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A transmission electron microscope and an atom probe tomography were used to quantitatively characterize the microstructural evolution of Al-XCu alloys (X ¼ 1.0, 1.5, and 2.5 wt%) with 0.3 wt% Sc
addition. A dual solute alloying/microalloying effect on the microstructural evolution was demonstrated.
On the one hand, the nucleation and coarsening of Al3Sc dispersoids displayed a Cu alloying effect. By
increasing the Cu content, both the Al3Sc disperoid size and the volume fraction decreased after solution
treatment. On the other hand, the precipitation of q0 -Al2Cu strengthening particles during aging treatment was promoted by Sc segregation at the q0 /matrix interfaces, showing a notable Sc microalloying
effect. The strongest interfacial Sc segregation was generated in the Al-2.5 wt%Cu-Sc alloy, resulting in the
most promoted q0 precipitation. The Sc partitioning between Al3Sc dispersoids and Sc segregation at the
q0 /matrix interfaces, tailored by the Cu content, impacted the mechanical properties and deformation
behavior at both room temperature and high temperature. The Al-2.5 wt%Cu-Sc alloy had a room
temperature yield strength of approximately 2.2 times that in its Sc-free counterpart and approximately
1.8 times that in the Al-1.5 wt%Cu-Sc alloy, which is rationalized by strengthening models. In addition,
the improvement in the high-temperature mechanical properties after Sc addition was discussed in
terms of the Sc segregation-induced high coarsening resistance of q0 precipitates.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Due to their attractive properties of low density and high
strength, aluminum (Al) alloys are the primary material of choice
for applications such as aircraft and automobiles, in which speciﬁc
strength (strength-to-weight ratio) is a major design consideration.
The high strength of heat-treatable aluminum alloys results from
the precipitation of excess alloying elements from supersaturated
solid solution to form ﬁne second-phase particles (termed precipitates) that act as obstacles to moving dislocations [1,2]. The
composition, manufacture technology, and heat treatment all affect
the precipitation evolution and, concomitantly, the strengthening
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response [3e5]. Artiﬁcially controlling the precipitates, including
size, number density, and distribution, is central for developing
advanced Al alloys that could achieve the desired level of
performance.
Microalloying is an effective approach to enhance the performance of Al alloys [6], in which the addition of minor microalloying
elements will greatly improve the mechanical properties. Generally, microalloying elements can be divided into two types: one
promotes the precipitation of hardening particles that are inherently precipitated in the Al alloys, and the other forms new precipitates that are additionally introduced. The former can be
exempliﬁed by some microalloying effects in Al-Cu alloys [6e14].
Trace elements of Sn, In, or Cd added into the Al-Cu alloys have
been well known to suppress low-temperature aging and enhance
age hardening at elevated temperatures by promoting the formation of q0 -Al2Cu precipitates at the expense of GP zones and q00 [7,8].
The possible mechanisms proposed for these microalloying effects
include (i) the Sn (In or Cd) atoms segregate to the precipitate/
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matrix interface and reduce the interfacial energy [8e10], or (ii)
facilitating heterogeneous nucleation of q0 either directly at Sn (In
or Cd)-rich particles [11] or indirectly at the dislocation loops
present in the as-quenched microstructure [12]. In a later study
[13], it was clearly revealed via atom probe ﬁeld ion microscopy
that heterogeneous nucleation of q0 -Al2Cu is the predominant
microalloying mechanism in the Sn (In or Cd)-modiﬁed AleCu alloys. Similarly, this mechanism is also responsible for the recent
ﬁndings [14,15] that minor additions of Si and Ge in Al-Cu increased
the hardness and produced a fast hardening rate when aged at
elevated temperature, where the ﬁrst formed Si-Ge precipitates
provide preferential nucleation sites for metastable q00 and then for
q0 phases.
A typical example of the second type of microalloying elements
is Sc. The addition of minor Sc atoms has been found to signiﬁcantly
increase the strength and preserve the recrystallization of Al alloys
[16e19]. The improvements are related to the formation of Al3Sc
particles, including Al3Sc dispersoids and Al3Sc precipitates [16].
Here, the Al3Sc dispersoids specially refer to the Al3Sc particles
formed during high-temperature processing of the alloy, such as
homogenization, hot-rolling or extrusion, whereas the Al3Sc precipitates refer to those formed during the aging process after solution treatment. Al3Sc dispersoids are very effective in preventing
recrystallization up to temperatures of approximately 350e400  C
[20]. By adding Sc and Zr in combination, the recrystallization
resistance of Al alloys can be further improved owing to the formation of more stable core-shell Al3(ScxZr1x) dispersoids [21e23].
The Al3Sc precipitates, coherent with the Al matrix, can induce a
signiﬁcant strength increase in the Al alloys [17,18,24]. Because the
Al3Sc particles (both dispersoids and precipitates) have excellent
thermal stability and the diffusion coefﬁcient of Sc solutes in Al is
relatively low (several orders of magnitude less than that of Cu and
Mg [16]), it is increasingly believed [25,26] that Sc microalloying
can extend the applications of Al alloys favorably at elevated temperatures. In contrast, the conventional Al-Cu- and Al-Mg-Si-based
series age-hardenable Al alloys usually have limited use at temperatures below 250  C, because the coarsening of precipitates is
very rapid at temperatures above 250  C [27e29].
Most recently, some of the present authors experimentally
found [30e33] that the Sc atoms can also promote the precipitation
of q0 phases in Al-Cu alloys. On the one hand, the high Sc-vacancy
interaction [34] facilitates the formation of Sc-vacancy pairs that
would be arranged in clusters with vacancies and multiple solute
atoms. The strong Sc-Cu interaction [35] then drives Sc-vacancy
clusters to seize Cu atoms. The Cu/Sc/vacancy complex clusters
are expected to act as preferential nucleation sites for q0 particles,
accelerating the formation of high-density precipitates. On the
other hand, the Sc atoms are apt to segregate at the coherent q0
precipitate/matrix interfaces [31,32]. The interfacial Sc segregation,
similar to previous ﬁndings of Si and Mg atoms segregated at q0
precipitate/matrix interfaces in Al-Cu alloys [36,37] and Ag atoms
segregated at U precipitate/matrix interfaces in Al-Cu-Mg-Ag alloys
[38], reduces the interface energy and concomitantly reduces the
driving force for precipitate coarsening. Solute segregation at precipitate/matrix interfaces is an important microalloying method to
tailor the precipitation and improve the hardening response and
the thermal stability of precipitates at elevated temperatures
[39,40].
Because the minor Sc addition into the Al-Cu alloys has two
microalloying effects, i.e., promoting the precipitation of inherent q0
hardening particles in particular by interfacial Sc segregation and
forming additional Al3Sc hardening particles, some questions are
naturally raised: (i) which is the dominant Sc microalloying effect
in the Al-Cu-Sc alloys? (ii) how does the Sc partitioning between
Al3Sc particles and segregation at the q0 precipitate/matrix
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interfaces inﬂuence the ﬁnal microalloying effect? and (iii) what
are the possible easy approaches to tailor the Sc partitioning in the
microalloyed Al-Cu-Sc alloys? Understanding these questions is
necessary for developing a fundamental framework for the material
design of advanced Al alloys microalloyed with Sc.
In this paper, systematical studies were performed to investigate
the effect of Sc addition on microstructural evolution and tensile
mechanical properties of Al-Cu alloys at room temperature (RT) and
elevated temperature. Both nanosized Al3Sc dispersoids and q0
precipitates were produced in the alloys after heat treatments,
which allowed the two Sc microalloying effects to coexist. The Cu
content was varied to change the Sc solute partitioning between
the Al3Sc dispersoids and Sc segregation at the q0 precipitate/matrix
interfaces. Inﬂuences of the two particles (Al3Sc dispersoids and q0
precipitates) on the RT mechanical properties were quantitatively
assessed to demonstrate their separate microalloying effects and
combined response. Attention was also paid to the microstructural
evolution at elevated temperatures and the possible cooperation or
competition between the two particles on the tensile mechanical
properties at elevated temperatures.
2. Experimental procedures
2.1. Material preparation and heat treatments
Alloys with compositions of Al-X wt% Cu alloys (X ¼ 1.0, 1.5, and
2.5, abbreviated Al-XCu alloys), Al-X wt% Cu-0.3 wt% Sc alloys (AlXCu-Sc), and Al-0.3 wt% Sc alloys (Al-Sc) were melted and cast in an
argon stream; 99.99 wt % pure Al, 99.99 wt % pure Cu, and Al-2.0 wt
% Sc master alloy were used. The cast ingots were homogenized at
723 K for 5 h and hot extruded at 723 K into plates 14 mm in
thickness and 60 mm in width. All the plates were subsequently
solutionized at 853 K for 3 h, quenched in cold water, and ﬁnally
aged at 523 K for 8 h. The maximum error of all temperature
measurements in the present experiments was ±1 K.
2.2. Microstructural characterizations
Microstructures of the alloys were characterized by using
transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM). TEM foils were prepared following standard electropolishing techniques for Al alloys. Quantitative measures of the
number density and size of the second phase particles (Al3Sc dispersoids and q0 precipitate) were reported as average values of
more than 300 measurements. The volume fraction of the second
phase particles was determined by employing a corrected projection method [5,41], in which the foil thickness of each captured
region was obtained through convergent beam electron diffraction
patterns [42]. Using the raw radius data of particles and the foil
thickness in each area, the radius distributions were calculated
after correction for the truncation effects based on a method by
Crompton et al. [43]. Details about the measurements can be found
in our previous publications [30,31,44,45].
To visibly reveal the microalloying mechanism at the atomic
level, atom probe tomography (APT) was performed using an Imago
Scientiﬁc Instruments 3000HR local electrode atom probe (LEAP).
APT sample blanks with a square cross-sectional area of approximately 300  300 mm2 and a length of 1 cm were prepared by a
combination of slicing and mechanical grinding. A two-step electropolishing procedure was used for making tips from these blanks
[46,47]. A 10 vol% perchloric acid in methanol solution was used for
coarse polishing, and the ﬁnal polishing was performed using a
solution of 2 vol% perchloric acid in butoxyethanol. APT data
collection using the electrical pulsing mode was performed at a
specimen temperature of 30 ± 0.3 K, with a voltage pulse fraction
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(pulse voltage/steady-state DC voltage) of 20%, a pulse repetition
rate of 200 kHz and a background gauge pressure of <6.7  108 Pa
(5  1010 torr).
2.3. Measurements of mechanical properties at RT and elevated
temperature
Tensile testing at room temperature was used to measure RT
yield strength (s0) and strain to fracture (εf) of the alloys. The
smooth, dog-bone-shaped tensile specimens have a gauge size of
6 mm in diameter and 30 mm in length, with the axis along the
extrusion direction. The testing was performed at a constant strain
rate of 5  104 s1 with the load direction parallel to the specimen
axis. The yield strength was determined as the 0.2% offset, and the
strain to fracture was determined as εf ¼ ln(Ao/Af), whereAo is the
initial area andAf is the area at fracture of the specimens. Hightemperature tensile testing was performed in air at 573 K at a
strain rate of 5  103 min1. The samples have a gauge size of
12.7 mm in diameter and 50 mm in length. During testing, a watercooled extensometer was placed on the gauge length. The tensile
strength ðsTt Þ and elongation to fracture ðεTe Þ were each measured.
All the samples were held at 573 K for 20 min before testing, and
the tensile testing at 573 K lasted for 15e25 min, depending on the
alloys.
3. Results
3.1. Microstructures
All alloys are coarse-grained after aging treatment. The Al-XCu
alloys have equiaxed grains with average size of 1.0e2.0 mm, independent of the Cu content. The Al-Sc and Al-XCu-Sc alloys have
equiaxed grains with average size of 0.3e0.6 mm, indicative of a
notable grain reﬁning effect induced by Sc addition. The other
characteristic microstructure features include Al3Sc dispersoids
and q0 -Al2Cu precipitates, which are remarkably evolved with the
heat treatments and compositions.
3.1.1. Al3Sc dispersoids after homogenization treatment
The Al3Sc dispersoids were initially produced during the homogenization treatment at 723 K Fig. 1 (a) - (d) show representative
TEM images of the Al3Sc dispersoids in the homogenized Al-Sc, Al1.0Cu-Sc, Al-1.5Cu-Sc, and Al-2.5Cu-Sc alloys, respectively. The vast
majority of the Al3Sc dispersoids in the Al-XCu-Sc and some in the
Al-Sc alloys were found to be coherent with the matrix, as judged
by using the Ashby and Brown contrast method [48] and following

