitation in Al
alloys.

Due to the ability of refining grain size down into nano-
meter  scale,  extensive  researches  have  been  conducted  on
severe plastic deformation (SPD, e.g.,  high-pressure torsion
(HPT) and equal-channel angular pressing (ECAP)), aiming
at  fabricating  high-strength  Al  alloys  with  refined  grains
[47–52]. In general, after SPD processing, a large quantity of
crystal defects is present in the as-deformed Al alloys, such
as nonequilibrium grain boundaries, dislocations, and vacan-
cies, due to the applied high strain [49,53]. The precipitation
behaviors in heat-treatable Al alloys strongly depend on the
initial  microstructure  [54–57].  With  submicron- and  nano-
meter-scale grain size, much faster precipitation takes place
(at a rate of one to several orders of magnitude faster) com-
pared  with  coarse-grained  (CG)  counterparts  [54–55].  The
deformation-introduced high-density crystal defects signific-
antly accelerate the solute diffusion toward high-energy dis-
locations and grain boundaries, where low-temperature pre-
cipitation  occurs.  In  SPD-processed  Al–Cu  alloys  with
nanosized  grains,  extensive  intergranular  equilibrium θ-
Al2Cu  precipitates  rather  than  intragranular  metastable θ′ -
Al2Cu can  form  even  during  storage  in  ambient  conditions
[54].  Similarly,  after  SPD processing  in  Al–Zn–Mg–Cu al-
loy,  equilibrium  phases  were  found  to  precipitate  at  grain
boundaries  [55],  indicating  that  precipitation  behaviors  are
length-scale  dependent  in  Al  alloys,  and there are  excellent
variations  in  the  size,  chemistry,  and  spatial  distribution  of
precipitates with reducing grain size. Low-temperature pref-
erential  precipitation  at  grain  boundaries  in  Al  alloys  with
submicron  and  nanosized  grains  is  catastrophic  for  sub-
sequent  age  hardening,  for  which  lower  solute  supersatura-
tion  in  the  matrix  is  insufficient  for  intragranular  precipita-
tion.  Furthermore,  the  intergranular  precipitates  introduce
stress concentrations at the grain boundaries and tend to loc-
alize strain and cracking near them, resulting in intergranular
fracture and unresolved low ductility [53,58]. The intractable
low-temperature precipitation and low ductility largely limit
practical  application  of  high-strength  Al  alloys  with  sub-
micron and nanosized grains. Extensive research proved that
microalloying effects are efficient at modifying precipitation
behaviors and thus significantly endowing mechanical prop-
erties. However, a vast majority of studies on microalloying
have mainly concentrated on CG Al alloys, and the microal-
loying effects  at  different  length  scales  in  Al  alloys  remain
under debate. Thus, developing an intelligent microalloying
strategy for improved thermal stability and ductility of high-
strength Al alloys with submicron and nanosized grains is the
usual direction.

Scandium  (Sc),  as  the  most  efficient  microalloying  ele-
ment  per  atomic  fraction  added  imparting  on  precipitation
behaviors, has been extensively applied in Al alloys [59–60].
Sc addition in pure Al can form Al3Sc nanoprecipitates with
L12 structure (with sizes from several nanometers to tens of
nanometers) [59]. Aging treatment and Sc content can signi-
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ficantly influence the size and morphology of Al3Sc precipit-
ates [61–62]. High-density Al3Sc precipitates can contribute
significantly to strengthening, for which the strengthening ef-
fects have been quantitatively modeled [62]. Also, their high
thermal stability at high temperatures (due to the slow diffus-
ivity of Sc in the Al matrix) allows their wide utility in high-
temperature  services,  such  as  automotive  engines  and  air-
craft [62–63]. To further improve performance at high tem-
peratures,  a  series  of  Al–Sc-based  alloys  (microalloyed  by
Zr, Er, Ti, etc.) with a well-performed creep resistance have
been developed,  for  which the better  creep resistance is  re-
lated  to  the  typical  core–shell  structure  of  precipitates
[64–67]. The element with a larger diffusivity forms the core
first, and then the element with a lower diffusivity segregates
to form the shell. In recent years, in additively manufactured
Al alloys, Sc in minor amount is added to form Al3Sc-based
particles that serve as heterogeneous nuclei for grains, produ-
cing equiaxed fine grains to inhibit hot crack during printing
[68–69].  In  Sc-microalloyed  Al–Mg  alloys  [70–71],  Mg
solutes were found to both segregate at the coherent Al3Sc/Al
matrix interface and be located at the centers of Al3Sc precip-
itates (the diffusivity of Mg in Al3Sc was approximately sev-
en orders of magnitude slower than that in pure Al at 300°C),
which  simultaneously  decreases  the  growth/coarsening  rate
of  Al3Sc  precipitates  and  improves  the  creep  resistance.  A
combined  Sc  and  Zr  addition  in  Al–Zn–Mg–Cu  alloys  can
result  in  the  formation  of  Al3(Scx,Zr1−x)  particles,  pinning
subgrain and grain boundaries during heat treatment to inhib-
it recrystallization and precipitate-free zone, improving both
corrosion  resistance  and  strength  [60,72–74].  However,
adding minor Sc in Al alloys is not always advantageous to
the precipitation and mechanical performance. For instance,
adding 0.32wt% Sc in an Al–Cu–Mg–Ag alloy degrades the
yield  strength  compared  with  the  Sc-free  counterpart  [75],
which is due to the formation of coarse Al8Cu4Sc intermetal-
lic particles, lowering the amount of Cu atoms available for
the  strengthening Ω precipitates.  In  Sc-microalloyed
Al–Mg–Si  alloy  [76],  the  formation  of  strong  Si–Sc  pairs
(with a high negative enthalpy of ~−207 kJ·mol−1) and weak
Mg–Sc pairs (with an enthalpy of ~−13 kJ·mol−1) lowered the
diffusivity  of  Si  and  Mg  solutes,  thus  reducing  the  growth
rate of the strengthening β″ precipitates.

