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a b s t r a c t   

The Al-Mg-Si alloys added with trace Sc demonstrates an improved thermal stability, as compared with that 
without Sc-addition. But the microstructural origin of the enhanced property is unclear. In the present 
study, the precipitates formed in an Al-Mg-Si-Sc alloy were studied in detail by atomic-resolution scanning 
transmission electron microscopy. It is shown that the dominant precipitates formed at the peak-aging 
condition are the disordered β" precipitates consisting of Sc-free β" sub-units and Sc-containing disordered 
regions, rather than the well-ordered β". Upon further aging, these disordered β" precipitates will evolve to 
β"/β'/B′/U2 composite precipitates. The formation of the composite precipitates is probably associated with 
the strong binding between Sc and Si atoms, and with the non-preference for Sc atoms to occupy the atomic 
sites of the β"-structure. Our study reveals the following: It is the formation of stabilized β"-related com-
posite precipitates that enhances the thermal stability of the Sc-added Al-Mg-Si alloy. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

The heat-treatable Al-Mg-Si alloys (known as 6xxx series) have 
been widely used in automobile and aviation industries due to their 
good formability, high strength-to-weight ratio, and low cost [1]. 
Nano-sized metastable precipitates formed in the Al-matrix with 
different crystal structures, sizes, number densities and volume 
fractions have a direct impact on the mechanical properties of Al 
alloys. The precipitation sequence of Al-Mg-Si alloys is commonly 
described as [2,3]: supersaturated solid solution (SSSS) → atomic 
clusters → GP zones → β" → β' (/B′/U1/U2) → β. The needle-like 
monoclinic β" phase, mostly formed at the peak-aging condition, is 
regarded as the most effective hardening precipitate in Al-Mg-Si 
alloys [4–6]. Its composition is normally accepted as Mg5Si6 [3,4], 
while recent studies suggest that its energetically favorable com-
position is Mg5−xSi4Al2+x (0 ≤ x ≤ 1) [7,8]. The rod-like/lath-like β' 
(hexagonal Mg9Si5), B′ (hexagonal Al3Mg9Si8), U2 (orthorhombic 
Mg2Al2Si2), and U1 are generally formed in over-aged conditions and 
responsible for softening of the alloys [9–14]. For convenience in 
understanding the structure analysis in the present work, Fig. 1 gives 
schematically the atomic-structure models of encountered known 

phases in Al-Mg-Si alloys. Note that the structure portion(s) in-
dicated by green circle, pink triangle, orange triangles, and blue 
hexagons are the characteristic sub-unit(s) of β", β', B′, and U2 re-
spectively. The sub-unit of β" was referred to as a “low-density cy-
linder” (LDC) in the literature [15]. Nevertheless, our recent studies 
have demonstrated that the precipitation sequence of Al-Mg-Si al-
loys is actually closely associated with alloy composition, thermo- 
mechanical process applied, and addition of micro-alloying ele-
ments [16–19]. 

Improving the mechanical properties of Al-Mg-Si alloys by 
adding alloying elements has long been serious issue in developing 
advanced automotive aluminum materials [20–23]. As a typical ex-
ample of micro-alloying elements for Al alloys, Sc has been reported 
to be the most effective strengthening element per atomic fraction in 
the Al-matrix [24,25], though addition of Sc is unlikely to be realistic. 
Among the studies on the Sc micro-alloying in Al alloys, although 
early studies were mainly. 

focused on the advantages of removing impurities and refining 
grains induced by the Sc addition [26–28], the Sc effect on pre-
cipitation has been attracting more and more interest. On the one 
hand, Sc is utilized to micro-alloy pure Al or other non-heat-trea-
table Al alloys (e.g., Al-Mg and Al-Si alloys) to make them heat- 
treatable by forming nanosized Al3Sc precipitates [29,30]. On the 
other hand, there have been extensive studies on the Sc micro-al-
loying in heat-treatable Al alloys. Since the aging temperature of 
common heat-treatable Al alloys is too low to form Al3Sc 
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precipitates [31], the Sc micro-alloying in heat-treatable Al alloys is 
mainly to affect their intrinsic precipitation behavior and conse-
quently their properties [27,32–38]. For instance, it has been de-
monstrated by atom probe tomography that the Sc atoms are prone 
to segregate at the θ'/matrix interfaces in an Al-2.5Cu-0.3Sc alloy (wt 
%), which refines the distribution of θ' precipitates and hence en-
hances the strengthening response [32]. It has also been shown for 
an Al-Cu-Mg-Ag alloy with 0.32 wt% Sc addition that Sc could retard 
the nucleation of Ω phase, which results in degraded age-hardening 
capacity and strength properties of the alloy [33]. 