the analyses of Iwamura and Miura [49]. HRTEM examinations also
provided more reliable information of the coherency, as typically
shown in Fig. 1 (e). The statistical results show that the average
radius ðrhd Þ of Al3Sc dispersoids after homogenization treatment is
approximately 22.8 nm (Fig. 1 (f)), 14.5 nm (Fig. 1 (g)), 16.1 nm (Fig. 1
(h)), and 18.8 nm (Fig. 1 (i)) for the Al-Sc, Al-1.0Cu-Sc, Al-1.5Cu-Sc,
and Al-2.5Cu-Sc alloys, respectively. The average size gradually
increases with Cu content in the Al-XCu-Sc alloys, but they all are
smaller than that of the Cu-free Al-Sc alloy within the present Cu
content range studied. The non-monotonic variation of rhd with Cu
content ranging from 0 to 2.5 wt% is visible in Fig. 1 (j). The number
density ðNhd Þ of the Al3Sc dispersoids displays an exactly reverse
dependence on Cu content, which increases ﬁrst from Cu ¼ 0 to
1.0 wt% and then decreases from Cu ¼ 1.0 wt% to 2.5 wt% (Fig. 1 (j)).
The total volume fraction ðf hd Þ of the Al3Sc dispersoids, however, is
almost the same (~0.8 vol%) in all four alloys, irrespective of the Cu
content.
3.1.2. Al3Sc dispersoids after solution treatment
The solution treatment, with the original aim to fully dissolve
the Cu atoms, was subsequently performed at 853 K. This temperature was 130 K greater than the homogenization temperature,
which actually has an impact on the existing Al3Sc dispersoids.
Fig. 2 (a)e(d) show representative TEM images of Al3Sc dispersoids
in the Al-Sc, Al-1.0Cu-Sc, Al-1.5Cu-Sc, and Al-2.5Cu-Sc alloys,
respectively, after solution treatment. All Al3Sc dispersoids lost
their coherency in all four alloys (as typically shown in Fig. 2 (e) in
HRTEM), and a number of misﬁt dislocations originating from the
Al3Sc dispersoid/matrix interface are evident. Statistical results
reveal that the Al3Sc dispersoids after solution treatment exhibit Cu
content-dependence (Fig. 2 (f)e(i)) much different from those after
the homogenization treatment. Both the average dispersoid size
ðrsd Þ and volume fraction (f sd ) of the solutionized Al-XCu-Sc alloys
are monotonically decreased with increasing Cu content (see Fig. 2
(j)), whereas before the solution treatment, rhd of the Al-XCu-Sc
alloys were monotonically increased with Cu content (Fig. 1 (j)),
and f hd was nearly unvaried.
Comparisons between the measured parameters of the Al3Sc
dispersoids before and after the solution treatment indicate that (i)
the number density is three orders of magnitude smaller after the
solution treatment; (ii) the average size is several times greater, and
(iii) the volume fraction is reduced by a factor of 3e4. The Al3Sc
dispersoid evolution during solution treatment is complicated,
involving the dissolution of a large part of the existing Al3Sc dispersoids and the coarsening of other surviving ones. The remarkable decreases in number density and volume fraction result from

