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Abstract: 

The effect of Ag addition on the precipitation evolution and interfacial segregation for Al-Mg-Si alloys 

was systematically investigated by atomic resolution high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM), atom probe tomography (APT) and density functional theory (DFT) 

calculation. At the early aging stage, Ag atoms could enter clusters and refine the distribution of these clusters. 

Then, Ag atoms preferentially segregate at the GP zone/α-Al and β"/α-Al interfaces at the peak aging stage 
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by the replacement of Al atoms in FCC matrix. With prolonging aging time, Ag atoms generally incorporate 

into the interior of β" precipitate, facilitating the formation of QP lattice (a hexagonal network of Si atomic 

columns) and the local symmetry substructures, Ag sub-unit (1) and Ag sub-unit (2). At the over-aged stage, 

the Ag sub-unit (1) and Ag sub-unit (2) could transform to the β′Ag (i.e. β′Ag1 and β′Ag2.) and Q′Ag unit cells, 

respectively. All the precipitates at the over-aging stage have a composite and disordered structure due to the 

coexistence of different unit cells (β′Ag1, β′Ag2, Q′Ag and β′) and the non-periodic arrangement of Ag atoms 

within the precipitate. In the equilibrium stage, the incorporated Ag atoms in the precipitates release into the 

α-Al matrix as solute atoms or form Ag particles. In general, Ag atoms undergo a process of “segregate at 

the precipitate/matrix interface → incorporate into the interior of precipitate → release into the α-Al matrix” 

during the precipitation for Al-Mg-Si-Ag alloys. Besides, Ag segregation is found at the interfaces of almost 

all metastable phases (including GP zone, β″, β′/ β′Ag phase) in Al-Mg-Si-Ag alloys. The Ag segregation at 

the β′/α-Al interface could increase the length/diameter ratio of β′ phase and thus promote the additional 

strengthening potential of these alloys. These findings provide a new route for precipitation hardening by 

promoting the nucleation and morphology evolution of precipitates.  
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1. Introduction  

Al-Mg-Si alloys are increasingly attractive as a candidate in automotive industry because of its high 

strength/weight ratio, good formability and corrosion resistance properties [1-3]. These alloys are 

strengthened by the formation of nano-sized, semi-coherent metastable precipitates at elevated temperature. 

The precipitation sequence of Al-Mg-Si alloys is usually considered as [4-10]:   

SSSS → atomic clusters → GP zones → β″ → U1, U2, B′, β′ → β, Si  

SSSS represents the supersaturated solid solution. Clusters and GP zones are formed at the early stage of 

aging and coherent with the α-Al matrix. The needle-like β″ phase is considered to be the main strengthening 

phase in peak aging. It has a C-centered monoclinic structure with lattice parameters a = 1.516 nm, b = 0.405 

nm, c = 0.674 nm and β = 105.3o. The chemical composition of β″ is identified as Mg5Al2Si4 [4, 11, 12]. 

Close-ups of the cross-section show that β″ is essentially a stack of identical units with an eye-like appearance 



which consist of nine atomic columns with 4-fold symmetry. This structural unit was referred to as a “low 

density cylinder” (LDC) in previous research [13]. The β′ phase formed during over aging has a stoichiometry 

of Mg9Si5, a space group of hexagonal P63/m, and the lattice parameters of a = 0.715 nm and c = 0.405 nm 

[6, 14]. The U1, U2 and B′ are also labelled as type A, type B and type C, respectively [7, 15, 16]. The β 

phase and Si particle are formed at the equilibrium stage.   

Addition of Cu or Ag is known to be effective in increasing the precipitation strengthening for Al-Mg-

Si alloys [17-20]. Cu suppresses the precipitation of β″ phase and facilitates the formation of Cu-containing 

phases, such as Q′, QP1, QP2, C and Q, thus changes the precipitation sequence of Al-Mg-Si alloys [21-26]. 

Compared with Cu, Ag could not only significantly improve the aging hardening response and hardening 

kinetics for Al-Mg-Si alloys during artificial aging, but also guarantee a relatively low strength in T4 temper, 

which provides a good balance between formability and bake hardening potential [17, 27-30]. At the early 

aging stage, Ag facilitates the formation of clusters for Al-Mg-Si alloys. High density of clusters lead to a 

finer and denser distribution of β″ phase and thus improves the peak hardness for these alloys [31]. C.D. 

Marioara et al. [32] investigated the atomic structure of β′ phase in an over-aged Al-Mg-Si-Ag alloy by high 

angle annular dark field scanning transmission electron microscopy (HAADF-STEM). They found that Ag 

can enter β′ phase and replace certain Si atomic columns, changing the space group from P63/m (β′) to P62m 

(β′Ag) and the composition from Mg9Si5 (β′) to Al3Mg3Si2Ag (β′Ag). K. Matsuda et al. [33] reported a new 

grain boundary precipitate (GBP) in the over-aged Al-Mg-Si-Ag alloy. This precipitate is a quaternary 

MgSiAgAl phase with a hexagonal crystal structure and the ratio of Mg:Si:Ag in this new GBP phase is 8:5:2 

or 9:5:2. The quaternary GBP has a lattice parameter larger than that of Q′ phase in Al-Mg-Si-Cu alloys. E. 

A. Mørtsell [34] and T. Saito [30] et al. investigated the Q′Ag phase in an Al-Mg-Si-Ag alloy, its composition 

is identified as Mg9Si7Ag2Al3 and the lattice parameters are a = b = 1.032 nm, c = 0.405 nm, γ = 120o. 

Although the influence of Ag on the precipitation of Al-Mg-Si alloys has been investigated by different 

researchers, most of these works focus on one single precipitate (such as β′ phase) in a given aging condition. 

The influence of Ag on the whole precipitation sequence of Al-Mg-Si alloys has not been systematically 

investigated which opens some fundamental questions as follow, (1) The effect of Ag on the atomic structures 

of GP zone and β″ phase formed at the early and peak aging stage is largely unknown, (2) The formation 

mechanisms of β′Ag and Q′Ag phases formed at over aging are not fully understood, (3) The role of Ag on the 

structural evolution of various precipitates in the Al-Mg-Si-Ag alloy during artificial aging is not clear. 

Understanding the mechanism of Ag influence on the precipitation of Al-Mg-Si alloys is essential for 



improving the properties of these alloys.   

 Ag, as a main microalloying element in aluminum alloy, could not only substantially enhance the 

precipitation by altering the structure of precipitates, but is also prone to segregate at the interfaces of 

different precipitates. J.M. Rosalie et al. [35] reported that Ag atoms strongly segregate to the coherent, planar 

interface of θ′ phase in the Al-Cu-Ag alloy. S.J. Kang et al. [36] revealed that the Ag and Mg co-segregation 

at the {111}α habit plane of Ω phase plays a decisive role in the excellent thermal stability of the Al-Cu-Mg-

Ag alloys at temperature up to 200 oC. C.D. Marioara et al. [32] reported the segregation of Ag atoms at the 

β′/α-Al interface of Al-Mg-Si-Ag alloy, and found that in most case, Ag atoms replace the Al atoms in the 

FCC matrix. It is generally argued that segregation of solute atoms at the precipitate/matrix interface has a 

significant impact on the morphology and strengthening ability of precipitate, and thus influences the 

mechanical property of alloys. Therefore, understanding the Ag segregation at the precipitate/matrix interface 

is extremely important for the properties improvement. Till now, the underlying segregation mechanism of 

Ag atoms at the precipitate/matrix interface is not clear, and the influence of Ag segregation on the 

precipitation evolution of Al-Mg-Si alloy is still not understood.  