However, the effects of Sc addition on the age hardening of Al- 
Mg-Si alloys remain controversial [27,34–38]. It was reported that a 
combined addition of Sc and Zr results in a reduction of peak 
hardness but in an improvement of thermal stability during aging at 
190 °C in an AA6061 alloy [27]. While another group used the unique 
impact of precipitate coherency on resistivity and hardness to es-
tablish the Al-Mg-Si(-Sc-Zr) precipitation sequence during iso-
chronal aging, and found that the addition of Sc and Zr has no visible 
effect on the aging behavior of the Al-Mg-Si alloy [34]. Un-
fortunately, there was a lack of detailed characterization of the 
precipitate microstructures of Sc-containing Al-Mg-Si alloys in pre-
vious studies, making the role of Sc in the precipitation of the alloys 
poorly understood. Understanding of this issue will not only clarify 
the effects of Sc addition on the age hardening of Al-Mg-Si alloys, but 
also be expected to provide insight into micro-alloying strategy for 
the alloys. According to the latest extensive first-principles calcula-
tion based database [39], the binding energy of Sc-vacancy and that 
of Sc-Si are much higher than that of Sc-Mg, implying that Sc has 
great potential to influence the precipitation behavior of Al-Mg-Si 
alloys. 

In the present work, atomic-resolution high-angle annular dark- 
field scanning transmission electron microscopy (HAADF-STEM) and 
first-principles calculations were employed to characterize the pre-
cipitate microstructures of a Mg-excess Sc-containing Al-Mg-Si alloy. 
We demonstrate that this alloy has distinctly different precipitate 
microstructures compared with the Sc-free counterpart, in which 
disordered β" precipitates composed of Sc-free β" sub-units and Sc- 
containing disordered regions form firstly. Upon over-aging, the 
disordered β" precipitates then evolve to fine composite precipitates 
containing β" sub-units instead of the coarse β' precipitates. Our 

study reveals the microstructural origin of the trace-Sc-enhanced 
thermal stability of Al-Mg-Si-Sc alloys. 

2. Experimental and computational procedures 

Two alloys with chemical compositions of Al-1.4Mg-0.5Si (wt%) 
and Al-1.4Mg-0.5Si-0.2Sc (wt%) were used in this study. The as-cast 
alloys were homogenized at 500 °C for 10 h, and hot- and cold-rolled 
to 1 mm thick sheets. After that, these sheets were solution heat 
treated at 565 °C for 0.5 h, water quenched to room temperature, and 
immediately aged in an oil bath at 180 °C for different times. Vickers 
hardness was measured with a load of 4.9 N and a dwell time of 10 s, 
and the hardness values were the average values of at least 5 in-
dentations. Transmission electron microscopy (TEM) and high-re-
solution TEM (HRTEM) observations were carried out with a FEI 
Tecnai F20 TEM operated at 200 KV. HAADF-STEM imaging was 
performed using an aberration-corrected FEI Titan Cubed Themis G2 
operated at 300 KV. All microstructure images were taken along 
a <  100  > Al zone axis. To reduce noise, all the HAADF-STEM images 
were Fourier filtered with an aperture encompassing all the visible 
spots in the Fourier transform. The TEM/STEM specimens were 
prepared by electro-polishing using a Tenupol 5 machine (Struers) 
with an electrolyte of 1/3 HNO3 in methanol at a temperature below 
−25 °C. In order to reduce the effect of contamination, all specimens 
were cleaned before HAADF-STEM observation using a Model 950 
plasma cleaner (Gatan). 