Fig. 1. Representative TEM images showing the morphology and density of Al3Sc dispersoids in the Al-Sc (a), Al-1.0Cu-Sc (b), Al-1.5Cu-Sc (c), and Al-2.5Cu-Sc (d) alloys, respectively,
after homogenization treatment. The HRTEM image in (e) demonstrates the coherency of Al3Sc dispersoid/matrix interfaces in the Al-2.5Cu-Sc alloy. The corresponding statistical
results on Al3Sc dispersoid size distribution are shown in (f)e(i). The dependence of average Al3Sc dispersoid size ðr hd Þ and number density ðNdh Þ on Cu content is presented in (j).
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Fig. 2. Representative TEM images showing the morphology and density of Al3Sc dispersoids in the Al-Sc (a), Al-1.0Cu-Sc (b), Al-1.5Cu-Sc (c), and Al-2.5Cu-Sc (d) alloys, respectively,
after solution treatment. The HRTEM image in (e) demonstrates the incoherency of Al3Sc dispersoid/matrix interfaces in the Al-2.5Cu-Sc alloy. The corresponding statistical results
on Al3Sc dispersoid size distribution are shown in (f)e(i). The dependence of average Al3Sc dispersoid size ðr sd Þ and volume fraction ðfds Þ on Cu content is presented in (j).