With  the  development  of  Sc  microalloying  technology,
Sc-microalloyed  Al  alloys  have  received  much  attention,
aiming at  artificially controlling precipitation behaviors (in-
cluding  the  size,  chemistry,  interfacial  characteristics,  and
spatial distribution of precipitates) and resultantly improving
mechanical properties [39,53,58,77–82]. This paper presents
a review of the length-scale dependent Sc microalloying ef-
fects on defect structures, precipitation behaviors, and mech-
anical  properties  in  Al–Cu alloys.  From both  materials  sci-
ence and mechanics perspectives, the principles and lessons
learned  from  the  relatively  simple  model  Sc-microalloyed
Al–Cu alloy can elaborate on the design strategy of microal-
loying  to  change  precipitation  behaviors  and  enhance  the
mechanical properties in other Al alloys. 

2. Precipitation in Al–Cu alloys

Fig.  1 illustrates  the  binary  Al–Cu phase  diagram at  the
Al-rich side. The single-phase supersaturated solid solution at
high temperatures can decompose into θ, θ′, θ″, and GP zones
in sequence with decreasing temperature [83]. GP zones are
composed  of  single  Cu  layers  in  the  Al  matrix  (Fig.  2(a)),
which are coherent with the matrix. GP zones of the lowest
interfacial  energy  and  nucleation  energy  barrier  are  com-
monly formed at low-temperature aging (<160°C) or during
natural aging [83]. The θ″ phase includes two Cu atom layers
separated by three Al atom layers and is essentially of a dis-
torted face centered cubic structure (with a nominal composi-
tion of Al3Cu, Fig. 2(b)). The θ″ phase can form directly by
decomposition of supersaturated solution or the transforma-
tion  of  GP  zones.  The  metastable θ′  phase  contributes  the
most to the strengthening of Al–Cu alloys. The θ′ phase has a
tetragonal structure (space group 14/mmm, a = 0.404 nm, c =
0.580 nm, Fig. 2(c)) with a nominal composition of Al2Cu.
The  large  structural  discrepancy  between θ′  and  Al  matrix
(face centered cubic, a = 0.404 nm) introduces additional in-
terfacial energy and strain energy, which, based on the clas-
sic nucleation theory, increases the nucleation energy barrier.
Heterogeneous nucleation sites,  such as  defects  (e.g.,  dislo-
cations,  interfaces,  grain  boundaries)  and  pre-existing
particles,  are  usually  needed  for  the  nucleation  of  the θ′
phase. The equilibrium θ phase has a stoichiometric compos-
ition close to Al2Cu and with a complex body-centered tetra-
gonal  structure  (space  group  14/mcm, a =  0.607  nm, c =
0.487 nm, Fig. 2(d)). The θ phase is incoherent with the mat-
rix, and various orientation relationships between θ phase and
matrix have been reported, which results in various morpho-
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lurgy  of  light  alloys,  2009-2156,  Copyright  2014,  with  permis-
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logy shapes. Although the driving force for θ phase precipit-
ation is the largest, the highest nucleation energy barrier ori-
ginating  from  the  complete  incoherence  with  the  matrix
makes  the  equilibrium θ phase  the  most  difficult  to  preci-
pitate.

In-depth  investigations  have  been  performed  to  explore
the microalloying effects on the precipitation behaviors and
mechanical  properties  of  Al–Cu  alloys  [5,24–26,29–
30,84–87].  Minor  Sn  addition  in  Al–Cu  alloys  led  to  the
formation of Sn clusters in the as-quenched state [26], which
transformed  into β-Sn  particles  during  the  artificial  aging.
The β-Sn  particles  served  as  the  heterogeneous  nucleation
sites for θ′ precipitates [24–25], enhancing the precipitation
behaviors. Minor Mg and Si solutes were found to segregate
at both the coherent and semicoherent θ′/matrix interface, re-
ducing the interfacial  energy and thus increasing the nucle-
ation  current  [29–30].  In  the  Al–Cu–Ag  alloy,  a  Ag-rich
bilayer was formed at the interface and acted as a barrier to
Cu diffusion [84]. The lateral growth of θ′ precipitates was at
the expense of neighboring γ′ (AlAg2) precipitates to supply
Ag atoms,  which existed  before  the θ′  precipitation.  Minor
Au addition could reduce the nucleation energy barrier of θ′
precipitation and substitute the Cu atoms in the θ′  precipit-
ates to form agglomerated Au clusters [5,86], resulting in an
improved  age-hardening  response.  Interestingly,  a  novel
sandwich structure could be formed (the separation between
the coherent interface of the θ′ precipitate and its adjacent GP
zone is always three {002}Al planes). 

3. Coarse-grained  Al–Cu  alloys  with  Sc  mi-
croalloying

Minor Sc addition in Al  alloys can introduce the forma-

tion  of  primary  Al3Sc  intermetallic  particles  [59,88],  Al3Sc
dispersoids [89–90], and Sc clusters [64], in addition to Al3Sc
precipitates (Fig. 3) during different heat treatment stages. In
artificial  aging,  the  main  strengthening  phase  in  Al–Cu  al-
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Fig. 3.    Typical TEM images and APT map of Al3Sc particles
and  Sc-rich  clusters  (marked  by  arrows)  in  Al  alloys  [78]:  (a)
primary Al3Sc particles with a size of several micrometers; (b)
Al3Sc  dispersoids  with  a  size  of  tens  of  nanometers;  (c)  Al3Sc
precipitates  with  a  size  of  several  nanometers;  (d)  Sc-rich
clusters  (green:  Al  atoms;  orange:  Cu  atoms;  blue:  Sc  atoms;
dimensions:  20  nm  ×  20  nm  ×  30  nm).  Reprinted  from Acta
Mater., Vol. 61, B.A. Chen, G. Liu, R.H. Wang, et al., Effect of
interfacial  solute  segregation  on  ductile  fracture  of  Al–Cu–Sc
alloys,  1676-1690,  Copyright  2013,  with  permission  from  El-
sevier.
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loys is the shear-resistant plate-like θ′ precipitates [91], com-
prising  of  broad  coherent  and  narrow  semicoherent  inter-
faces  with  the  matrix  [92–93].  The  interaction  and synergy
between  the  main  alloying  element  Cu  and  microalloying
element Sc in Al–Cu–Sc alloys mediated by heat  treatment
and vacancies can be strategically manipulated to artificially
control  precipitation  behaviors  and  improve  mechanical
properties.