In the present work, atomic-resolution HAADF-STEM, atom probe tomography (APT) combined with 

density functional theory (DFT) calculation were performed to investigate the effect of Ag addition on the 

precipitation evolution for Al-Mg-Si alloys. The mechanism of Ag influence on the atomic structure of 

precipitates was explored. The segregation mechanism of Ag at the precipitate/α-Al matrix interface and the 

influence of Ag segregation on the precipitate morphology evolution and mechanical property for the Al-

Mg-Si-Ag alloy were systematically investigated and discussed.   

 

2. Experimental 

The chemical compositions of the two investigated Al-Mg-Si alloys are listed in Table 1. The two alloys 

have the same Mg and Si contents but different Ag addition, the A1 alloy is the base alloy without Ag addition 

and the A2 alloy has 0.49 wt. % Ag addition. The Mg/Si ratios of the two alloys are 1.77 and 1.85, 

respectively, which correspond to a Mg-rich alloy. Fe and Mn as impurity are present in two alloys. The as-

cast alloys were homogenized at 560 oC for 6h, and cold rolled to 1 mm thick sheets after hot rolling. These 

sheets were then solution heat treated at 570 oC for 20 min and water quenched to room temperature, followed 

by immediately artificial aging (AA) at 170 oC for different times.  



 

Table 1 Chemical compositions of the two investigated alloys 

Alloy  Mg Si Fe Mn Ag 

A1 
wt.% 1.09 0.71 0.11 0.06 - 

at.% 1.21 0.68 0.05 0.03 - 

A2 
wt.% 1.13 0.71 0.11 0.06 0.49 

at.% 1.26 0.68 0.05 0.03 0.12 

 

Vickers microhardness was measured after AA treatment using a MH-5L microhardness tester with a 

load of 500 g and a dwell time of 10s. The microstructures of the two alloys in different AA condition were 

investigated by FEI Tecnai G2 F20 TEM. For each alloy condition, at least twenty TEM bright-field images 

were taken to compare and make statistical comparisons. Atomic resolution HAADF-STEM characterization 

was performed using a spherical aberration probe corrected FEI Titan G2 60-300 ChemiSTEM with a 

Schottky field emitter operated at 300 kV. The probe diameter was 0.08 nm, and a 21 mrad convergence 

semi-angle and a spot size 7 were used for HAADF imaging and EDS data collection in STEM mode. All 

TEM images were taken along the <001>α zone axis to characterize the cross-sections of needle/rod/lath 

precipitates. All HAADF-STEM images were Fourier filtered with an aperture encompassing all the visible 

spots in the Fourier transform. Disc-shaped TEM specimens were prepared by electro polishing using a 

Struers TenuPol-5 machine with an electrolyte of 1/3 HNO3 in methanol at a temperature about -30 oC. The 

APT analysis was obtained on a CAMECA LEAP4000HR instrument with a voltage pulse repetition rate of 

200 kHz, a voltage pulse fraction of 20% and a detector efficiency of 36%. The analysis of the APT data was 

carried out using IVASTM 3.6.8 software. The 5th nearest-neighbour (5NN) distance distributions of solute 

atoms were used to evaluate the overall extent of clustering by creating frequency histograms of the datasets. 

A maximum distance between atoms (dmax) of 0.5 nm and a minimum number of solute atoms (Nmin) of 10 

solute atoms were used.  

DFT calculation employed Vanderbilt ultrasoft pseudopotentials as implemented in the plane wave (PW) 

based code Vienna Ab initio Simulation Package (VASP). The Perdew-Wang generalized gradient 

approximation was used for the exchange-correlation energy. All calculations of unit cell models were 

performed with an energy cut-off of 450 eV and a k-point grid of 12 × 12 × 12. The formation enthalpy of 

these models was calculated based on the formula given in the reference [37], which is directly proportional 

by inversion to the stability of the structure. The formation enthalpy of the ∆Hss (AlaMgbSic) and ∆Hss 



(AlxMgySizAgk) are defined with respect to the enthalpies of the constituent elements in solid solution. 

∆Hss(AlaMgbSic) = H(AlxMgySiz) - aH(Alfcc) - bH(Mgsub) - cH(Sisub) 

∆Hss(AlxMgySizAgk) = H(AlxMgySizAgk) - xH(Alfcc) - yH(Mgsub) - zH(Sisub) - kH(Agsub) 

Where a, b, c and x, y, z, k are the atomic fractions (a + b + c = 1) and (x + y + z + k = 1). The H(Mgsub), 

H(Sisub) and H(Agsub) are the enthalpies of the Mg, Si and Cu atoms on substitutional sites in the Al matrix. 

The enthalpy H(Mgsub) is calculated by employing 3 × 3 × 3 fcc Al supercells consisting of 108 atoms with 

a k-mesh of 11 × 11 × 11. 

H(Mgsub) = H(Al107Mg) - 107/108H(Al108) 

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

For the calculation of the formation energy of precipitate interfaces with and without Ag additions, the 

energy of Ag in solution is also included in the calculation. We used the generalised gradient approximation 

of Perdew, Burke, and Ernzerhof (GGA-PBE) [38] using the projector augmented wave (PAW) method [39, 

40] implemented in VASP [41]. Geometrical relaxations were performed to optimise the supercells until 

Hellmann-Feynman forces were less than 0.01 eV/Å, using the Methfessel-Paxton method [42] with a 

smearing factor of 0.05 eV. All lattice parameters and all internal coordinates were optimised. Single-point 

energy calculations were performed using the tetrahedron method with Blochl corrections [43]. The Brillouin 

zone was sampled using the Gamma-centred k-point grids, which is particularly efficient for hexagonal 

lattices. The convergence of the relevant energy differences with respect to energy cut-off (500 eV), k-point 

sampling (~6000/atom) and supercell size was better than 1 meV/atom. All the calculations were performed 

following the structure optimisation and static energy calculation workflow implemented in Atomate [44]. 

The Ag interfacial segregation energy is defined as the formation energy difference per Ag atom for 

interfacial structures with and without Ag segregation with a reference of Ag energy in solid solution.  

∆Hss(AlaMgbSic-Al interface) = ∆Hss(AlxMgySizAgk)/k - H(Agsub)  

 

3. Results 

3.1. Hardness measurements 



Fig. 1 shows the hardness curves of the two investigated alloys aged at 170 oC for different times 

immediately after water quenching. The hardness evolution of these two alloys is similar, i.e. the hardness 

increased rapidly to a maximum and decreased slowly with increasing aging time. Compared with the A1 

base alloy, the Ag-added A2 alloy presented an overall higher hardness and shorter time to reach the peak 

hardness. It is obvious that Ag addition could enhance the precipitation hardening and precipitation kinetics 

for Al-Mg-Si alloys.   