Density functional theory (DFT) calculations in the present work 
were carried out using the Vienna Ab initio Simulation Package 
(VASP) [40–43] with projector-augmented wave (PAW) potential  
[44,45]. The generalized gradient approximation (GGA) with the 
exchange-correlation function of Perdewe-Burkee-Ernzerhof (PBE)  
[46] was employed. Plane wave cutoff energy was set to be 350 eV in 
all the calculations. K-points sampling was carefully selected to en-
sure convergence in the order of a few meV atom−1. The formation 
enthalpy of precipitate structures was calculated according to Ref.  
[15]. The formation enthalpy of an AlxMgySizScm phase with respect 
to the solid solution is determined by the following equation: 

=H Al Mg Si S H Al Mg Si S xH Al

yH Mg zH Si mH S
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( ) ( ) ( c )
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form
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where x, y, z and m are the atomic fractions (x + y + z + m = 1). H 
(AlxMgySizScm) is the total energy of AlxMgySizScm phase per atom. H 
(Mgsub), H(Sisub) and H(Scsub) are the enthalpies of Mg, Si and Sc 
atoms on substitutional sites in the Al-matrix, respectively. The 
enthalpy H(Mgsub) is calculated in a supercell containing 108 atoms 
(based on 3 × 3 × 3 unit cells of Al) with the formula as: 

=H Mg H Al Mg H Al( ) ( )
107
108
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107 108 (2)  

An analogous formula is valid for H(Sisub) and H(Scsub). 

3. Results and discussion 

3.1. Age-hardening responses 

Fig. 2 shows the age-hardening responses of the Sc-free and Sc- 
containing alloys aged at 180 °C, where Vickers hardness is pre-
sented as a function of aging time. The hardness of the two alloys 
firstly increases rapidly with prolonged aging time until it reaches 
the peak-aged status after 8 h. The Sc-containing alloy possesses a 
lower peak hardness than the Sc-free alloy. Upon further aging, the 
hardness of the Sc-free alloy decreases gradually. In contrast, for the 
Sc-containing alloy, the hardness maintains the same level as its 
peak hardness even after extended aging of up to 40 h, and 

Fig. 1. Schematic drawing of the unit cell of β", β', B′, and U2. The characteristic sub- 
unit(s) of the four phases are marked by green circle, pink triangle, orange triangles 
and blue hexagons, respectively. 
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subsequently decreases at a much slower rate compared with the Sc- 
free alloy upon aging up to 100 h. Obviously, Sc addition generates a 
decrease in peak-aged hardness and an improvement in thermal 
stability, which is consistent with the results reported in [27]. Four 
samples marked with blue circles in Fig. 2 were selected for TEM and 
HRTEM observations. 

3.2. TEM/HRTEM overviews of typical precipitate microstructures 

Low-magnification TEM images and the corresponding typical 
HRTEM images of the precipitates formed in the two alloys under 
two aging conditions are presented in Fig. 3. The precipitate length 
distributions measured on the same samples in Fig. 3 are shown in  
Fig. 4. For each aging condition, at least three TEM images were 
selected and the amount of precipitates taken into account was more 
than 200 to ensure the accuracy of measurement. For the Sc-free 
alloy, the precipitates in both the peak-aging and over-aging con-
ditions are uniformly dispersed in the matrix. The precipitates in the 
100 h over-aging condition have an average length of 111 nm, which 
are significantly coarser than the ones in the peak-aging condition 
with an average length of 8 nm (Fig. 3a and c, Fig. 4a and b). As 
proved by the HRTEM images and the inserted fast Fourier- 