After homogenization and solution heat treatment,  Al3Sc
dispersoids  with  a  size  of  tens  of  nanometers  can  be  intro-
duced  in  Al–Cu–Sc  alloys.  Yang et al. [94]  prepared
Al–XCu–0.3wt%Sc alloys (X = 0wt%, 1.0wt%, 1.5wt%, and
2.5wt%), systematically examining the effect of Cu content
on  the  formation  of  Al3Sc  dispersoids  after  solution  heat
treatment, and found that increasing Cu content can suppress
the formation of Al3Sc dispersoids, i.e., the size and volume
fraction of Al3Sc dispersoids were both reduced with the ad-
ded Cu content.  Based on the interaction between the main
alloying element Cu and microalloying element Sc, the pos-
sible underlying mechanism was that Cu promotes the solid
solubility of Sc in the Al matrix, reducing the supersaturation
and available Sc atoms for the growth of Al3Sc dispersoids.
At 2.5wt% Cu, more Sc atoms were dissolved into the mat-
rix,  thus  avoiding  Al3Sc  dispersoid  growth.  Subsequently
aging at 250°C for 8 h, a higher Cu content led to a more pro-
moted θ′  precipitation in the Al–Cu–Sc alloys. Fig.  4 com-
pares that a more significant Sc microalloying effect can be
found in the Al–2.5Cu–0.3Sc alloy, i.e., the precipitate radi-
us reduction and number density increment were the largest
compared with those of the Sc-free Al–2.5Cu alloy. APT res-
ults shown in Fig. 5 revealed that the aged Al–2.5Cu–0.3Sc
alloy has a higher interfacial Sc segregation (~0.8at%) than
the  aged  Al–1.5Cu–0.3Sc  alloy  (~0.3at%).  Sc-promoted θ′
precipitation  was  mainly  related  to  two  factors:  (i)  the  Sc-

aided formation of complex Cu/Sc/vacancy clusters as pref-
erential nucleation sites for θ′ precipitates; (ii) Sc segregation
at the θ′/matrix interface (reducing the interfacial energy and
preventing  Cu  atoms  from  diffusing  across  the  interface
[29–30,95])  that  inhibits  precipitate  growth  [30,78].  There-
fore, the higher remaining dissolved Sc atoms in the matrix
induced  by  a  higher  Cu  content  contributed  more  to  the θ′
precipitation  during  subsequent  aging.  The  room-temperat-
ure tensile results in Fig. 6(a) and (b) demonstrated that the
aged Al–2.5Cu–0.3Sc alloy has the highest strength, which is
in agreement with the microstructural observations (i.e.,  the
more  refined  precipitate  size  and  higher  number  density).
However, due to the formation of larger-sized Al3Sc dispers-
oids, where cracks are easier to initiate and propagate, the Sc-
added Al–Cu alloys had less ductility. Due to the higher in-
terfacial  Sc  segregation  that  inhibits  precipitate  coarsening,
the Al–2.5Cu–0.3Sc alloy had the highest tensile strength at
300°C  (~200  MPa)  while  sacrificing  no  high-temperature
ductility (Fig. 6(c) and (d)), indicating that Sc segregation at
the θ′/matrix interface shows promise in improving the resist-
ance of precipitates to high-temperature coarsening. Improv-
ing the coarsening resistance of θ′ precipitates by interfacial
Sc  segregation  is  similar  to  the  works  of  Seidman et  al.
[65,67,96],  who employed elements  with  slower  diffusivity
(e.g., Zr, Ti) to segregate at the Al3Sc/Al interface. Such an
inert  protected  shell  acted  as  a  barrier  to  the  diffusion  of
solutes.

In addition to Cu content dependence, Sc segregation ef-
fects  showed  a  non-monotonic  aging  temperature  depend-
ence [77–78]. In the Al–2.5Cu–0.3Sc alloy, the strongest in-
terfacial  Sc  segregation occurred  at  250°C aging (~0.8at%)
compared  with  200°C  (~0.22at%)  and  300°C  (~0.28at%)
aging. The underlying mechanism behind such a discrepancy
was  the  limited  diffusion  of  Sc  atoms  at  200°C  [61]  and
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already formed Sc-based precipitates at 300°C [61], both in-
hibiting Sc atoms from segregating at the θ′/matrix interface.
Thus, θ′  precipitation  was  more  promoted  at  250°C  aging,
i.e., a more reduced precipitate size and larger number dens-
ity than aging at the other two temperatures, stemming from
the more improved interfacial Sc segregation inhibiting pre-
cipitate  growth.  As  expected,  a  higher  strength  at  250°C
aging  was  observed.  However,  the  peak  250°C-aged  Al–
2.5Cu–0.3Sc  alloy  exhibited  a  sharply  lower  fracture  strain
than  the  peak  200°C- and  300°C-aged  alloys. In  situ TEM
tensile  measurements  revealed  interfacial  decohesion  at  the
precipitate ahead of the crack tip in the aged Al–2.5Cu–0.3Sc
alloy  [78].  Chen et al. [78]  established  a  micromechanical
model to consider the effects of both interfacial energy and
precipitate size. On the one hand, the reduction in interfacial
energy resulting from Sc segregation increased the critical in-
terfacial stress [97], which prevented the interfacial decohe-
sion. On the other hand, the reduced interfacial energy by in-
terfacial Sc segregation resulted in a more uniform distribu-
tion  of θ′  precipitates  with  finer  size,  producing more  geo-
metrically necessary dislocations around the precipitates. The
higher-density geometrically necessary dislocations gave rise
to  higher  local  stress  at  precipitates  under  applied  loading
[98–99].  When the local  stress  was greater  than the critical
interfacial stress, the fracture mechanism was interfacial de-
cohesion-aided crack growth, resulting in a low ductility.