Fig. 1. Evolution of Vickers hardness for the two investigated alloys during AA at 170 oC immediately after 

water quenching.   

 

3.2. TEM characterization  

TEM characterization was performed to reveal the influence of Ag addition on microstructure for Al-

Mg-Si alloys. Fig. 2 shows representative TEM bright-field micrographs of precipitates formed in the two 

alloys during AA at 170 oC for different times (2h, 5h, 2 days, 1 week). For both alloys, the precipitate size 

was increased while the number density of precipitate was decreased. Based on the HAADF-STEM images 

and corresponding Fast Fourier transforms (FFT) patterns shown in Fig. 3, the needle-like and rod-like 

precipitates formed in A1 alloy under peak aging and over aging conditions were identified as β″ and β′ 

phases, respectively. The Ag-added A2 alloy had the same type of precipitates as A1 alloy, and the detailed 

atomic structures of these precipitates will be presented in the next section. The quantification of precipitates 

for the two alloys determined from the TEM bright-field images of Fig. 2 is listed in Table 2, and the 



precipitate length distributions are presented in Fig. 4. It could be found that the number density and volume 

fraction of precipitate in the Ag-added A2 alloy were higher than that of the A1 base alloy both at peak-aged 

and over-aged stages, implying that Ag addition could promote the formation of precipitates and refine their 

distribution. The length/diameter ratios of β″ precipitate in both alloys were quite similar at the peak-aged 

stage. While at the over-aged stage, the β′ precipitate in the A2 alloy had significantly larger length/diameter 

ratio than that of the A1 alloy, which means that Ag addition could change the morphology of β′ precipitate 

from stubby to slender after long-time aging.   

 

Fig. 2. TEM bright-field images of the two alloys aged at 170 oC for different times. (a) A1, 5h peak aging, 

(b) A1, 2 days AA, (c) A1, 1 week AA, (d) A2, 2h peak aging, (e) A2, 2 days AA, (f) A2, 1 week AA.   

 

 

 

 

 

 

Table 2 Statistics of β″ and β′ precipitates for the two alloys after AA at different aging times.  



 

 

Fig. 3. (a) HAADF-STEM image of β″ precipitate formed at 5h peak aging for the A1 base alloy, (c) HAADF-

STEM image of β′ precipitate formed at one week over aging for the A1 base alloy. (b, d) corresponding FFT 

patterns of (a, c), respectively. The unit cells of β″ and β′ are marked by red lines.   

 

 AA 
 Average length  

(L, nm) 

Cross-section 

(nm2) 

Length/Diameter   

ratio 

Number density 

[μm-3× (1000)] 

Volume 

fraction (%) 

β″ Peak aging-5h A1 8.45±1 13.58±0.2 4.06 21.20±0.2 0.24±0.02 

β″ Peak aging-2h A2 6.25±1 9.25±0.3 3.64 55.30±0.2 0.32±0.02 

β′ 
Over aging-1w 

A1 65.92±2 19.85±0.4 13.11 4.19±0.2 0.55±0.06 

β′ A2 109.46±3 15.7±0.3 24.49 4.94±0.3 0.85±0.07 



 

Fig. 4. Precipitate length distribution of β″ and β′ precipitates for the two alloys, (a) β″, peak aging, (b) β′, 

one week AA.     

 

3.3. APT and HAADF-STEM characterizations for the Ag-added A2 alloy 

3.3.1. early-aged microstructure  

 At the early stage of aging, atomic clusters are formed and responsible for the strengthening of these 

alloys. The distribution of Ag atoms in clusters of the Ag-added A2 alloy was investigated by APT technique. 

Fig. 5 (a) shows APT elemental maps of solute atoms in the A2 alloy aging at 170 oC for 5 min. The Mg, Si 

and Ag atoms are depicted as purple, blue and red spheres, respectively. In order to clearly elucidate the 

clusters, the Al atom is not displayed in the elemental maps. An enlarged APT map of the clusters is presented 

in Fig. 5 (b), it could be clearly seen that a large number of clusters were formed in the A2 alloy and Ag 

atoms incorporated into the clusters. Fig. 5 (c) shows the frequency histograms of Mg, Si and Ag atoms 

obtained from both experimental and randomized data based on 5NN distances. It could be seen that for the 

Mg, Si and Ag atoms, the experimental histograms broaden in comparison to their respective random curves, 

shifting to smaller NN distances, which serves as evidence for solute clustering as distinct from a random 

configuration of solute atoms within the solid solution. The Ag/Mg ratio as a function of the cluster size is 

plotted in Fig. 5 (d). Variation of the Ag/Mg ratio in clusters becomes narrower with increasing the cluster 

size, implying that the clusters with size larger than 1nm are prone to have a constant Ag/Mg ratio.  

 

 



 

 

Fig. 5. (a) Atoms maps for the Ag-added A2 alloy after AA at 170 oC for 5 min, (b) the enlarged 3DAP maps 

of the zone b marked in (a), (c) frequency histograms (experimental in black and randomly labelled in red) 

of 5NN distance between Mg, Si and Cu solute atoms, (d) the measured Ag/Mg ratio plotted against the 

cluster size.   

 

3.3.2 Peak-aged microstructure  

HAADF-STEM images and the corresponding FFT patterns of the GP zone and β″ phase formed in the 

peak-aged A2 alloy are shown in Fig. 6. Due to the intensity of HAADF-STEM images varying 

approximately as the square of atomic number, Z2, Ag column could be easily identified for its strong atomic 

number relative to other elements (Z = 47 for Ag, Z = 13 for Al, Z = 12 for Mg, Z = 14 for Si). It could be 

seen that the GP zone still maintained the FCC structure with some local ordered region marked by the dashed 

red circle, similar to the substructure of β″- “low density cylinder (LDC)” [13]. Ag atoms were found to 

segregate at the GP zone/α-Al interface by the replacement of Al atom in FCC matrix, and no Ag atom was 

found in the interior of GP zone. This phenomenon is different from the Cu addition, in which Cu could 



incorporate into the interior of GP-zone and form its local symmetry, Cu sub-unit cluster, in Al-Mg-Si-Cu 

alloys [26]. More images of GP zones formed in the peak-aged A2 alloy are presented in Supplementary Fig. 

S1. For the β″ precipitates shown in Figs. 6 (b-d), the β″ unit cell and its substructure LDC were clearly 

observed. The orientation relationship (OR) between β″ phase and the α-Al matrix can be identified as: [010]β″ 

// [001]α, (100)β″ // (320)α, and (001)β″ // (1̅30)α, which corresponds well to the previous literature [8, 45, 46]. 

Except for β″ unit cell, the U2 and β′ unit cells co-existed in some precipitates, as seen in Fig. 6 (c and d). 

The OR between β″, U2, β′ unit cells and α-Al can be identified as [001]β″ // [100]U2 // [100]β′ // [1̅30]α and 

[010]β″ // [010]U2 // [001]β′ // [001]α. For all the observed β″ precipitates in the A2 alloy, Ag segregation was 

found at the β″/α-Al interface by the replacement of Al site in FCC matrix, and the segregation of Ag atoms 

seems to favor the (100)β″ plane. At this aging stage, nearly no Ag atom was observed in the interior of β″ 

precipitates.  