transform (FFT) patterns shown in Fig. 3(b) and (d), the primary 
precipitates of the peak-aged and over-aged samples are the needle- 
like β" and rod-like β' precipitates, respectively. The above observa-
tions agree well with previous studies [18]. In contrast, the 
Sc-containing alloy exhibits distinctly different precipitate micro-
structures. At the peak-aging state, fine needle-like precipitates and 
relatively coarse rod-like precipitates both form in the matrix, 
yielding an average precipitate length of 34 nm (Fig. 4c). Ad-
ditionally, the proportion of the needle-like precipitates is evidently 
higher than that of the rod-like ones (Fig. 3e). At the 100 h over- 
aging state, the precipitate morphologies (i.e., needle and rod) and 
the frequencies of precipitates in the two morphologies are basically 
unchanged but the overall precipitate size is slightly increased 
compared with those at the peak-aging state (Figs. 3g and 4d). Re-
presentative HRTEM images of the fine needle-like precipitates 
dominated in Fig. 3(e) and (g) are shown in Fig. 3(f) and (h), 
respectively. It is clear that these precipitates have no recognizable 
periodic features and are hardly to be identified. As for the rod- 
like precipitates, their lattice structures revealed by HRTEM are the 
same as β'. Worth mentioning is that no Al3Sc nanoprecipitates are 
observed in the Sc-containing alloy, because the aging temperature of 
180 °C is lower than the ordinary formation temperature (250–500 °C) 
of Al3Sc [31]. 

The TEM and HRTEM observations have indicated that Sc addition 
changes not only the precipitate size but also the precipitate crys-
talline type. At the peak-aged state, all precipitates in the Sc-free alloy 
are the β" precipitates, while the precipitates in the Sc-containing 
alloy are mostly disordered precipitates and partially the β' pre-
cipitates. At over-aged stage, the coarse β' precipitates constitute the 
main precipitates in the Sc-free alloy, while there exist a large number 
of relatively fine disordered precipitates in the Sc-containing alloy. 
The above observed microstructural variations have provided useful 
information for understanding the changes in age-hardening re-
sponse demonstrated in Fig. 2. However, to fully understand the Sc 
micro-alloying, atomic-structures of the disordered precipitates 
formed in the Sc-containing alloy have to be revealed. 

3.3. Atomic-structures of the precipitates in the Sc-containing alloy 

Atomic-resolution HAADF-STEM imaging was employed to 
characterize the precipitates of the Sc-containing alloy under the 

Fig. 2. Age-hardening curves of the two investigated alloys aged at 180 °C for different 
times. 

Fig. 3. TEM bright-field images and the corresponding HRTEM images of the typical precipitates in the two alloys aged at 180 °C for different times. (a–d) Sc-free alloy, (e-h) Sc- 
containing alloy; (a, b, e, and f) 8 h peak-aging, (c, d, g, and h) 100 h over-aging. 
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peak-aging and over-aging conditions. The obtained images show 
Z-contrast (where Z represents the atomic number of the atom) 
proportional to Z1.7–2.0 [47]. In this study, Sc columns appear as the 
brightest dots as Sc has a much higher atomic number (Z = 21) than 
the other three elements (Z = 14 for Si, 13 for Al, and 12 for Mg). 
Consistent with the TEM findings (Fig. 3e–h), the structures of pre-
cipitates at the two aging states can be roughly divided into two 
types, and their typical images are shown in Figs. 5 and 6. Fig. 5(a) 
and (b) show two examples of the dominant needle-like precipitates 
at peak-aging. The LDCs are clearly observed in the precipitates. It is 
interesting that apart from the LDCs, these precipitates also contain 
disordered regions where atoms arrange in a quite random manner. 
Occasionally, one sub-unit of β' or B′ is present in the disordered 
regions, as shown in Fig. 5(a) and (b). In the following we refer to 
these precipitates as disordered β" precipitates. The atomic column 
Z-contrast indicates that there are no Sc atoms in the LDCs, while Sc 
atoms are incorporated in a few columns in the disordered regions. 
In particular, in Fig. 5(a) and (b), the Sc atoms are situated in the 
column that belongs to the sub-unit of β' or B′. Another precipitate 
type present at peak-aging is the β' phase, whose typical image is 
shown in Fig. 6(a). 