As stated above, Sc segregation at the θ′/matrix interface
can  improve  the  coarsening  resistance  of  the  precipitates
upon heating. However, even after artificial 250°C aging for
8  h,  the  Sc  segregation  at  the θ′/matrix  interface  in  the
Al–2.5Cu–0.3Sc alloy (abbreviated as Al–Cu–Sc AA) could
only reach ~0.8at%. Gao et al. [81] dexterously developed a
modified precipitation protocol inspired by the retrogression
and  re-aging  heat  treatment  in  7000-series  Al  alloys  [100]
and multistep/isochronal aging in Al–Sc-based alloys [62] to
remarkably improve the interfacial Sc segregation to ~2.4at%
(Fig.  7(a))  and  further  increase  precipitate  number  density
(twice  higher)  in  the  Al–2.5Cu–0.3Sc  alloy  (abbreviated  as
Al–Cu–Sc RR).  The modified protocol  first  applies  a  com-
plement additional regression treatment at 450°C for 20 min
to dissolve θ′ precipitates and simultaneously produce a high
number density of nanosized Al3Sc precipitates and then re-

aging at 250°C for 6 h to re-precipitate θ′ heterogeneously at
pre-existing Al3Sc precipitates. Meanwhile, Sc atoms are ef-
ficiently segregated to the θ′/matrix interface, reaching a re-
markable  level  of  ~2.4at%. Fig.  7(b)  shows  the  results  of
tensile  creep tests,  showing that  the  secondary stage  exhib-
ited a surprisingly long endurance (~350 h) in the Al–Cu–Sc
RR  alloy,  about  a  10-fold  increase  compared  with  the
Al–Cu–Sc AA. The significantly improved interfacial Sc se-
gregation can, on the one hand, reduce the interfacial energy
and,  on  the  other  hand,  inhibit  Cu  atoms  from  diffusing
across  the  interface  during  the  creep  tests.  Similarly,  Ag
atoms segregated at the Ω/matrix interface in Al–Cu–Mg–Ag
alloys reduced the interfacial energy and, concomitantly, the
driving  force  for  precipitate  coarsening  [101].  Thus,  the
coarsening resistance of θ′ precipitates upon heating was sig-
nificantly  improved,  and the Al–Cu–Sc RR alloy displayed
outstanding  creep  resistance.  An  innovative  interfacial  se-
gregation  of  multiple  elements,  which  forms  a  sandwich
structure to reinforce the interface, has been proposed in the
Al–Cu–Sc–Fe–Si  alloy [102],  in  which Sc and Fe are  each
segregated  at  one  atomic  plane  and  thus  forming  back-to-
back barriers to reinforce each other. This novel structure res-
ulting from the interfacial segregation was found to suffocate
coarsening of the θ′ precipitates at 300°C and cause a dramat-
ic improvement in creep resistance. Upon extended exposure
at 350°C in Al–Cu–Mn–Zr [103] and Al–Cu–Mn–Zr–Ti al-
loys  [87],  Mn diffusion  into  the  interface  of θ′  precipitates
was  faster  than  Zr  or  Ti  and  stabilized θ′  precipitates  long
enough to allow Zr or Ti to additionally segregate to the in-
terface, remarkably improving the creep resistance. The syn-
ergistic interaction of multiple segregated elements proves to
be a promising approach to improve the creep resistance of
Al–Cu alloys and can be extended to other series of Al alloys.
The coexistence of Al3Sc nanoprecipitates and θ′ precipitates
in  the  Al–Cu–Sc  alloys  by  tuning  the  aging  treatments  has
shown  great  advantages  in  improving  the  creep  resistance
[104–105]. On the one hand, the Sc segregation at the θ′/mat-
rix interface prohibited the coarsening of the θ′ precipitates.
On the other hand, the consumption of Sc solutes at interfa-
cial  segregation  prevented  the  coarsening  of  Al3Sc  nano-
precipitates at high temperatures.

In CG Al–Cu alloys, the Sc microalloying effects mainly
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depend on (i) the formation of Cu/Sc/vacancy complexes that
act as preferential nucleation sites for θ′ precipitates and (ii)
the Sc segregation at the θ′/matrix interface that reduces the
interfacial  energy and inhibits  precipitate  growth.  It  is  con-
firmed that  the  outstanding  Sc  microalloying  effects  in  CG
Al–Cu alloys are efficient  at  artificially controlling the pre-
cipitation and improving the mechanical  properties at  room
and high temperatures, especially the creep resistance. 

4. Fine/ultrafine-grained  Al–Cu  alloys  with  Sc
microalloying

During the past two decades, ECAP has been widely ad-
opted to produce fine-grained (with a grain size of one to sev-
eral  micrometers,  abbreviated  as  FG)  and  ultrafine-grained
(with a grain size of hundreds of nanometers to one micro-
meter,  abbreviated as  UFG) Al  alloys  [106–107].  Grain re-
fining mechanisms are based on the concept of dynamic re-
crystallization, i.e., the initial dislocation accumulation in the
form  of  a  dislocation  cell  transforms  gradually  to  the  final
fine grain structure with deformation [108–109]. The applied
high strain can introduce a high density of  defects  (such as
dislocations,  vacancies,  and  grain  boundaries),  which  can
greatly accelerate atom diffusion and increase the precipita-
tion  kinetics  by  several  orders  of  magnitude,  resulting  in
preferentially intergranular precipitation even during storage
in ambient conditions [54], which are detrimental to strength,
ductility, and corrosion resistance [110–112]. In the ECAP-
processed Al–Cu alloy, low-temperature aging [113–114] or
storage in ambient conditions [54] can cause an extensive in-
tergranular θ precipitation, skipping the metastable equilibri-
um θ′ precipitates. During subsequent artificial aging in the
ECAP-processed  7075  alloy,  the  precipitation  kinetics  was
significantly accelerated compared with that in the CG alloy
and the precipitation sequence (i.e., solid solution → GP zone
→ η′ → η) did not change [12]. Sha et al. [57] examined the
dynamic  aging  precipitation  behaviors  in  the  ECAP-pro-
cessed  Al–Zn–Mg–Cu  alloy  at  200°C  and  observed  that
ECAP changed the orientation of η precipitates into equiaxi-
al growth. Similarly, during subsequent artificial aging in the
ECAP-processed  Al–Mg–Si  alloy,  the  precipitation  se-
quence  did  not  change  and  the  precipitation  kinetics  was
greatly  accelerated along with  the  alteration in  morphology
of the precipitate [115]. The extensively adopted microalloy-
ing method in CG Al alloys offer opportunities to alter such
disadvantage  precipitation  behaviors  in  Al  alloys  processed
by SPD.