 

Fig. 6. (a, b, c, d) HAADF-STEM images of GP zone and β″ phases formed in the peak-aged condition (170 

oC for 2h) for the Ag-added A2 alloy, (a) GP zone, (b, c, d) β″ phase. (e, f, g, h) the corresponding FFT 

patterns of (a, b, c, d), respectively. The β″, U2 and β′ cell units are marked by the red, yellow and purple 

lines, respectively. The low density cylinder (LDC) is marked by the dashed red circle.   

 

3.3.3. Over-aged microstructure  

Figs. 7 (a, b) show the HAADF-STEM image and the corresponding FFT pattern of the β″ phase formed 

in the Ag-added A2 alloy after 2 days over-aging. At this aging stage, it was clear that Ag atoms gradually 



incorporate into the interior of β″ phase. In the Ag-containing region, the β″ unit cell was disappeared and 

the QP lattice (a hexagonal network of Si atomic columns [26], termed as “Si network” by previous researcher 

[21]) was formed as marked by green lines in Figs. 7 (c, g), indicated that Ag incorporation could distort the 

β″ unit cell and facilitate the formation of QP lattice. Figs. 7 (e and f) show the HAADF-STEM image and 

the corresponding FFT pattern of the Q′Ag phase formed at the same aging stage. The Q′Ag phase was found 

to have the same structure as the Q′ phase formed in Al-Mg-Si-Cu alloys, except for the Cu atoms were 

replaced by the Ag atoms. The hexagonal lattice parameters of the Q′Ag phase were measured as a = b = 1.032 

nm, c = 0.405 nm and γ = 120o, which is in agreement with a previous report [30]. For both of the Ag-

containing β″ and the Q′Ag phase, it could be seen that a common QP lattice was visible in the Ag-containing 

region as indicated by the green line in Figs. 7 (c and g). Normally, the Ag atom occupied two different 

positions: the Si site in QP lattice and the site in-between QP lattice. For Ag replacing the Si site in QP lattice, 

a triangular sub-unit cluster composed of Mg and Al atoms distributed around an Ag atom was formed [32], 

this substructure is named as Ag-subunit (1) in the present work. When Ag replacing the site in-between QP 

lattice, a configuration that three Si and three Mg surrounding an Ag atom was formed, which is named as 

Ag-subunit (2). The arrangement of atoms in Ag-subunit (2) is similar to the Cu sub-unit cluster observed in 

Cu-containing precipitates (i.e. Q′ and C ) for Al-Mg-Si-Cu alloys [26], except for the Cu atom is replaced 

by Ag atom. The Ag-subunit (2) was also named as the Q′/C-local configuration by E.A. Mørtsell et al. [34], 

is the stable structure of the Q′Ag unit cell. These results suggest that Ag atoms could enter β″ phase and form 

their own symmetry structures, Ag-subunit (1) and Ag-subunit (2). Besides, a large number of Ag atoms were 

segregated at the β″/α-Al interface by occupying the Al site in FCC matrix.  



 

Fig. 7. (a, e) HAADF-STEM images of β″ and Q′Ag phases formed at the over-aged condition (170 oC for 2 

d) for the Ag-added A2 alloy. (b, f) the corresponding FFT patterns of (a, e), respectively. (c, g) the enlarged 

HAADF-STEM images of the zone c and g marked in (a and e), respectively. The QP lattice is marked by 

dashed green lines. (d, h) the enlarged HAADF-STEM images of the zone d and h marked in (c, g), 

respectively. The β″ and Q′Ag unit cells are marked by the red and yellow lines, respectively.    

 

Fig. 8 shows the HAADF-STEM images and the corresponding FFT patterns of four precipitates formed 

in the Ag-added A2 alloy after AA for one week. The precipitates presented in Figs. 8 (a and b) could be 

identified as β′ phase, Ag atoms were found to segregate at the β′/α-Al interface, and only minor Ag atoms 

were incorporated in the interior of β′ phase as indicated in Fig. 8 (a). In contrast, for the precipitates presented 

in Figs. 8 (c and d), the precipitates could also be identified as β′ phase from the FFT pattern presented in 

Fig. 8 (g and h) and Ag segregation were found at the interface. However, a large number of Ag atoms were 

incorporated into the interior of β′ phase and formed the β′Ag unit cell within the precipitate, thus the β′ and 

β′Ag unit cell coexisted within one single precipitate. The β′Ag unit cell is isostructural with the β′ unit cell, 

and thus fully coherent with each other within the precipitate [32]. From the FFT patterns of these precipitates, 

significant variation of ORs between β′Ag phase and the α-Al matrix can be observed. The multiple ORs of 

β′Ag precipitate are similar to the β′ phase reported in our previous work [47], implying that Ag addition does 

not influence the multiple ORs of β′ phase with the α-Al matrix.   



HAADF-STEM images of two β′Ag/β′ composite precipitates are shown in Figs. 9 (a and d), it could be 

seen that the distribution of Ag atoms in the interior of the composite precipitate was rather heterogeneous, 

leading to a disordered structure of β′Ag/β′ composite precipitate. All the Ag atoms replaced the Si atomic 

sites in the QP lattice. Two different arrangements of Ag atoms could be identified within the precipitates: 

the hexagonal Ag-network in Fig. 9 (e) and the rectangle Ag-network in Fig. 9 (f). The totally different Ag-

networks indicate that different β′Ag unit cells were formed. The two β′Ag unit cells were identified as β′Ag1 

and β′Ag2, as presented in Figs. 9 (h and i). The main difference between these two β′Ag unit cells is the 

different arrangement of Ag sub-unit (1), resulting from Ag replacing different Si sites in the β′ unit cell. The 

schematic illustration of the β′ unit cell is shown in Fig. 9 (g), it could be seen that the β′ unit cell has two 

non-equivalent Si sites, Si1 and Si2. The β′Ag1 unit cell is formed by Ag atoms replacing the Si1 atoms in the 

β′ unit cell, similar to the β′Ag phase reported by C.D. Marioara et al. [32], which has a space group P-62m 

and a composition Mg3Si2AgAl3. The β′Ag2 unit cell is firstly reported in the present study, which is formed 

by Ag atoms replacing the Si2 atoms in the β′ unit cell. An atomic model for the β′Ag2 can be constructed by 

taking into consideration of projected atomic column positions and inter-atomic distances. The space group 

of β′Ag2 was identified as P-62m for its high symmetry, which is the same as β′Ag1. The hexagonal lattice 

parameters of the β′Ag2 unit cell were measured as a = b = 0.720 nm, c = 0.405 nm, which are slightly larger 

than those of β′Ag1 and β′ unit cells. The composition of β′Ag2 unit cell was identified as Mg3SiAg2Al3 

according to the atomic position in the HAADF-STEM image. The precipitates with larger β′Ag2 regions are 

shown in Supplementary Fig. S2. The structures of β′, β′Ag1 and β′Ag2 unit cells with the positions (x, y, z) of 

solute atoms are listed in Table 3. Statistical analyses indicated that most precipitates formed at the over-aged 

stage have a composite structure: mixed of the β′Ag1, β′Ag2, Q′Ag and β′ unit cells.  