For the 100 h over-aging condition, precipitates with complex 
structures were frequently observed, as shown in Fig. 5(c) and (d). 
These precipitates feature predominantly sub-units of late-stage β'/ 
B′/U2, as well as several LDCs. They are referred to as composite 
precipitates. The β' precipitates were also observed here, as shown in  
Fig. 6(b). Quantitative statistics of the precipitates show that the 

composite precipitates account for nearly 80% of the precipitates. 
Comparing the precipitate structures under the two aging condi-
tions, it is easy to judge that the composite precipitates and β' at 
over-aging should be evolved from the disordered β" and β' at peak- 
aging, respectively. The disordered β" precipitates and composite 
precipitates without even one complete unit cell correspond to the 
disordered precipitates observed in the HRTEM images (Fig. 3f 
and h). 

The transformation from disordered β" to composite precipitates 
generates not only more ordered precipitate structures, but also a 
higher degree of Sc incorporation in the precipitate structures. Line 
profile analyses of the atomic column intensities in Fig. 5(c) and (d) 
reveal the partial Sc occupation at specific featured atomic sites of β' 
and B′ structures. Some of the Mg-site columns in β' (e.g. b of Profile 
1 in Fig. 5c) and some of the Mg1/Mg3-site columns in B′ (e.g. b of 
Profile 2 in Fig. 5c) are brighter than the normal Mg columns, in-
dicating that these Mg-site columns contain Sc atoms. In addition, 
some of the Mg2/Al-site columns in B′ (e.g. b and c of Profile 3 in  
Fig. 5(c), and a and c of Profile 3′ in Fig. 5d) are also observed to 
contain Sc atoms. When the sub-B′ is located at the precipitate/ 
matrix interface, Sc occupation at the central site of sub-B′ (e.g. the 
sub-B′ in the upper left corner of Fig. 5d) is occasionally observed. 
Note that the sub-B′ with central Sc in Fig. 5(b) also happens to be 
located at the precipitate interface. The statistics from nearly 10 
composite precipitates in total consistently support the above ob-
servations. Another common feature of the precipitates at over- 
aging is the Sc segregation at the precipitate/matrix interfaces, as 

Fig. 4. Precipitate length distributions for the two alloys aged at 180 °C for different times. (a, b) Sc-free alloy, (c, d) Sc-containing alloy; (a, c) 8 h peak-aging, (b, d) 100 h over- 
aging. 
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Fig. 5. Atomic-resolution HAADF-STEM images of typical precipitates formed in the Sc-containing alloy aged at 180 °C for different times. (a, b) Disordered β" precipitates at 8 h 
peak-aging, (c, d) β"/β'/B′/U2 composite precipitates at 100 h over-aging. The red arrows indicate the distinct Sc atomic columns. The three red open circles, marked as a, b, and c, 
located in each phase sub-unit in (c) and (d) indicate three equivalent atomic columns. The intensity line profiles (named as 1, 2, 3 in (c), and 1′, 2′, 3′ in (d)) between these 
columns are shown as insets in the bottom parts. 

Fig. 6. Atomic-resolution HAADF-STEM images of β' precipitates formed in the Sc-containing alloy aged at 180 °C for different times. (a) 8 h peak-aging, (b) 100 h over-aging. The 
red arrows in (b) indicate the distinct Sc atomic columns. 
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indicated by the red arrows in Figs. 5(c) and (d) and 6(b). A similar 
phenomenon has been found in Al-Cu-Sc alloys [32]. Note that there 
may be more atomic columns appear to be bright Sc-containing 
columns at the interfaces than in reality, due to electron channelling 
between the columns [48]. 

To understand the observed Sc substitution, DFT calculations of 
the formation enthalpies of β' and B′ structures with different atomic 
sites replaced by Sc were performed, and the results are shown in  
Fig. 7(a) and b, respectively. Apparently, for β' or B′, the Mg (/Al) sites 
are favorable substitution sites for Sc over the Si sites, which is 
consistent with the experimental results. Worth mentioning is that 
when the Mg site of β' is replaced by Sc, the formation enthalpy is 
somewhat increased (Fig. 7a), indicating that β' with the Mg site 
replaced by Sc may occur in actual case, as has been demonstrated in  
Fig. 5c, but the Sc-free β' phase should be more favorable. This is the 
reason why Sc occupation is not frequently observed in the pure β' 
precipitates (Fig. 6). In addition, when the vacancy+Si site of B′ (si-
tuated at the center of sub-B′) is replaced by Sc, the formation en-
thalpy is significantly increased (Fig. 7b), indicating that the Sc 
substitution at the vacancy+Si site is unfavorable. The occasionally 
observed Sc substitution at the central site of sub-B′ at the pre-
cipitate interfaces is speculated to be associated with the interfacial 
mismatch. 