Extensive  intergranular  equilibrium θ precipitation  in
SPD-processed  Al–Cu  alloys  at  low  temperatures  or  even
ambient  conditions  is  a  long-standing  problem  to  practical
application.  Jiang et  al. [53,58,79]  obtained  FG/UFG
Al–2.5Cu  alloys  and  FG/UFG  Al–2.5Cu–0.3Sc  alloys  by
ECAP through controlling pass numbers. After 125°C aging
for 20 h, both intergranular θ precipitation and intragranular
θ′  precipitation  can  be  detected  in  the  FG  Al –2.5Cu  alloy
(Fig. 8(a)). Fig. 8(b) shows that minor Sc addition in the FG

σIntra
P

Al–2.5Cu–0.3Sc alloy suppressed partial intergranular θ pre-
cipitation,  where  only  intragranular θ′  precipitation  was
present. In the aged UFG Al–2.5Cu alloy (Fig. 8(c)), only in-
tergranular θ precipitation was observed. Similarly, minor Sc
addition resulted in complete intragranular θ′ precipitation in
the UFG Al–2.5Cu–0.3Sc alloy (Fig. 8(d)), which has a lar-
ger average size and a lower number density of θ′ precipit-
ates compared with the aged FG Al–2.5Cu–0.3Sc (Fig. 8(b)).
The UFG Al–2.5Cu–0.3Sc alloy has higher dislocation dens-
ity and vacancy concentration (10.98 × 1014 m−2 and (3.0 ×
10−3)at%,  respectively)  than  the  FG  Al–2.5Cu–0.3Sc  alloy
(7.29 × 1014 m−2 and (2.3 × 10−3)at%, respectively). The high-
er dislocation density and vacancy concentration resulted in
larger  growth  kinetics  of θ′  precipitates  in  the  UFG  Al –
2.5Cu–0.3Sc alloy. The strengthening effects of shear-resist-
ant  plate-like θ′  precipitates   can  be  calculated  using
Eqs. (1) and (2) [91],

λave =

√ √
3

2
1

√
sinθ ·N ·L

− πL
8
−
√

3
2

h
sinθ

(1)

σIntra
P =

Mµb
2π
√

1− v

1
λave

ln
(

ro

ri

)
(2)

where λave refers to the average spacing between plate tips, N
refers to the number of precipitates per unit volume, L refers
to their length, h refers to their thickness, θ refers to the di-
hedral angle between the plate and the {111}α slip plane (for
the  {001}α precipitate  plates, θ =  54.74°), M refers  to  the
Taylor factor (~3.1), μ is the shear modulus of matrix, v rep-
resents Poisson’s ratio (~0.33), b indicates the Burgers vec-
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tor (0.286 nm), and ri and ro refer to the inner and outer cutoff
radius of the dislocation (using ri = |b|  (0.286 nm) and ro =
3.5h3),  respectively.  Table  4  in  reference  [53]  revealed  that
the strengthening contributions from intragranular θ′ precip-
itates in the peak-aged FG and UFG Al–2.5Cu–0.3Sc alloys
were about 125 and 145 MPa, respectively, although the av-
erage  size  of  the θ′  precipitates  was  larger  and the  number
density  was  lower  in  the  peak-aged  UFG  Al–2.5Cu–0.3Sc
alloy.

Therefore, a smaller grain size results in a more signific-
ant  Sc  microalloying  effect.  The  as-deformed  UFG  Al–
2.5Cu–0.3Sc  had  a  vacancy  concentration  of  ~(3.0  ×
10−3)at% compared with the as-deformed UFG Al–2.5Cu al-
loy (~(1.6 × 10−6)at%) as measured by positron annihilation
lifetime  spectroscopy.  In  addition,  APT  analysis  confirmed
that  a  significant  number  density  of  clusters  was  present  in
the  as-deformed  UFG  Al–2.5Cu–0.3Sc  alloy,  while  there
was no apparent  cluster  in the as-deformed UFG Al–2.5Cu
alloy. Thus, the length-scale dependent Sc microalloying ef-
fects  on  the  precipitation  behaviors  in  ECAP-processed
Al–Cu alloys can be understood as follows: (i) a several or-
ders of magnitude lower diffusion coefficient of Sc than Cu
[78] guarantees that the majority of Sc atoms remained with-
in the matrix even at  high temperatures (e.g.,  at  125°C, the
diffusion  coefficient  of  Sc  in  the  Al  matrix  (DSc)  is  about
5.67 × 10−26 m2·s−1 and the diffusion coefficient of Cu (DCu)
has a several orders higher value of about 1.13 × 10−22 m2·s−1

[61]; (ii) the Cu/Sc/vacancy complex clusters of strong bind-
ing  [116–117]  within  the  grain  interior  act  as  preferential
nucleation  sites  for  intragranular θ′  precipitates  and  inhibit
both  Cu  atoms  and  vacancies  from  diffusing  toward  grain
boundaries. Fig.  9 depicts  the  tensile  test  results,  revealing
that the poor tensile performance in the aged UFG Al–2.5Cu
alloy  (tensile  strength  ~300  MPa,  fracture  strain  ~4%)  was
much better improved in the aged UFG Al–2.5Cu–0.3Sc al-
loy  (tensile  strength  ~460  MPa,  fracture  strain  ~15%),
strongly showcasing that  the length-scale dependent Sc mi-

croalloying effect can efficiently change precipitation beha-
viors  (e.g.,  the size,  chemistry,  and spatial  distribution) and
improve mechanical properties.

Similarly, the Sc segregation at the θ′/matrix interface also
exhibited a grain size dependence in addition to the depend-
ence on Cu content and aging temperature in CG Al–Cu al-
loys. According to a study by Wu et al. [80], with reducing
grain  size,  the  interfacial  Sc  segregation  increased  from
~0.8at%  in  the  peak-aged  CG  Al–2.5Cu–0.3Sc  alloy  to
~3.0at%  in  the  peak-aged  FG  Al–2.5Cu–0.3Sc  alloy  and
stepwise  further  to  ~12.0at%  in  the  peak-aged  UFG  Al–
2.5Cu–0.3Sc alloy. On the one hand, interfacial Sc segrega-
tion can significantly change the precipitation behaviors (i.e.,
precipitate  size  and  spatial  distribution);  on  the  other  hand,
the  concomitantly  modified  interfacial  structure  also  influ-
ences corrosion resistance [118]. The reduced interfacial en-
ergy by Sc segregation can effectively inhibit the interfacial
chemical  activity  and  also  narrow  the  electrochemical  in-
compatibility between θ′ precipitates and Al matrix, which is
beneficial for corrosion resistance. Meanwhile, the deforma-
tion-introduced high-density dislocations are harmful to cor-
rosion resistance [110–111]. In the peak-aged CG and UFG
Al–2.5Cu alloys,  pitting  resistance  was  improved by minor
Sc addition, in which pitting potential is more positive (Fig.
10(a)) and metastable pitting events are fewer (CG Al–2.5Cu–
0.3Sc)  or  almost  unchanged  (UFG  Al–2.5Cu–0.3Sc)  (Fig.
10(b)). In the peak-aged CG Al–2.5Cu–0.3Sc alloy, the inter-
facial  Sc  segregation  ameliorated  the  pitting  resistance.
Moreover,  the  peak-aged  UFG  Al–2.5Cu–0.3Sc  alloy
showed that the positive effect of interfacial  Sc segregation
on  pitting  resistance  dominated  over  the  negative  effect  of
tangled  dislocations.  However,  the  pitting  resistance  of  the
peak-aged FG Al–2.5Cu alloy seldom change after minor Sc
addition,  which  was  ascribed  to  the  negative  dominance  of
dislocations  over  the  interfacial  Sc  segregation  in  turn.
Therefore,  the inverse correlation between strength and pit-
ting resistance generally existing in Al  alloys [50,119–120]
was broken in the peak-aged CG Al–2.5Cu–0.3Sc and UFG
Al–2.5Cu–0.3Sc. The length-scale dependent Sc microalloy-
ing effect in the UFG Al–2.5Cu–0.3Sc alloy was confirmed
to improve both the strength/ductility synergy and pitting res-
istance.