the dispersoid dissolution, whereas the size increase is due to the
dispersoid coarsening. However, the Cu-dependent Al3Sc dispersoid evolutions during solution treatment are somewhat unexpected by comparing Fig. 2 (j) with Fig. 1 (j). The possible reason is
that Cu affects the solid solubility of Sc in the Al matrix. The
addition of Cu atoms may improve the solution of Sc in Al, reducing
the degree of supersaturation and hence the available Sc atoms for
Al3Sc dispersoid growth. These explain the present ﬁndings of Cudependent rhd and f hd . However, no studies have been reported about
the Cu effect on the solid solubility of Sc in Al, so further work is
needed in the future to provide more sound support.
To summarize the evolution of Al3Sc particles observed here:
the nucleation and coarsening of Al3Sc dispersoids, both coherent
and incoherent, are strongly dependent on the Cu content, which
may be references for the artiﬁcial controlling of the Al3Sc particles
in Al-Sc alloys with “Cu alloying”. In the present paper, however, we
will focus on the Cu-dependent formation of q0 -Al2Cu precipitates.
3.1.3. q0 -Al2Cu precipitates after aging treatment
Fig. 3(a)e(f) show a representative TEM image of the q0 -Al2Cu
precipitates in the Al-XCu (Fig. 3(a), (c), and (e)) and Al-XCu-Sc
(Fig. 3(b), (d), (f)) alloys after aging treatment. The precipitation
in both Al-XCu and Al-XCu-Sc alloys is strongly dependent on the
Cu content, and the effect of Sc addition is also evident. When the
Cu content is only 1.0 wt%, no q0 precipitates are observed in the AlCu alloy (Fig. 3(a)) owing to a lack in the Cu supersaturation,
whereas in the Al-Cu-Sc alloy, a few q0 -Al2Cu plates are heterogeneously precipitated on the Al3Sc/matrix interfaces, forming
“enclosed” structures as indicated in Fig. 3(b). The preferential
nucleation of q0 precipitates on the {100} facets of Al3Sc dispersoids
has been discussed in detail in our previous publication [30], which
is not repeated here. Because these q0 -Al2Cu precipitates are not
dispersed in the Al matrix and have plate size near the diameter of
Al3Sc dispersoids, they were NOT included in the statistical
parameter analyses. By increasing the Cu content to 1.5 wt%, some
q0 particles are found to be homogenously precipitated in both the
Al-Cu and Al-Cu-Sc alloys; see Fig. 3(c) and (d). The precipitates in
the Al-Cu-Sc alloy have average size ðrp Þ and number density (Np)
near those in the Sc-free Al-Cu alloy (see the statistical results in
Fig. 3(g) and (h)), indicative of a slight Sc microalloying effect on the
q0 -Al2Cu precipitation in this Cu content. However, the q0 precipitation is notably promoted by the Sc addition when the Cu content
is up to 2.5 wt%. A comparison between the TEM images (Fig. 3(e) vs
(f)) visibly shows that the minor Sc addition greatly reduces the q0
precipitate size and increases the number density. The statistical
results (Fig. 3(g) and (h)) also quantitatively reveal that rp is

reduced by approximately 40% and Np is increased by approximately 80% after the Sc addition. The q0 precipitation promoted by
Sc atoms is related to the Sc-aided formation of Cu/vacancy clusters
[30] and the Sc segregation at the q0 /matrix interface inhibiting the
precipitate growth [31]. Next, APT results are presented to
demonstrate the effect of Sc solute partitioning, induced by Cudependent Al3Sc dispersoid formation, on the interfacial Sc
segregation.
Fig. 4(a) and (b) are APT element maps of the aged Al-1.5Cu-Sc
alloy, in which the cross section of a q0 precipitate is positioned
for quantitatively detecting the Sc distribution. Sc segregation at
the q0 /matrix interfaces is obvious. The corresponding composition
proﬁle is displayed in Fig. 4(c). The solid vertical line in Fig. 4(c)
indicates the location of the heterophase interface between the Al
matrix and the q0 platelet, which is at the inﬂection point of the Al
concentration proﬁle. The spatial concentration proﬁles of the q0
platelet and Al matrix are displayed on the right- and left-hand
sides of this line, respectively. A high Sc concentration of approximately 0.3 at.% is shown at the interface, which is ~5 times the Sc
concentration within Al matrix (estimated to be ~0.06 at.% from the
APT analyses). This quantitatively veriﬁes the noticeable Sc aggregation at the coherent broad face of the q0 precipitate. Biswas et al.
[37] experimentally found that the Mg and Si segregation at the
semi-coherent interface of q0 precipitate is double that at the
coherent interface, showing a stronger segregation potential at the
semi-coherent interface. Unfortunately, in present investigations,
no APT detection has been encountered at the semi-coherent
interface. This is mainly because the q0 precipitates have large
size in diameter, so it is difﬁcult to meet the semi-coherent interface in APT examinations. However, it is reasonably believed that
the Sc segregation at the semi-coherent interface of the q0 precipitates is greater than that at the coherent interface, similar to
what was observed in Biswas et al. [37].
Similarly, the cross-sectional composition proﬁle of q0 precipitate in the Al-2.5Cu-Sc alloy has also been examined. Fig. 4(d)
presents only the Sc concentration across the q0 /matrix interface
(inset is the corresponding APT image). In this alloy, the Sc concentration at the interface is up to ~0.8 at.%, more than double that
in the Al-1.5Cu-Sc alloy. As discussed later, the Sc segregation at the
precipitate/matrix interfaces will reduce the interfacial energy
(driving force for growth/coarsening) and hence markedly inhibit
the precipitate growth/coarsening. This can explain why the Sc
microalloying effect on the q0 precipitate growth/coarsening is
much more signiﬁcant in the Al-2.5Cu-Sc alloy than in the Al-1.5CuSc alloy because the interfacial Sc segregation is quite different
between the two alloys. Another question raised here is the
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Fig. 3. Representative TEM images showing the size and distribution of q0 precipitates in the Al-XCu (a: 1.0 wt% Cu, c: 1.5 wt% Cu, e: 2.5 wt% Cu) and Al-XCu-Sc (b: 1.0 wt% Cu, d:
1.5 wt% Cu, f: 2.5 wt% Cu), respectively, after aging treatment. The dependence of average q0 precipitate radius ðrp Þ and number density (Np) on the Sc addition is shown in (g) and
(h), respectively, in the different Cu contents. Heterogeneous nucleation of q0 precipitates on the Al3Sc dispersoid/matrix interfaces is indicated by the arrow in (b) and (d).

Fig. 4. (a) 3DAP maps showing a sectioned q0 precipitate and distribution of Al, Cu, and Sc atoms in the Al-1.5Cu-Sc sample (green ¼ Al atoms, orange ¼ Cu atoms, blue ¼ Sc atoms,
dimensions: 20  20  40 nm3). Only Cu and Sc atoms are presented in (b) to visibly reveal the Sc segregation at the q0 /matrix interfaces. The corresponding proxigram is shown in
(c), where the solid vertical line indicates the location of the heterophase interface between the q0 precipitate and matrix. (d) shows the proxigram of Sc across the q0 /matrix
interface in the Al-2.5Cu-Sc sample, where the inset is the corresponding 3DAP image with dimensions of 15  15  30 nm3. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