Having revealed the atomic-structures of the precipitates in the 
Sc-containing alloy, we may now better understand the Sc-induced 
changes in alloy age-hardening response. Firstly, Sc addition changes 
the precipitates at peak-aging from well-ordered β" to disordered β" 
plus a small amount of β'. The disordered β" is considered to be as 
effective as the well-ordered β" while the β' is much less effective in 
hardening the alloy. Moreover, previous studies [31,49] have de-
monstrated that coarse L12 Al3Sc and the V-phase with negligible 
strengthening contribution will form during solutionizing. The for-
mation of these phases will consume some of the Si atoms [50] and 
hence decrease the volume fraction or number density of the 
strengthening phases formed during subsequent aging. For the 
above reasons, the Sc-containing alloy has a slightly lower peak-aged 
hardness than the Sc-free alloy. Secondly, Sc addition changes the 
main precipitates at the long-time over-aging from coarse β' to re-
latively fine β"-related composite precipitates. The contribution to 
precipitation hardening from the latter must be much greater than 
that from the former, which explains why the Sc-containing alloy 
has obviously higher hardness than the Sc-free alloy after the long- 

time over-aging, i. e., the Sc-containing alloy possesses better 
thermal stability (Fig. 2). 

3.4. The Sc-tuned precipitation scenario in the Sc-containing alloy 

The detailed characterization of the precipitates in the Sc-con-
taining alloy has shown strong coupling between solute Sc and the 
hardening precipitates of Al-Mg-Si alloys. Next, based on the es-
tablished knowledge of aging precipitation of Al-Mg-Si alloys and 
the atomic-structures of the composite precipitates in the Sc-con-
taining alloy, we make a detailed discussion about the precipitation 
evolution in the Sc-containing alloy. 

During the early stage of aging, atomic clusters of different Mg/Si 
ratios firstly form in the Al-matrix [51]. Here, by their Mg/Si ratio, 
the atomic clusters are simply classified into Si-rich (Mg/Si ratio < 1) 
clusters and Mg-rich (Mg/Si ratio > 1) clusters. The solute Sc could be 
involved in the clustering process, resulting in both types of clusters 
containing Sc atoms (Fig. 8a). As the binding energy of Sc-Si is much 
higher than that of Sc-Mg [39], Sc participation in the clustering 
could increase the Si/Mg atomic ratios of the clusters, and could 
make the Si-rich clusters richer in Sc than the Mg-rich clusters. The 
former means that under a certain aging time, more Si atoms could 
be consumed by clusters in the Sc-containing alloy. Subsequently, 
the Si-rich β" precipitates nucleate on some of the Si- and Sc-rich 
clusters (Fig. 8b) due to the following two facts. Firstly, the nuclea-
tion energy barrier of β" is lower than that of β' under the relatively 
high solute Si concentration in the matrix [16]. Secondly, the clusters 
compositionally similar with the β" phase are regarded as favorable 
nucleation sites for β" [52]. However, Sc-containing disordered re-
gion universally appears in the β" precipitates formed in the Sc- 
containing alloy, as can been easily deduced from the atomic-scale 
observation of the peak-aged Sc-containing sample where a minor 
fraction of ordered structure has begun to appear in the disordered 
regions (Fig. 5a and b). The formation of the disordered regions is 
interesting to understand and is inferred to be related to the fol-
lowing facts or reasons: Sc atoms are not able to enter the 
β"-structure, as has been indicated in Fig. 5(a) and (b) that there are 
no Sc atoms in the LDCs. In addition, there is a strong binding 
between Sc and Si atoms [39]. With prolonged aging time up to the 
peak-aging state, on the one hand, growth of the disordered 
β" precipitates gradually consumes Mg and Si atoms in the matrix 
and, on the other hand, a large fraction of the atomic clusters remain 