Heterogeneous grain structures can improve both strength
and ductility, which is related to the introduced excessively
large number of geometrically necessary dislocations to ac-
commodate the large strain gradient during tensile deforma-
tion,  resulting  in  additional  strain  hardening  [121–123].
ECAP at cryogenic temperature introduced hierarchical mi-
crostructures of multimodal grains, low-angle grain boundar-
ies, and intergranular/intragranular precipitates tuned by arti-
ficial aging in the Al–2.5Cu alloy [82], demonstrating a pro-
moted strength–ductility synergy. A minor 0.3wt% Sc addi-
tion  was  effective  in  improving  intragranular  precipitation
and completely suppressing intergranular precipitation, sim-
ilar  to  room-temperature  ECAP,  thus  further  enhancing  the
strength–ductility synergy.

Fig.  11 illustrates  the  modified  Al–Cu binary  phase  dia-
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gram, showing the length-scale dependent Sc microalloying
effects on the precipitation behaviors in FG/UFG Al–Cu al-
loys. Because a large quantity of nonequilibrium defects was
present in the FG/UFG Al–Cu alloys, the significantly accel-
erated atomic diffusion resulted in intergranular θ precipita-
tion  at  ambient  temperature,  much  lower  than  the  required
temperature  (~420°C).  Minor  Sc  addition  in  FG/UFG
Al–2.5Cu–0.3Sc alloys promoted intragranular θ′  precipita-
tion at 125°C aging, also lower than the thermodynamically
required temperature (~200°C). In conclusion, the equilibri-
um phase  diagram needs  further  investigations  for  applica-
tion in FG/UFG alloys or other nonequilibrium Al alloys. 

5. Nanocrystalline  Al–Cu  alloys  with  Sc  mi-
croalloying

In ECAP, limited shear strain (~1 after one pass) [124] can
be  introduced  during  deformation,  confining  the  obtainable
grain scale minimum to UFG. HPT has been extensively em-
ployed in the production of nanocrystalline (grain size of sev-
eral to 100 nm) Al alloys [43,47–48] because the introduced
shear  strain  by  HPT  can  reach  several  hundred  [125–126].
Room-temperature  superplasticity  was  observed  for  room-
temperature  HPT-processed  nanocrystalline  Al–Zn  alloys
[127–128], which was realized by grain boundary sliding and
grain rotation with the help of continuous Zn diffusion. Su-
persaturated Al–Zn alloys were produced by ultra-HPT with
a shear strain of up to 40000 [129]. During subsequent artifi-
cial aging, coherent metastable Al3Zr precipitates were found
within  the  grain  interiors,  confirming  an  outstanding  hard-
ness  of  up  to  HV  148.  Encouragingly,  SPD  at  liquid
nitrogen/cryogenic  temperatures  presents  the  ability  to  effi-
ciently improve the strength–ductility synergy, which origin-
ates from the suppressed dynamic recovery and dynamic pre-
cipitation during SPD deformation [130–132]. HPT in liquid
nitrogen  (with  a  high  rotating  speed)  was  applied  by  Lu’s
group  to  obtain  a  novel  Schwarz  crystal  structure  of
extremely  small  grain  size  of  ~10  nm,  which  imparted
high  strength  and  thermal  stability  to  metallic  materials
[43–44,131].  The  original  work  [39]  revealed  that  the
coupling influences of Sc microalloying and cryogenic tem-
perature  on  HPT-generated  nanocrystalline  Al–Cu  alloys
show a new phenomenon, which is different from what is ex-
pected.

The work by Wu et al. [39] employed HPT in liquid nitro-
gen  to  produce  nanocrystalline  Al–2.5Cu–0.3Sc  alloy  (de-
noted as AlCuSc-C), where equiaxial nanosized grains (with
~100 nm average grain size) and no apparent element segreg-
ation  were  observed  (Fig.  12(a)  and  (b)).  In  addition,  they
performed  room-temperature  HPT  to  fabricate  nanocrystal-
line  Al–2.5Cu  and  Al–2.5Cu–0.3Sc  alloys  (abbreviated  as
AlCu-R  and  AlCuSc-R,  respectively)  and  liquid  nitrogen
HPT to prepare nanocrystalline Al–2.5Cu alloy (abbreviated
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as AlCu-C) for comparison. By utilizing the positron stand-
ard  trapping  models  and  diffusion  trapping  models
[133–134] to analyze the positron annihilation lifetime spec-
troscopy results, as quantitatively presented in Fig. 12(c), it is
interesting to find that the vacancy concentration in the Al-
CuSc-C alloy reached ~0.22at% (Fig. 12(c)), one to two or-
ders  of  magnitude  higher  than  those  in  other  ECAP- and
HPT-processed  Al  alloys,  including  the  AlCu-R,  AlCu-C,
and  AlCuSc-R  alloys.  During  HPT  processing,  collisions
from moving dislocations produce vacancies. Sauvage et al.
[135]  performed  room-temperature  HPT  on  Al–5.8wt%Mg
alloy  and found that  the  generating  rate  of  vacancies  could
reach ~10−5 s−1. However, vacancies are prone to migrate to