following: In the same Sc addition, one may infer that the more q0
precipitates, the lower the interfacial Sc segregation. Why does the
Al-2.5Cu-Sc alloy, which contains more q0 precipitates, display a
higher interfacial Se segregation compared with the Al-1.5Cu-Sc
alloy? The answer is that more Sc atoms in the Al-1.5Cu-Sc alloy
have been consumed to form Al3Sc dispersoids during solution

treatment, and the Sc atoms available for interfacial segregation are
concomitantly decreased. This was experimentally veriﬁed by the
APT statistical results, as displayed in Table 1. In this table, the
fractions of Sc atoms (fraction of Sc atoms among the total Sc atoms,
d
% Sc atoms) in the matrix ðcm
Sc Þ, in the Al3Sc dispersoids ðcSc Þ, and at
the q0 /matrix interface ðcint
Þ
are
respectively
shown
for
comparison.
Sc
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Table 1
d
0
The fraction of Sc atoms in the matrix ðcm
Sc Þ, the Al3Sc dispersoids ðcSc Þ, and at the q /
0
matrix interface ðcint
Sc Þ and the equivalent Sc concentration (CSc) within the q
volume.
Alloys

cm
Sc (% Sc)

cdSc (% Sc)

cint
Sc (% Sc)

CSc (at.%)

Al-1.0Cu-Sc
Al-1.5Cu-Sc
Al-2.5Cu-Sc

100
90.97
90.40

0
6.75
2.01

0
2.28
7.59

0
0.29
0.59

Note:
d
int
(i)cm
Sc þ cSc þ CSc ¼ 100% Sc atoms (in atomic percentage).
(ii)CSc is the equivalent Sc concentration (at.%) within the q0 phase volume.

d
int
Here, sum of cm
Sc , cSc , and cSc equals to the total Sc atoms in the alloy,
d þ cint ¼ 100% Sc atoms. The sum of cd and cint in the
i.e., cm
þ
c
Sc
Sc
Sc
Sc
Sc
Al-1.5Cu-Sc alloy is almost the same (~10% Sc atoms) as in the Al2.5Cu-Sc one. Note that the cdSc for forming Al3Sc dispersoids is
0
much greater in the Al-1.5Cu-Sc alloy, and cint
Sc for the q /matrix
interfacial segregation is correspondingly decreased.
At this point, it is necessary to clarify that the Sc segregation at
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the q0 /matrix interfaces is thermodynamically driven through the
active diffusion of Sc atoms from surrounding areas, and not by
repulsion from the q0 phases. We use the Sc atoms at the q0 /matrix
0
interfaces, cint
Sc , and the volume fraction of q phases, fp, to estimate
the equivalent Sc concentration (CSc, at.%) within the q0 phase volume. It yields CSc~0.29 at.% in the Al-1.5Cu-Sc and ~0.59 at.% in the
Al-2.5Cu-Sc alloys (Table 1), both are much greater than the nominal Sc concentration in the alloys (0.3 wt% or 0.18 at.%). This undoubtedly veriﬁes that the Sc atoms segregated at the q0 /matrix
interfaces are much more than those possibly repelled from the q0
phases, indicative of a kinetically driven process.
To summarize this section, the Sc solute partitioning between
Al3Sc dispersoids and interfacial segregation that, as revealed here,
is artiﬁcially tailored by the Cu content has an impact on the q0
precipitation and coarsening.
3.1.4. q0 -Al2Cu precipitates after high-temperature testing
After tensile testing at 573 K, the Al3Sc dispersoids were found
to have no change in all Sc-containing alloys, and no homogeneous

Fig. 5. Representative TEM images showing the size and distribution of q0 precipitates in the Al-1.5Cu (a), Al-1.5Cu-Sc (b), Al-2.5Cu (c), and Al-2.5Cu-Sc (d), respectively, after tensile
testing at 573 K. The relative increase in the average q0 precipitate radius caused by 573 K tensile testing is shown in (e) for comparison. The aspect ratio of the q0 precipitates before
and after 573 K tensile testing is shown in (f) for comparison.
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precipitation of q0 particles was observed in either the Al-1.0Cu or
Al-1.0Cu-Sc alloys. In the alloys with higher Cu content, however,
the existing q0 precipitates coarsened to different extents,
depending on the Sc addition and Cu content. Fig. 5(a)e(d) show
representative TEM images of q0 precipitates in the Al-1.5Cu, Al1.5Cu-Sc, Al-2.5Cu, and Al-2.5Cu-Sc alloys, respectively. In the Scfree alloys, the average radius is increased by approximately 40%
in the Al-1.5Cu alloy and approximately 70% in the Al-2.5Cu alloy
(Fig. 5(e)), after the high-temperature testing. High precipitate
coarsening is clearly demonstrated. In the Sc-added alloys, however, there is only a 16% increase in the Al-1.5Cu-Sc and 10% in the
Al-2.5Cu-Sc alloy (Fig. 5(e)). The strongly restrained coarsening in
the radius direction affected the aspect ratio (A ¼ 2 rp/hp, hp:
thickness of q0 precipitates) of the q0 precipitates. Before the hightemperature testing, the q0 precipitates in the Sc-added alloys had
an aspect ratio almost equal to that in the Sc-free alloys. After the
high-temperature testing, however, the aspect ratio was apparently
increased in the Sc-free alloys while remaining almost unchanged
in the Sc-added alloys; see Fig. 5(f). The high coarsening resistance
at the elevated temperature is related to the interfacial Sc segregation, which means that the Al-Cu alloys after the addition of
minor Sc could be applied at a temperature up to 573 K.
3.2. Tensile mechanical properties
3.2.1. Room-temperature properties
Fig. 6(a) and (b) present representative engineering stressestrain curves of the Al-XCu, Al-XCu-Sc, and Al-Sc alloys tensile
tested at RT. Dependences of the RT yield strength (s0) and fracture
strain (εf) on the Sc addition are shown in Fig. 6(c) and (d),
respectively, as a function of the Cu content. The yield strength
increases with increasing Cu content in both the Al-XCu and AlXCu-Sc alloys. The Sc microalloying effect on strengthening is
notable. At X ¼ 1.0 and 1.5 wt%, the Sc addition causes an increase of
approximately 70 MPa in s0, whereas at X ¼ 2.5 wt%, the increase in
s0 is increased to approximately 120 MPa after the Sc addition
(Fig. 6(c)). This is consistent with the microstructural analyses in
which the most signiﬁcant Sc microalloying effect on precipitation
is observed in the Al-2.5Cu-Sc alloy.
The ductility displays Cu- and Sc-dependences contrary to the
yield strength. The fracture strain decreases with increasing Cu
content, and the Sc addition further reduces the fracture strain; see
Fig. 6(d). The formation of Al3Sc dispersoids accompanying the Sc
addition is responsible for the Sc-induced reduction in ductility,
which will be discussed later.
3.2.2. High-temperature properties
Fig. 6(e) and (f) show tensile strength ðsTt Þ and elongation to
fracture ðεTe Þ of the alloys tested at 573 K, respectively. The
dependence of sTt on Cu content and Sc addition is similar to that of
the RT yield strength. However, the increase in sTt caused by Sc
addition is only approximately 20 MPa at X ¼ 1.0 and 1.5 wt%,
whereas at X ¼ 2.5 wt%, the increase in sTt caused by Sc addition can
still maintain a high level of approximately 120 MPa, which is
related to the high coarsening resistance of q0 precipitate at the high
temperature.
Basically, the dependence of εTe on Cu content and Sc addition is
similar to that of the RT fracture strain. An interesting phenomenon
is that in the high-temperature testing, the difference in εTe between
the Al-XCu and Al-XCu-Sc alloys is gradually reduced with
increasing Cu content, and ﬁnally, at X ¼ 2.5 wt%, the alloys with
and without Sc addition have almost the same εTe . This indicates
that the Sc addition into Al-Cu alloys can greatly improve the hightemperature strength while sacriﬁcing no high-temperature
ductility, provided that the composition is optimized.