Fig. 7. The formation energy per atom of β' (a) and B′ (b) with different atomic columns substituted by Sc.  
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stable. Then there exists a moment when the concentration of solute 
Si in the matrix decreases to the value where the nucleation energy 
barrier of β' is lower than that of β" [16]. At this point, nucleation of 
Mg-rich β' precipitates on some Mg-rich clusters occurs (Fig. 8c). 
Unlike the β" precipitates, the β' precipitates in the Sc-containing 
alloy are always well-ordered, which is probably because Sc atoms 
are capable of entering the β'-structure (Fig. 7a). In the investigated 
Sc-free alloy, the β' precipitates form at the over-aging stage (Fig. 3d), 
while they appear at the peak-aging or even early-aging stage in the 
Sc-containing alloy. This phenomenon could be because, as men-
tioned earlier, the Si solute atoms in the matrix are consumed more 
rapidly during early-aging in the Sc-containing alloy. According, it is 
expected that if the Si content of the Sc-containing alloy increases, 
the β' precipitates will form at later aging stage. It should be pointed 
out that the number of β' precipitates formed in the early-aged Sc- 
containing alloy is limited, as has been demonstrated in our results, 
which could be attributed to the inhibition of β' nucleation caused by 
prior formation of a large number of disordered β" precipitates. 

Upon over-aging, two precipitation processes occur first. One is 
ordering of the disordered β" precipitates. The second one is growth 
of the β' precipitates. Through the former process, the disordered 
regions of the disordered β" precipitates gradually evolve to the sub- 
units of β'/B′/U2 while the LDCs change little, leading to formation of 
β"/β'/B′/U2 composite precipitates (Fig. 8d). Similar to the nucleation 
of β' at earlier aging stage, the formation of β'/B′/U2 sub-units at the 
disordered regions is also associated with the low solute Si con-
centration in the matrix. In the Sc-free alloy, the well-ordered β" 
precipitates are formed at the early-aging stage. Upon over-aging, 
these well-ordered β" precipitates coarsen rapidly until they are 
energetically unstable, and then the precipitation of the β' phase 
occurs gradually and eventually becomes dominating. While in the 
Sc-containing alloy, the sluggish ordering and transformation of the 
disordered β" precipitates to the β"/β'/B′/U2 composite precipitates 
occurs first during the over-aging period until the long-time over- 
aging. Our results reveal that the formation of β"-related composite 
precipitates is responsible for the improvement of thermal stability 

of the Sc-containing alloy. Moreover, the key to the formation of 
these composite precipitates lies in the Sc-induced formation of the 
disordered β" precipitates at the early-aging stage. 

4. Conclusions 

In the present work, the precipitates formed in a Mg-excess Al- 
Mg-Si-Sc alloy aged at 180 °C have been investigated in detail by 
atomic-resolution HAADF-STEM. From the results presented above, 
the following can be concluded: The micro-alloying element Sc 
significantly alters the precipitate microstructures and consequently 
the age-hardening response of the Al-Mg-Si alloy. At the peak-aging 
condition, except for a small portion of β', most of the precipitates 
are disordered β" precipitates consisting of Sc-free β" sub-units and 
Sc-containing disordered regions, resulting in a slightly decreased 
peak hardness of the Sc-added alloy, as compared with the Sc-free 
alloy. During the over-aging period, the disordered regions of the 
disordered β" precipitates gradually evolve to the β'/B′/U2 sub-units, 
leading to formation of β"/β'/B′/U2 composite precipitates at the 
long-time over-aging. This study has revealed the microstructural 
origin of improved thermal stability of the Sc-added alloy. The for-
mation of the composite precipitates is probably related to the 
strong binding between Sc and Si atoms, and to the non-preference 
for Sc atoms to occupy the atomic sites of the β"-structure. HAADF- 
STEM imaging along with first-principles calculations indicates that 
Sc partially occupy some energetically favorable atomic sites of the β' 
and B′ structures. 
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