the  deformation-introduced  defects  (e.g.,  nonequilibrium
grain boundaries and dislocations) to annihilate [136], lead-
ing to the typical vacancy concentration of only ~10−5 after
HPT processing for 600 s (only 1/600 of the produced vacan-
cies)  in  Al  alloys.  Compared  with  liquid  nitrogen  HPT  for
600  s,  the  AlCuSc-C  alloy  had  a  vacancy  concentration  of
~0.22at%, about a third of the theoretical maximum vacancy
concentration. In addition, a vast number density of (Cu, Sc,
vacancy)-rich  atomic  complexes  (with  an  average  size  of
~1–2 nm and a volumetric number density of ~2.0 × 1024 m−3)
were  present  in  the  matrix  (Fig.  12(d)–(f)). Fig.  12(f)
displays  the  inverse  fast  Fourier  transform  (FFT)  image  of
Fig. 12(e).
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The positron annihilation lifetime spectroscopy results re-
vealed that the measured lifetime in the AlCuSc-C alloy ori-
ginated  from  positron  annihilation  in  bulk  monovacancies
and  bulk  divacancies  (Fig.  1(f)  in  reference  [39]).  Density
functional  theory  (DFT)  calculation  results  shown  in Fig.
13(a)  revealed  that  the  Cu–Sc–2  vacancy  complex  had  a
higher  binding energy (~0.35  eV)  than  the  Cu–Sc–vacancy
complex.  It  was  reasonably  inferred  that  during  cryogenic
HPT, the majority of produced vacancies were stabilized in
Cu–Sc–2  vacancy  complexes,  considering  a  concentration
ratio of vacancy/Sc of ~1.4. Cu–Sc–2 vacancy complexes ab-
sorbed more Cu and Sc atoms aside from vacancies, generat-
ing  larger-sized  (Cu,  Sc,  vacancy)-rich  atomic  complexes,
which also showed high thermal stability. Fig. 13(b) depicts

the differential  scanning calorimetry (DSC) results,  indicat-
ing  that  the  precipitation  temperature  was  delayed  until
200°C. In fact, even after aging at 225°C for 50 h, where ap-
parent recrystallization occurred, the AlCuSc-C alloy had no
obvious  precipitation  (Fig.  3(c)  in  reference  [39]).  In Fig.
13(c), in general, the thermal instability temperature (where
extensive precipitation of stable precipitates occurred during
aging for 50 h) rapidly decreased with deformation strain ex-
erted on the alloys. The balancing dilemma was broken in the
AlCuSc-C alloy. With the higher binding energy and much
lower diffusivity of Sc atoms compared with Cu atoms, va-
cancies in (Cu, Sc, vacancy)-rich atomic complexes preven-
ted Cu and vacancies from being effectively involved in the
precipitation  of  both  intragranular θ′  and  intergranular  θ
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phases in the AlCuSc-C alloy. Comparison with 125°C aging
or even ambient storage showed that large quantities of intra-
granular or intergranular θ precipitation were induced in the
AlCu-R, AlCu-C, and AlCuSc-R alloys [39]. Compared with
aged  FG/UFG  Al–2.5Cu–0.3Sc  alloys,  no  intragranular θ′
precipitates  were  observed  in  the  aged  AlCuSc-R  alloy,
which may be associated with the much smaller  grain size,
higher  dislocation  density,  and  vacancy  density  in  the  Al-
CuSc-R alloy,  leading to  a  significantly  larger  precipitation
kinetics. The above factors promoted intragranular θ precip-
itation and skipped the metastable equilibrium θ′ phase.

Actually, as confirmed in Fig. 11, aging at 225°C can lead
to the formation of the θ′ phase. The length-scale dependent
Sc microalloying effect  in  nanocrystalline Al–Cu–Sc alloys
coupled with the retained high-density vacancies result in no
obvious precipitation when aging at 225°C.

Fig.  14(a)  plots  the  engineering  stress–strain  curves,
demonstrating  that  the  AlCuSc-C  alloy  had  a  much  better
strength–ductility synergy than the AlCuSc-R alloy and CG
Al–2.5Cu and Al–2.5Cu–0.3Sc alloys. Micropillar compres-
sion  tests  (micropillars  of  the  same diameter  ~1  μm)  [137]
performed on the AlCuSc-C alloy (Fig. 14(b)) showed that at
the same strain rate of 2 × 10−4 s−1, the AlCuSc-C alloy exhib-
ited a stronger strain hardening ability than the AlCuSc-R al-
loy, with the initial strain hardening rate being higher and β

(characteristic  of  dynamic  recovery)  being  lower  in  the
former alloy (inset in Fig. 14(b)). Increasing the strain rate to
2  ×  10−2 s−1,  the  AlCuSc-C  alloys  displayed  a  reduction  in
flow stress, characteristic of a negative strain rate sensitivity
(SRS). Negative SRS is often reported in solution strength-
ening Al–Mg alloys with high Mg content, which can be ex-
plained in terms of dynamic strain aging (DSA) [138–139].
The high-density (Cu, Sc, vacancy)-rich atomic complexes in
the grain interior were strong obstacles to the moving dislo-
cations,  effectively increasing the opportunity for  the dislo-
cations  to  interact  with  each  other.  The  improved  moving
resistance of the dislocations could greatly promote the dislo-
cation  storage  ability  inside  the  nanosized  grains,  thus  re-
markably improving the strain hardening ability [140]. As a
consequence,  the  AlCuSc-C  alloys  had  a  remarkable
strength–ductility  synergy  (tensile  strength  ~570  MPa  and
uniform ductility ~8.5%). The negative SRS in the AlCuSc-C
alloy  could  be  rationalized  based  on  the  Kubin  and  Estrin
models [138–139].  The waiting time of pinned dislocations
spent  at  localized obstacles  (tw)  is  normally longer  than the
time spent by dislocations to move freely between obstacles
[141]. With a sufficient supply of solute atoms pinning dislo-
cations, the characteristic time for solute atoms diffusing to-
ward  the  temporarily  arrested  dislocations  at  localized
obstacles is td. The DSA occurs provided that tw and td have

 

300

200

100

0

Th
er

m
al

 in
sta

bi
lit

y 
te

m
pe

ra
tu

re
 / 

℃

0 10 100 1000

Equivalent strain

6061

7075

7150

2024

AlCu-R

AlCuSc-R

AlCuSc-C

(c)