Ag segregation was observed at the β′Ag/α-Al interface in almost all the β′Ag precipitates. Fig. 10 shows 

HAADF-STEM images of the β′Ag precipitates formed after AA for one week in the Ag-added A2 alloy. Ag 

atoms mainly occupied two positions at the interface: the Al atom in the FCC matrix and the Si atom in the 

β′ phase as shown in Figs. 10 (b and c), respectively. In addition, Ag atoms preferentially segregated at the 

β′/α-Al semi-coherent interface along the [100]α direction, as shown in Fig. 10 (f). But no Ag segregation 

was observed at the β′/α-Al coherent interface shown in Fig. 10 (e).   



 

Fig. 8. (a, b, c, d) HAADF-STEM images of four individual β′Ag precipitates formed after one week AA for 

the Ag-added A2 alloy, (e, f, g, h) the corresponding FFT patterns of (a, b, c, d), respectively. The β′ and β′Ag 

unit cells are marked by red lines.   



 

Fig. 9. (a, d) HAADF-STEM images of β′Ag precipitates formed at the over-aged condition (170 oC for one 

week). (b) the corresponding FFT pattern of (a). (c, f, h, i) the enlarged HAADF-STEM images of the zones 

marked in (a). (e) the enlarged HAADF-STEM image of the zone marked in (d). (g) schematic illustration of 

the β′ unit cell. The β′Ag cell unit is marked by the red lines. The QP lattice and Ag-network are marked by 

dashed green and yellow lines, respectively.  



 

Fig. 10. (a, d) HAADF-STEM images of β′Ag precipitates formed at the over-aged condition (170 oC for one 

week). (b, c) and (e, f) are the enlarged HAADF-STEM images of the zones marked in (a) and (d), 

respectively. The QP lattice and Al matrix are marked by dashed green and yellow lines, respectively. The β′ 

cell unit is marked by the red lines.  

 

Table 3 Comparison between the crystal structure of β′, β′Ag1 and β′Ag2 unit cells. 

 β′ [32] β′Ag1 [32] β′Ag2 

Lattice 

parameters 

a = b = 0.715 nm, 

c = 0.405 nm 

a = b = 0.690 nm, 

c = 0.405 nm 

a = b = 0.720 nm, 

c = 0.405 nm 

Space group hexagonal P63/m hexagonal P-62m hexagonal P-62m 

Composition Mg1.8Si Mg3Si2AgAl3 Mg3SiAg2Al3 

Atomic 

position 

Atom x y z Occ. Atom x y z Occ. Atom x y z Occ. 

Si1 0 0 0.25 2/3 Ag 0 0 0 1 Si 0 0 0 1 

Si2 2/3 1/3 0.25 1 Si 1/3 2/3 0.5 1 Ag 1/3 2/3 0.5 1 

Mg 0.6153 0.6954 0.25 1 Al 0.74 0.74 0.5 1 Mg 0.7375 0.7375 0.5 1 

     Mg 0.40 0.40 0 1 Al 0.3825 0.3825 0 1 

 

3.3.4. Equilibrium microstructure  

Fig. 11 (a) shows the low-magnification HAADF-STEM image of microstructure for the Ag-added A2 



alloy aged at 300 oC for two weeks, which is thought to be the equilibrium stage. The plate precipitate is 

identified as β (Mg2Si) phase by STEM-EDS analysis. Most Ag atoms were presented in the α-Al matrix, 

and no Ag atoms were detected in the interior of β phase, indicating that Ag atoms were released into the α-

Al matrix during the long-time over-aging treatment. Besides, few spherical Ag particles were occasionally 

observed in the α-Al matrix, shown in Figs. 11 (f-j).  

 

Fig. 11. (a) HAADF-STEM image of the Ag-added A2 alloy at an equilibrium stage (300 oC AA for two 

weeks). (b-e) STEM-EDS maps of (a), (f) HAADF-STEM image of Ag particle, (g-j) STEM-EDS maps of 

(f).    

 

4. Discussion  

4.1. Influence of Ag on the structural evolution of precipitates in Al-Mg-Si 

alloy  

For Al-Mg-Si alloys, Ag addition could change the atomic structure, morphology and distribution of 

precipitates during aging treatment, which significantly affects the mechanical properties of these alloys. To 

reveal the influence mechanism of Ag on the atomic structure of precipitates for Al-Mg-Si alloys, systematic 

DFT calculations of the precipitates with and without Ag incorporation were performed. The formation 

enthalpies (∆H) of various Ag-containing metastable phases are shown in Fig. 12, the ∆H of β″, β′ and β 

phases are also presented for comparison. The Mg10Si8Ag4, Mg8Ag2Si8Al4, Mg6Ag4Si8Al4 and 

Mg10Ag4Si4Al4 are built by Ag replacing different Mg or Si sites in the β″ unit cell. From the black line in 

Fig. 12, it is clear that all the Ag-containing β″ unit cells have higher ∆H than that of the β″ unit cell, indicating 



the incorporation of Ag in the β″ unit cell is energetically unfavorable. This well explains why no Ag atom 

was found in the interior of β″ unit cell. From the red line in Fig. 12, the two β′Ag unit cells, β′Ag1 

(Mg3Al3Si2Ag) and β′Ag2 (Mg3Al3SiAg2), have the lower ∆H than that of the β′ unit cell, implying that the 

formation of β′Ag1 and β′Ag2 are energetically favorable. For the equilibrium β phase, the two Ag-containing 

β unit cells (Ag2Si, Mg2Ag) have higher ∆H than that of the β unit cell. This is corresponding very well with 

the experimental results that no Ag atom was detected in the β phase.  

 

Fig. 12. Formation enthalpy △H (eV/atom) plotted as a function of composition, calculated using VASP-PW-

GGA. 

 

At the early aging stage, Ag atoms could enter the Mg-Si co-clusters and refine the distribution of 

clusters by promoting the nucleation of these clusters [29, 31]. As the Ag atoms have a strong interaction 

energy with the Mg atoms, and high diffusion rate in the matrix, the Ag atoms can incorporate into the Mg-

Si co-clusters and “steal” some Mg atoms from the Mg-Si co-clusters to form the Ag-rich clusters and thus 

refine these clusters. The Ag atoms actually act as the “dispersant”, which increases the number density of 

clusters and precipitates during the early stage of aging. During the following aging process, the Ag addition 

could change the atomic structure of the precipitates and refine their distribution. At the peak-aged stage, Ag 



atoms generally segregate at the GP zone/α-Al and β″/α-Al interfaces by the replacement of Al atom in FCC 

matrix, and nearly no Ag atom is observed in the interior of GP zone and β″ phase (as shown in Fig. 6). With 

prolonged aging time, Ag atoms gradually incorporate into the interior of β″ phase, distort the unit cell of β″ 

and promote the formation of QP lattice (as shown in Fig. 7), and then the two substructures: Ag sub-unit (1) 

and Ag sub-unit (2) are formed. The Ag sub-unit (1), three Al atoms and three Mg atoms surrounding an Ag 

atom, is formed by Ag replacing the Si site in QP lattice. The Ag sub-unit (2), three Mg atoms and three Si 

atoms surrounding an Ag atom, is formed by Ag occupying the site in-between QP lattice. DFT calculations 

were performed to reveal the structural stability of these two substructures. Fig. 13 display the contour maps 

of the electron densities of Ag sub-unit (1) and Ag sub-unit (2). A strong covalent bonding is formed between 

the Ag and Al atoms in the Ag sub-unit (1) as marked by the dashed red circles in Figs. 13 (a and b). But for 

the Ag sub-unit (2), a strong covalent bonding is observed between the Ag and Si atoms. The strong covalent 

bondings between Ag and Al/Si atoms play a significant role in stabilizing the substructures of Ag sub-unit 

(1) and Ag sub-unit (2).    