4. Discussion
In the foregoing section, we have presented experimental results that Sc addition into the Al-Cu alloys resulted in the formation
of Al3Sc dispersoids and Sc segregation at q0 /matrix interfaces. The
Sc partitioning between Al3Sc dispersoids and interfacial Sc
segregation was dependent on the Cu content. The most signiﬁcant
Sc microalloying effects on promoting the q0 precipitation,
enhancing the q0 coarsening resistance, and improving the mechanical properties were found in the Al-2.5Cu-Sc alloy. In this
section, the inﬂuence of Cu-dependent interfacial Sc segregation on
the precipitate coarsening and aspect ratio evolution will be discussed in terms of the reduction in interfacial energy caused by Sc
segregation. In addition, strengthening models will be developed to
demonstrate the separate and coupling effect of Al3Sc dispersoids
and q0 precipitates on RT yield strength, and clarify the dominant Sc
microalloying mechanism for the improvement of mechanical
properties.
4.1. Effect of interfacial Sc segregation on the q0 precipitate
coarsening
Solute atoms that segregate to the grain boundaries can lower
the grain boundary energy, for which some thermodynamic models
have been developed [39,40,50e52]. Similarly, it was theoretically
manifested that the segregation of solute atoms at the precipitate/
matrix interface could reduce the interfacial free energy [39,40]. In
Al-Cu alloys, Seidman's group [36,37,53,54] experimentally characterized the Si solute segregation at q0 /Al matrix interfaces by
using APT and also proposed a thermodynamic method that evaluated the reduction in interfacial free energy (up to ~  64 mJ/m2 at
the semi-coherent interfaces [37]) caused by the Si segregation.
Their model was based on the assumption that the atomic density
in the APT reconstructions is constant. Here in present work,
however, the atomic density proﬁle through a q0 precipitate
revealed that the atomic density in the precipitate is much lower
than in the matrix, see Fig. 7. This is possibly related to the timecontrolled electric-ﬁeld-induced desorption and ionization, a
complex process known as ﬁeld evaporation, of atoms from the
specimen surface in APT [55e57]. Differences in the electric ﬁeld
required to induce ﬁeld evaporation between phases within an
atom probe specimen cause development of local curvature at the
specimen surface, which induces local magniﬁcation effects and
trajectory aberrations [58]. The evaporation ﬁeld of q0 precipitates is
higher than that of the matrix [57], and hence the atomic density
within the tomographic reconstruction of the precipitates is much
lower, as observed in present results (Fig. 7). Since these uncorrected results fall outside the assumption of constant atomic density, it is inaccurate to quantitatively evaluate the Sc segregationinduced reduction in q0 /matrix interfacial energy (D g) by
following Seidman et al.'s model. But the interfacial Sc segregation
is evident and the interfacial energy will be deﬁnitely decreased,
similar to the interfacial Si segregation in Seidman group's work
[36,37].
Kirchheim's thermodynamic calculations [59] showed that solute segregation at the grain boundary can reduce the grain size of
polycrystalline materials and take advantage of the hardening effect of grain boundaries. The inhibition of grain growth is mainly
related to the reduction in the driving force for grain coarsening (a
result of decreased grain boundary energy) rather than the solute
drag effect [59]. Theoretical predictions [39,40] also argued that
excess solute at the precipitate/matrix interface can stabilize the
size of precipitates. These calculations support our present experimental results in which precipitate size is reduced when Sc is
added and segregated at the precipitate/matrix interface, especially
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Fig. 6. Representative engineering stressestrain curves of the Al-XCu and Al-Sc (a) and Al-XCu-Sc (b) alloys tensile tested at RT. The dependences of the RT yield strength (s0) and
fracture strain (εf) on the Sc addition are shown in (c) and (d), respectively, as a function of the Cu content. (e) and (f) are the tensile strength ðsTt Þ and elongation to fracture ðεTe Þ of
the alloys tensile tested at 573 K, respectively. The dash lines in (c)e(e) represent the strength or ductility of the Al-Sc alloy, which is independent of the Cu content.
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in the Al-2.5Cu-Sc alloy where the strongest interfacial Sc segregation or the largest decrease in interfacial energy is accompanied
by the most pronounced reduction in precipitate size.