0.6

0.4

0.2

0

−0.2

B
in

d
in

g
 e

n
er

g
y
 /

 e
V

1 vacancy

2 vacancies

(a)

Al Cu Sc V

0.10

0.05

0

−0.05

−0.10

H
ea

t 
fl

o
w

 /
 (

W
·g

−1
)

200100 300 400

Temperature / ℃

Coarse-grained

(b)

Cu–V

Sc–V 200 nm

AlCuSc-R
AlCuSc-C

Al–4Cu

Al–5Cu

Al–Cu
Al–Mg–Si
Al–Cu–Mg
Al–Zn–Mg–Cu

Fig.  13.     (a)  DFT-calculated  binding  energies  of  the  Cu–Sc–X (X =  1,  2)  vacancy  complex  (V  denotes  vacancy);  (b)  DSC heating
curves of  the AlCuSc-R, AlCuSc-C alloys,  and CG Al–Cu–Sc alloy,  where the inset  is  a  typical  bright-field TEM image of  the Al-
CuSc-C alloy aged at 175°C for 50 h; (c) statistical thermal instability temperatures of some typical cast Al alloys and AlCuSc-C al-
loy [39].

S.H. Wu et al., Review of Sc microalloying effects in Al–Cu alloys 1109



the same order of magnitude, i.e., the tw of arrested disloca-
tions allows the solute atoms to diffuse toward the disloca-
tions  and  then  efficiently  pin  them [142].  Due  to  the  small
size of (Cu, Sc, vacancy)-rich atomic complexes (~1–2 nm),
the atomic complexes could be sheared by the moving dislo-
cations.  The  released  high-density  vacancies  could  acceler-
ate the diffusion of Cu and Sc atoms toward the temporarily
arrested  dislocations.  In  addition,  due  to  the  strong binding
energy of the (Cu, Sc, vacancy)-rich atomic complexes, new

atomic complexes could form rapidly at the arrested disloca-
tions,  exerting  an  additional  stress  on  the  slipping  disloca-
tions.  However,  applying  a  much  higher  strain  rate  of  2  ×
10−2 s−1, there was insufficient time for the released vacancies
to promote the discrete Cu and Sc atoms diffusing toward the
arrested dislocations, i.e., tw is smaller than td. As a result, the
pinning effects of (Cu, Sc, vacancy)-rich atomic complexes
on the moving dislocations were reduced, thus reducing the
strain hardening ability of the AlCuSc-C alloy.
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The combination of liquid nitrogen HPT and Sc microal-
loying  effects  introduced  both  high-density  vacancies  and
large  quantities  of  (Cu,  Sc,  vacancies)-rich  atomic  com-
plexes in the nanocrystalline Al–Cu–Sc alloy. Such ordered
atomic  complexes  are  similar  to  the  extensively  studied
chemical short-range order in high-entropy alloys [140,143]
and  the  strengthening  and  irradiation-resistant  B2  phase
(Ni(Al,Fe) precipitates) in the ultrastrong steel [144–145]. 

6. Conclusions and perspectives

Sc, as an extensively applied microalloying element, has
been  shown  to  significantly  affect  the  microstructures  and
properties of Al alloys. Unlike only examining the microal-
loying  effects  in  CG  Al  alloys,  systematic  studies  on  the
length-scale dependent Sc microalloying effects in Al–Cu al-
loys disclosed in-depth the interactions between the microal-
loying element Sc and the alloying element Cu and structural
defects (e.g., vacancies), which can be applied to artificially
control the precipitation behaviors across the wide range of
grain sizes,  thus changing the mechanical properties,  corro-
sion properties, and thermal stabilities.

(1)  In  CG  Al–Cu  alloys,  minor  Sc  addition  arrested
quenching vacancies to seize Cu atoms, being arranged in the
Cu/Sc/vacancies  complexes  acting  as  heterogeneous  nuclei
for θ′ precipitation. The Cu content affected significantly the
dissolved Sc content in the matrix, i.e., a higher Cu content
resulting in a larger Sc solubility. Thus, Sc segregation at the
θ′/matrix interface exhibited a positive relation with the Cu

content,  which  effectively  inhibited  precipitate  growth  and
thus promoted the precipitation. In addition, interfacial Sc se-
gregation  shows  a  non-monotonic  aging  temperature  de-
pendence,  with  the  strongest  segregation  when  aging  at
250°C.  A  modified  heat  treatment  protocol  (additional  re-
gression  at  high  temperature  and  re-aging)  designed  to  re-
markably  increase  the  interfacial  Sc  segregation  to  a  high
level proved to be efficient at improving the creep resistance.

(2)  The  FG/UFG  Al–Cu  alloys  inevitably  showed  low-
temperature or even ambient catastrophic intergranular θ pre-
cipitation. Due to the much lower diffusivity of Sc atoms, the
formation  of  Cu/Sc/vacancies  complexes  in  the  FG/UFG
Al–Cu–Sc alloys refrained the Cu and vacancies from escap-
ing toward the grain boundaries, which promoted the desired
intragranular θ′  precipitation.  The  most  significant  Sc  mi-
croalloying  effect  was  found  in  the  UFG  Al–Cu–Sc  alloy,
where  the  interfacial  Sc  segregation  could  reach  ~12.0at%.
The high-density intragranular θ′ precipitates and high-level
interfacial Sc segregation endowed the UFG Al–Cu–Sc alloy
with an excellent combination of strength–ductility synergy
and pitting resistance.

(3) Applying high strain by liquid nitrogen HPT to form
nanocrystalline  Al–Cu–Sc  alloys,  the  formation  of  a  high-
density (Cu,  Sc,  vacancy)-rich atomic complexes with high
thermal stability, induced by the high retained vacancy con-
centration, suppressed the supersaturated solid solution from
decomposing  until  225°C.  The  homogeneously  distributed
(Cu,  Sc,  vacancy)-rich  atomic  complexes  obstructed  the
moving  dislocations  and  significantly  enhanced  the  strain
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hardening capacity. The intractable low-temperature precip-
itation and insufficient ductility in heat-treatable nanocrystal-
line  Al–Cu alloys  can be  overcome by the  length-scale  de-
pendent Sc microalloying effects assisted by the high-dens-
ity vacancies. 
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