In the over-aging stage, the rearrangement of these substructures results in the formation of β′Ag and 

Q′Ag unit cells within the precipitates. The Ag sub-unit (1) transforms to the β′Ag1 and β′Ag2 unit cells and the 

Ag sub-unit (2) evolves to the Q′Ag unit cell. In the region without Ag, the β″ unit cell could directly transform 

to the β′ unit cell. The β′Ag1 and β′Ag2 unit cells could be distinguished from each other by the different 

arrangement of Ag sub-unit (1), which is caused by Ag atoms replacing two non-equivalent Si atoms in the 

β′ unit cell. The Q′Ag phase has the same structure as the Q′ phase formed in the Al-Mg-Si-Cu alloys, except 

for the Cu atoms are replaced by Ag atoms. During the whole over-aged stage, almost all precipitates have a 

composite and disordered structure due to the coexistence of different unit cells (β′Ag1, β′Ag2, Q′Ag and β′) and 

the non-periodic arrangement of Ag atoms within the precipitate. This is probably because the diffusion of 

Ag sub-unit (1) and Ag sub-unit (2) within the precipitate is rather difficult. The sluggish diffusion of these 

Ag sub-units could lead to a disordered and composite structure of the precipitates. At the equilibrium stage, 

no Ag atom is detected in the β precipitate and a few Ag particles are observed, meaning that all the Ag atoms 

are released into the α-Al matrix during the transformation of metastable composite precipitates to the 

equilibrium β phase, and Ag solid solutionizing in the matrix or forming the Ag particle. Therefore, it can be 

deduced that Ag atoms undergo a process of “segregate at the precipitate/matrix interface → incorporate into 

the interior of precipitate → release into the α-Al matrix” during the precipitation for Al-Mg-Si-Ag alloys. 

Schematic illustration of the precipitate evolution in the Al-Mg-Si-Ag alloy is presented in Fig.14. The 



precipitation sequence of the Mg-rich Al-Mg-Si-Ag alloys can be identified as: SSSS → atomic clusters → 

β″ → β′Ag1, β′Ag2, Q′Ag, β′ → β, Ag particle. This precipitation sequence is for the first time revealed by 

atomic-resolution HAADF-STEM technique.   

  

Fig. 13. Contour maps of the electron densities of three phases on different planes calculated using VASP-

PW-GGA. (a) β′Ag2, (001), Z = 0Å, (b) β′Ag1, (010), Z = 2Å, (c) Q′Ag, (001), Z = 0Å, (d) Q′Ag, (110), Z = 6Å. 

The strong covalent bonding between Ag-Al and Ag-Si bonds in β′Ag and Q′Ag is displayed by dashed red and 

blue circles, respectively.  

 

Fig. 14. Schematic illustration of the precipitate evolution in the Mg-rich Al-Mg-Si-Ag alloy.   

 



4.2. Ag segregation at the precipitate/matrix interfaces  

Ag segregation is found at the interfaces of all metastable phases formed in Al-Mg-Si-Ag alloys, such 

as the GP zone, β″ and β′ phases. Understanding the interfacial segregation mechanism of Ag atoms is 

essential to optimize the property of Al-Mg-Si-Ag alloys. Fig. 15 shows the interface structural models of 

β″/α-Al and β′/α-Al interfaces before and after Ag segregation, which are built based on the HAADF-STEM 

images shown in Fig. 6 (b) and Fig. 10 (d). The corresponding formation enthalpy △H of these structural-

optimized model systems is presented in Fig. 15 (j). It is found that the △H of the β″/α-Al interfaces along 

the [3̅10]α and [230]α directions and the semi-coherent β′/α-Al interface along the [21̅1̅0]β′ direction with Ag 

segregation are lower than that of these interfaces without Ag segregation. While Ag segregation is not 

energetically favorable at the coherent β′/α-Al interface along the [01 1̅ 0]β′ direction. Therefore, Ag 

preferentially aggregates at the β″/α-Al and semi-coherent β′/α-Al interfaces, but not the coherent β′/α-Al 

interface, which agrees very well with the experimental results that fewer Ag atoms are found at the coherent 

β′/α-Al interface (shown in Fig. 10 (e)).    

Ag segregation at the interfaces of β″ and β′ phases could change the morphology of precipitates, and 

thus control the strengthening of Al-Mg-Si alloys. At the over-aged stage, the β′/β′Ag composite precipitate 

in the Ag-added A2 alloy has a higher average length/diameter ratio (L/D = 24.49) than that of the β′ phase 

(L/D = 13.11) in the A1 base alloy, implying that Ag segregation could increase the length/diameter ratio of 

β′ precipitate, and thus high density of slender precipitates are formed. It is supposed that Ag segregation 

limits the diffusional growth of the β′Ag precipitate along the cross-section. Therefore, the β′Ag phase with Ag 

segregation is much slender than the β′ phase formed in the base Al-Mg-Si alloy. As a consequence the 

strengthening of β′ phase will be influenced, as discussed in the next section. The schematic illustration of 

the influence of Ag segregation on the morphology evolution of precipitates is presented in Fig. 16. While 

for the β″ phase formed at the peak-aged stage, the influence of Ag segregation on the morphology of β″ 

phase is not evident. It is because of the Ag atoms partially replace the Al columns at the β″/α-Al interface, 

which could not effectively suppress the diffusional growth of β″ phase along the cross-section. The partial 

replacement of Ag atoms at the β″/ α-Al interface is shown in Supplementary Figure S3 and Supplementary 

Figure S4.  

Ag has been known as one of the ‘magic’ microalloying elements in aluminum alloys since the 1960s 

[48, 49], accelerating precipitate phase nucleation or sometimes even changing the type of phase that forms. 



Using electron microscopy and atom probe tomography, previous studies have shown that in this role Ag 

atoms participate within the precipitate phase [32, 50] or segregate at the precipitate/matrix interfaces [51]. 

However, the detailed mechanisms seem to vary from one alloy system to another. For instance, DFT 

calculations have shown that Ag atoms prefer to cluster on the close-packed planes within the aluminum 

matrix [52]. This intrinsic preference of {111}α crystallographic planes explains the formation of a new ζ 

(AgAl) phase [52] and the Ag interfacial segregation on the γ′ (Ag2Al) phase [53, 54] in the binary Al-Ag 

system. Indeed, Ag also co-clusters with Mg for various precipitates with their interfaces parallel to the 

{111}α planes, including the Ω (Al2Cu) phase in the Al-Cu-Mg-Ag system [36, 55, 56], the T1 (Al2CuLi) 

phase in the Al-Cu-Li-Mg-Ag system [57, 58] and the η′/η (Mg2Zn) phases in the Al-Zn-Mg-Ag system [59]. 