The aging temperature in the present study is somewhat high at
523 K, where the q0 precipitates will coarsen when aged for 8 h.
Boyd et al. [9] modiﬁed the LifshiteSlyozoveWagner (LSW)
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analytical model [60,61] and proposed the following equation to
describe the coarsening of plate-like precipitates:

radius, interparticle spacing, aspect ratio, and volume fraction of
the plate-like q0 precipitates:

 3  0 3 K gSCI DCu ceCu
ðt  t0 Þ;
rp  r p ¼
RT

p rp

 2

(1)

where r p and r 0p are the average q0 radius at aging times t and t0,
respectively; K is a constant; R is the gas constant; gSCI is the
interfacial energy of the semi-coherent q0 /matrix interface
(~520 mJ/m2 [62]); and ceCu is the equilibrium concentration of Cu in
Al matrix at aging temperature T. In the present aging treatment,
t0 ¼ 0 and r 0p ¼ 0. Assuming that DCu and ceCu are slightly affected by
the Sc addition, r 3p can be simply regarded to scale with gSCI. In the
Al-Cu-Sc alloys with interfacial Sc segregation, the precipitate
coarsening will be signiﬁcantly suppressed due to the reduced gSCI.
The more intense is the Sc segregation, the lower is the interfacial
energy, and hence the higher is the coarsening resistance. This is
the reason that the Al-2.5Cu-Sc alloy displayed the more signiﬁcant
microalloying effect in restricting the precipitate coarsening than
its Al-1.5Cu-Sc counterpart.
4.2. Effect of interfacial Sc segregation on the aspect ratio of q0
precipitates
It is well known that the strengthening response of precipitates
is dependent on the precipitate size, volume fraction, and interparticle spacing (Lp) [1e5]. For plate-like precipitates such as the q0
precipitates in Al-Cu alloys, the aspect ratio can also affect the
strengthening response. Nie and Muddel's work [63] showed that
the increment in yield strength induced by the q0 precipitates is
increased by elevating the precipitate aspect ratio in the case of
ﬁxed precipitate volume fraction and number density. In addition,
the aspect ratio of plate-like q0 precipitates will have a substantial
effect on the precipitate coarsening resistance especially when
exposed to high temperatures. Looking in the <100> direction, the
{100}a-oriented q0 precipitates display two orthogonal variants,
possibly forming a semi-enclosed “rectangle” structure. When the
diffusion zone surrounding a precipitate impinges with those of
two other vertical precipitates at two ends (see the inset in Fig. 8),
coarsening of the precipitate will cease even at high temperatures.
It is a critical condition that 2 rp  Lp corresponds to the full inhibition of precipitate coarsening. From this viewpoint, the combined parameter of r p =Lp can be used to approximately characterize
the susceptibility of a precipitate soft-impinged by two vertical
precipitates. According to the simple relationship among the

0.6
fp = 2.0%
fp = 3.0%

rp / λp

0.5

fp = 4.0%

L3p

¼

 3
2 p rp
¼ fp ;
A L3p

(2)

r p =Lp can be expressed as a function of A:

rp
¼
Lp

rﬃﬃﬃﬃﬃﬃﬃﬃ
3 A fp
:
2p

(3)

At ﬁxed fp, r p =Lp increases with increasing A (Fig. 8). This hints
that the precipitates with a larger A are more possibly softimpinged by neighboring precipitates, leading to coarsening
resistance.
The aspect ratio of plate-like precipitates is also dependent on
the precipitate/matrix interfacial energy and hence on the interfacial solute segregation. As proposed by Boyd et al. [9], the aspect
ratio of plate-like precipitates is written as

A ¼ Ae þ

p B hp
;
12 gCI

with

B¼

3Gε
;
2 ð1  nÞ

(4)

where Ae is the equilibrium aspect ratio (~25 [9]), B is a function of
the elastic strain ε between the precipitate and the matrix, G and n
are the shear modulus and Poisson's ratio of the Al matrix, and gCI is
the interfacial energy of the coherent q0 /Al matrix interfaces. From
the above equation, it is inferred that the smaller gCI is, the greater A
is, provided that hp is ﬁxed. In the present aged alloys, however, the
Al-XCu-Sc alloys have almost the same value of A as the Al-XCu
alloys (X ¼ 1.5 and 2.5 wt%) although they have different hp
values, see Fig. 5(f). This is because, in the Al-XCu-Sc alloys, the
reduction in gCI caused by interfacial Sc segregation is actually
compensated by a thinner hp, which makes hp/gCI nearly unchanged. After high-temperature tensile testing, the increase in A in
the Al-XCu alloys is attributed to a greater increase in rp than in hp,
whereas in the Al-XCu-Sc alloys, the increase in both sizes is highly
suppressed owing to the interfacial Sc segregation-induced high
coarsening resistance. As a result, the precipitates therein have an
almost unchanged aspect ratio (Fig. 5(f)). Here, it should be noted
that the Al-2.5Cu-Sc alloy, although having a smaller A than the Al2.5Cu alloys, has greater strength than its Sc-free counterpart. This
is not contrary to the conclusion by Nie et al. [63] as mentioned
above. In their work [63], the conclusion was drawn by assuming a
ﬁxed precipitate number density, whereas in the present work, the
precipitate number density in the Al-2.5Cu-Sc alloy is much greater
than that in the Al-2.5Cu alloy. We can then say that, in this case of
different precipitate number density, the number density (or
interparticle spacing), rather than the aspect ratio, dominates the
strengthening response.
4.3. The effect of Sc partitioning on the strengthening response at RT
0
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Fig. 8. Variation of r p =Lp with the aspect ratio (A) of q0 precipitates at different volume
fractions of fp. The parameter of Lp is deﬁned in the inset.