In contrast, Ag segregates as on {100}α planes as bi-layers for the θ′ (Al2Cu) phase in the Al-Cu-Ag system 

[60] and the phenomenon is more complex for the β″/β′ (Mg2Si) [32], C and Q phases [50] in the Al-Mg-Si 

system. Together with previous work, our results demonstrate that DFT calculations are powerful in 

explaining the interfacial segregation, especially when combined with atomic resolution characterization. But 

the calculations up to now are still largely limited to each specific system, which calls for a further study to 

rationalize the microalloying mechanisms of the Ag in aluminum alloys in general.  

 



 

Fig. 15. Interface structural models of β″/α-Al and β′/α-Al interfaces before and after Ag segregation, (a, b) 

and (c, d) the models of β″/α-Al interfaces along the [001]β″ // [1̅ 30]α and [100]β″ // [320]α directions, 

respectively. (e, f) the models of coherent β′/α-Al interfaces along the [011̅0]β′ direction. (g-i) the models of 

semi-coherent β′/α-Al interfaces along the [21̅1̅0]β′ direction. (h) Ag occupies the Al atoms in FCC matrix, 

(i) Ag occupies the Si atoms in β′ precipitate. (j) the formation enthalpy (eV/atom) and segregation enthalpy 

(eV/Ag atom) plotted as a function of interfacial composition, calculated using VASP-PBE-GGA.  

 



 

Fig. 16 Schematic illustration of the morphology evolution of precipitates in the investigated two alloys, (a) 

the base Al-Mg-Si alloy, (b) the Al-Mg-Si-Ag alloy.  

 

4.3. Influence of morphology on the strengthening potential of precipitates   

4.3.1. β″ precipitate  

Precipitation hardening is an indispensable strengthening mechanism in Al-Mg-Si alloys. The β″ 

precipitate formed at the peak-aged stage is strengthening by shearing dislocation during deformation 

because of the small size and high coherency of these precipitates [61, 62]. The yield stress of β″ phase could 

be calculated by a model developed in reference [62]. The contribution to the yield stress from precipitation 

hardening can be summarized as:   

𝜎𝑝 =
𝑀𝐹̅

𝑏𝐿
                                       (1) 

where M is the Taylor factor (3.06 for FCC metals), and b = 0.286 nm is the magnitude of the Burgers vector. 

𝐹̅ is the average obstacle strength of precipitate and L is the average spacing of precipitate [62]. For the 

needle-like precipitate, the average spacing L can be written as:  

𝐿 = (
2𝜋

𝑓
)

1 2⁄

𝑅̅                                   (2) 

where f is the volume fraction of precipitate and 𝑅̅ is the average radius of a needle-like precipitate. For the 

shearable precipitate, the strength of precipitate is proportional to the radius:  



F = kGbR                                   (3) 

where k = 𝑏 𝑅𝑐⁄  is a constant and 𝑅𝑐 is the radius at which the precipitate becomes nonshearable and is 

identified as 2.5 nm in reference [62], G = 28 GPa is the shear modulus of aluminum at room temperature, 

and R is the radius of precipitate. Substituting equation (2), (3) and the parameters into equation (1) results 

in the equation, 𝜎𝑝 = 3.91 × 103(𝑓
1
2) , implying that the volume fraction f plays an important role in 

shearable precipitation strengthening. Depending on the quantified details of β″ precipitate listed in Table 2, 

the yield stress of the A1 base alloy with shearable β″ precipitate can be calculated as 191.55 MPa, which is 

smaller than that of the Ag-added A2 alloy (217.70 MPa), which has denser and smaller β″ precipitate 

distribution. It is clear that Ag addition could improve the strengthening ability of β″ precipitate for the 

increased volume fraction of precipitate.   

 

4.3.2. β′ precipitate  

To reveal the quantitative effect of the morphology on the strengthening potential of β′ phase, the 

contribution of β′ phase to the yield strength is calculated for the two alloys. The nonshearable β′ phase is 

strengthening by bypass mechanism during deformation. The contribution of nonshearable particle to the 

strength of aluminum alloys has been evaluated in terms of the original or modified Orowan equations [63]. 

A.W. Zhu et al. [64] developed an appropriate version of the Orowan equation for aluminum alloys containing 

oriented <100>α precipitate rods. For application to rod-like particles of diameter Dr, length Lr (>>Dr) and 

volume fraction fν, the yield stress for rod particle as:   

τp = 0.15G
𝑏

𝐷𝑟
(𝑓𝜈

1/2
+ 1.84𝑓𝜈 + 1.84𝑓𝜈

3/2
)ln

1.316𝐷𝑟

𝑟0
                     (4) 

r0 is the inner cut-off radius for the calculation of the dislocation line tension and is 0.572 nm for aluminum 

alloys, and the volume fraction fν of β′ precipitate for the Al-Mg-Si alloys is calculated by:  

𝑓𝜈 = 𝜋𝑁𝑑𝐿𝑟(
𝐷𝑟

2
)2                                    (5) 

where Nd is the number density of β′ precipitates.  

In order to explore the relationship between the length/diameter ratio and strengthening ability of β′ 

precipitate, the number density (Nd) of β′ is intended as 4.0×10-6 according to the experimental results. Setting 

the parameters of diameter Dr and the length 𝐿𝑟 of precipitate as variable and the equation (4) could translate 



to:  

τp  =  [2.13𝐿𝑟

1

2 + 6.94 × 10−3𝐷𝑟𝐿𝑟 + 1.23 × 10−5𝐿𝑟

3

2𝐷𝑟
2] (0.83 + ln 𝐷𝑟)          (6) 

According to experimental results, Dr is varying from 0 to 10 nm and Lr is varying from 50 to 300. The 

relationship among diameter (Dr), length Lr and yield stress (τp) is plotted in Fig. 17 (a), it could be seen that 

the yield strength is improved as the increase of the diameter and length. To reveal the relationship between 

the yield strength and length/diameter ratio, the Dr is denoted as 5 nm (average Dr: Dr = 5.02 nm for the A1 

alloy, Dr = 4.47 nm for the Ag-added A2 alloy), the equation (6) is transform to:  

τp = 11.61 × (
𝐿𝑟

𝐷𝑟
)

1

2 + 0.41 × (
𝐿𝑟

𝐷𝑟
) + 8.39 × 10−3 · (

𝐿𝑟

𝐷𝑟
)

3

2                      (7)   

The τp plotted as a function of length/diameter ratio 𝐿𝑟/𝐷𝑟, is shown in Fig. 17 (b). It could be seen that the 

τp is improved with increasing 𝐿𝑟/𝐷𝑟, implying that the precipitate with higher length/diameter ratio has 

stronger strengthening ability. Ag addition changes the morphology of β′ precipitate from stubby to slender, 

leading to stronger strengthening ability. Traditionally, the precipitation hardening is increased by promoting 

the nucleation of precipitates, which leads to a smaller and denser precipitate distribution, the precipitation 

hardening can be promoted by changing the morphology of precipitates has not systematically investigated. 