In this section, the coupling effect of Al3Sc dispersoids and the q
precipitates on the strengthening response, modulated by the Cudependent Sc partitioning, will be quantitatively analyzed. The
main motivation is to reveal which one is the predominant
strengthening mechanism, with which the Sc partitioning could be
artiﬁcially tailored by adjusting the Cu addition to achieve more
improved strength. Before modeling the complex coupled
0
strengthening of Al3Sc dispersoids and the q precipitates in the AlXCu-Sc alloys, it is better to ﬁrst model the single Al3Sc dispersoid
0
strengthening in the Al-Sc alloy and the single q precipitate
strengthening in the Al-XCu alloys, respectively, which can provide
references to the modeling in the Al-XCu-Sc alloys.
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s0 ¼ si þ sSc
ss þ sd ;

(5)

where si is the intrinsic strength of pure Al (~30 MPa [5]). For the
spherical Al3Sc dispersoids, sd is written by Ref. [18].

sd ¼

 s
2 rd
0:4 M G b
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ln
;
b
p lsd 1  n

250

=

¼ qSc cSc ;
3

s0 ¼ si þ sCu
ss þ sp

(8)

For the {100}a plate-like q0 precipitates, sp can be expressed as
[5,66].
1
1
0:13, M G b
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  fp 2 þ 0:75ðA=2Þ 2
2 rp hp


3
0:158 rp
;
þ 0:14 ðA=2Þfp 2 ln
r0

=

(9)

=

=

where r0 is the inner cut-off radius for the calculation of dislocation
line tension (~0.572 nm [67]) and all other parameters have been
deﬁned. The solid solution strengthening sCu
ss is expressed as follows [65]:
2

=

3
sCu
ss ¼ qCu cCu ;

(10)

with qCu ¼ 46.4 MPa/wt%2/3 [64]. Using the experimental measurements on the size, aspect ratio, and volume fraction of q0 precipitates, the predicted s0 of the Al-XCu alloys is compared with the
experimental measurements (square dots in Fig. 9(a)) and a good
agreement is also observed.
In the Al-XCu-Sc alloys (X ¼ 1.5 and 2.5 wt%), however, the Al3Sc
dispersoids and q0 precipitates coexist. There is a coupling effect
between the two particles on the yield strength. Both are
unshearable particles, and the yield strength is given by Ref. [68].

s0 ¼ si þ

X

sjss þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s2d þ s2p :

50

ð j ¼ Sc or CuÞ

(11)

j

where cCu or cSc is measured from the APT examinations to avoid

50
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200

250

Calculated σ0 (MPa)
5

(7)

where cSc is the Sc concentration in the matrix that can be estimated by subtracting the solute atoms in either the Al3Sc dispersoids or the q0 precipitates from the total solute addition, and qSc is
the corresponding scaling factors (qSc ¼ 82.5 MPa/wt%2/3 [16]). The
yield strength of Al-Sc can be then predicted by using Eqs. (5)(7).
Fig. 9(a) shows the experimentally measured vs. predicted yield
strength of the Al-Sc alloy (triangle dot). The prediction is in good
agreement with the experimental result.
As to the Al-XCu alloys, the main strengthening mechanisms are
the q0 precipitate strengthening (sp) and Cu solid solution
strengthening ðsCu
ss Þ.

sp ¼

100

0
0

(b)

4

σ p / σd

2

150

(6)

where M is the Taylor factor (~3.1); G, b, and n are the shear
modulus (28 GPa [5]), Burgers vector (0.286 nm [5]), and Poisson's
ratio (0.34 [5]) of the Al matrix, respectively; and r sd and lsd are the
average size and interparticle spacing of the Al3Sc dispersoids after
solution treatment, respectively. sSc
ss is given by Ref. [65].

sSc
ss

(a)

Al-Sc alloy
Al-XCu alloys
Al-XCu-Sc alloys

200
Measured σ0 (MPa)

The strengthening mechanisms in the present Al-Sc alloy mainly
include Al3Sc dispersoid strengthening (sd) and Sc solid solution
strengthening ðsSc
ss Þ. Because the grains are very large, the grain
boundary strengthening can be ignored. RT yield strength (s0) of
the Al-Sc alloy can be expressed as [64]:
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Fig. 9. (a) Experimental and calculated yield strength (s0) of the three types of alloys.
(b) The ratio of precipitate strengthening contribution (sp) to the dispersoid
strengthening contribution (sd) in the Al-1.5Cu-Sc and Al-2.5Cu-Sc alloys.

the overestimation due to Sc atoms segregated at the precipitate/
matrix interfaces. The calculations on yield strength of the Al-XCuSc alloys ﬁt well with the experimental ones, see the circle dots in
Fig. 9(a). This indicates that the strengthening models above are
able of describing the strengthening response of the Al-Sc, Al-Cu,
and Al-Cu-Sc alloys, respectively, in a quantitative manner.
Further, the relative contribution of q0 precipitate strengthening
(sp) and of Al3Sc dispersoid strengthening (sd) in Al-XCu-Sc alloys is
characterized by using the ratio of sp to sd, see Fig. 9(b). Increasing
the Cu content from 1.5 to 2.5 wt%, sp/sd is rapidly increased from
approximately 1.66 to greater than 4.13. The Sc partitioning between the Al3Sc dispersoids and interfacial Sc segregation on the
strengthening response is evident and the dominant microalloying
mechanism on the strength is the Sc segregation-related precipitate strengthening.

5. Conclusions
(1) In the Al-Cu alloys microalloyed with Sc, the Al3Sc dispersoids nucleated and coarsened during homogenization and
solution treatments. The dispersoid evolution is strongly
dependent on the Cu content. By increasing the Cu content
within the present studied range from 0 to 2.5 wt%, both the
size and volume fraction of the Al3Sc dispersoid decreased
after solution treatment, causing the amount of dissolved Sc
atoms to increase.

78

C. Yang et al. / Acta Materialia 119 (2016) 68e79

(2) The q0 precipitation is most promoted in the Al-2.5Cu-Sc
alloy, which is related to the pronounced Sc atom segregation at the q0 /matrix interfaces. The difference in available Sc
atoms is responsible for the higher interfacial Sc segregation
in the Al-2.5Cu-Sc than in the Al-1.5Cu-Sc. The Sc solute
partitioning is critical to control the tradeoff between the
Al3Sc dispersoids and q0 precipitation.
(3) The Sc segregation reduces the interfacial energy and the
reduced interfacial energy results in a high coarsening
resistance of q0 precipitates in the Al-2.5Cu-Sc alloy and
concomitantly much improved strength at both room temperature and high temperatures.
(4) Strengthening models have been used to account for the
separate and coupling contributions of Al3Sc dispersoids and
q0 precipitates to the yield strength of the Al-Sc, Al-Cu, and
Al-Cu-Sc alloys, respectively. The strengthening contributions are strongly dependent on the Sc partitioning between
the Al3Sc dispersoids and q0 precipitates.
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