The present finding that the yield strength can be increased by promoting the length/diameter ratio of 

precipitates provides an additional route for strengthening the alloy. 

 

Fig. 17. (a) Yield stress τp plotted as a function of diameter 𝐷𝑟 and length Lr. (b) Yield stress τp plotted as a 

function of length/diameter ratio (𝐿𝑟/𝐷𝑟) with Dr is fixed as 5 nm.  

 



5. Conclusions  

The effect of Ag addition on the precipitation evolution and interfacial segregation for Al-Mg-Si alloys 

was systematically investigated. Ag could not only change the atomic structure of precipitates and refine the 

distribution of precipitates, but also segregate at the precipitate/matrix interfaces and change the morphology 

of precipitate, which provides an additional strengthening potential.  

1. At the early aging stage, Ag atoms enter the interior of clusters and form the Mg-Si-Ag co-clusters. At 

the peak aging stage, Ag atoms preferentially segregate at the GP zone/α-Al and β"/α-Al interfaces by 

replacing of Al atom in FCC matrix. Nearly no Ag is observed at the interior of precipitates.  

2. With prolonged aging time, Ag atoms generally incorporate into the interior of β" precipitate, facilitating 

the formation of QP lattice and the local symmetry substructures, Ag sub-unit (1) and Ag sub-unit (2). 

The Ag sub-unit (1) transforms to β′Ag unit cell (i.e. β′Ag1 and β′Ag2.) and the Ag sub-unit (2) evolves into 

Q′Ag unit cell. All the precipitates in the over-aging stage have a composite and disordered structure due 

to the coexistence of different unit cells (β′Ag1, β′Ag2, Q′Ag and β′) and the non-periodic arrangement of 

Ag atoms within the precipitate. 

3. At the equilibrium stage, Ag atoms incorporated in metastable precipitates release into the α-Al matrix 

or form the Ag particle. The precipitation sequence of Mg-rich Al-Mg-Si-Ag alloys can be identified as: 

SSSS → atomic clusters → β″ → β′Ag1, β′Ag2, Q′Ag, β′ → β, Ag particle. In general, Ag atoms undergo a 

process of “segregate at the precipitate/matrix interface → incorporate into the interior of precipitate → 

release into the α-Al matrix” during the precipitation for Al-Mg-Si-Ag alloys.  

4. Ag segregation is found at the interfaces of almost all metastable phases (including GP zones, β″, β′/ β′Ag 

phases) in Al-Mg-Si-Ag alloys. Ag segregation at the interfaces could increase the length/diameter ratio 

of β′ phase, and thus improve precipitate strengthening.  
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Figure captions 

Fig. 1. Evolution of Vickers hardness for the two investigated alloys during AA at 170 oC immediately after 

water quenching.   

Fig. 2. TEM bright-field images of the two alloys aged at 170 oC for different times. (a) A1, 5h peak aging, 

(b) A1, 2 days AA, (c) A1, 1 week AA, (d) A2, 2h peak aging, (e) A2, 2 days AA, (f) A2, 1 week AA.   

Fig. 3. (a) HAADF-STEM image of β″ precipitate formed at 5h peak aging for the A1 base alloy, (c) HAADF-

STEM image of βˊ precipitate formed at one week over aging for the A1 base alloy. (b, d) corresponding FFT 

patterns of (a, c), respectively. The unit cells of β″ and βˊ are marked by red lines.   

Fig. 4. Precipitate length distribution of β″ and β′ precipitates for the two alloys, (a) β″, peak aging, (b) β′, 

one week AA.     

Fig. 5. (a) Atoms maps for the Ag-added A2 alloy after AA at 170 oC for 5 min, (b) the enlarged 3DAP maps 

of the zone b marked in (a), (c) frequency histograms (experimental in black and randomly labelled in red) 

of 5NN distance between Mg, Si and Cu solute atoms, (d) the measured Ag/Mg ratio plotted against the 

cluster size.   

Fig. 6. (a, b, c, d) HAADF-STEM images of GP zone and β″ phases formed in the peak-aged condition (170 

oC for 2h) for the Ag-added A2 alloy, (a) GP zone, (b, c, d) β″ phase. (e, f, g, h) the corresponding FFT 

patterns of (a, b, c, d), respectively. The β″, U2 and β′ cell units are marked by the red, yellow and purple 

lines, respectively. The low density cylinder (LDC) is marked by the dashed red circle.   

Fig. 7. (a, e) HAADF-STEM images of β″ and QˊAg phases formed at the over-aged condition (170 oC for 2 

d) for the Ag-added A2 alloy. (b, f) the corresponding FFT patterns of (a, e), respectively. (c, g) the enlarged 

HAADF-STEM images of the zone c and g marked in (a and e), respectively. The QP lattice is marked by 

dashed green lines. (d, h) the enlarged HAADF-STEM images of the zone d and h marked in (c, g), 

respectively. The β″ and QˊAg unit cells are marked by the red and yellow lines, respectively.    

Fig. 8. (a, b, c, d) HAADF-STEM images of four individual β′Ag precipitates formed after one week AA for 

the Ag-added A2 alloy, (e, f, g, h) the corresponding FFT patterns of (a, b, c, d), respectively. The β′ and β′Ag 

unit cells are marked by red lines.   

Fig. 9. (a, d) HAADF-STEM images of β′Ag precipitates formed at the over-aged condition (170 oC for one 

week). (b) the corresponding FFT pattern of (a). (c, f, h, i) the enlarged HAADF-STEM images of the zones 

marked in (a). (e) the enlarged HAADF-STEM image of the zone marked in (d). (g) schematic illustration of 



the β′ unit cell. The β′Ag cell unit is marked by the red lines. The QP lattice and Ag-network are marked by 

dashed green and yellow lines, respectively.  

Fig. 10. (a, d) HAADF-STEM images of β′Ag precipitates formed at the over-aged condition (170 oC for one 

week). (b, c) and (e, f) are the enlarged HAADF-STEM images of the zones marked in (a) and (d), 

respectively. The QP lattice and Al matrix are marked by dashed green and yellow lines, respectively. The β′ 

cell unit is marked by the red lines.  

Fig. 11. (a) HAADF-STEM image of the Ag-added A2 alloy at an equilibrium stage (300 oC AA for two 

weeks). (b-e) STEM-EDS maps of (a), (f) HAADF-STEM image of Ag particle, (g-j) STEM-EDS maps of 

(f).    

Fig. 12. Formation enthalpy △H (eV/atom) plotted as a function of composition, calculated using VASP-

PW-GGA.    

Fig. 13. Contour maps of the electron densities of three phases on different planes calculated using VASP-

PW-GGA. (a) β′Ag2, (001), Z = 0Å, (b) β′Ag1, (010), Z = 2Å, (c) Q′Ag, (001), Z = 0Å, (d) Q′Ag, (110), Z = 6Å. 

The strong covalent bonding between Ag-Al and Ag-Si bonds in β′Ag and Q′Ag is displayed by dashed red and 

blue circles, respectively.  

Fig. 14. Schematic illustration of the precipitate evolution in the Mg-rich Al-Mg-Si-Ag alloy.   

Fig. 15. Interface structural models of β″/α-Al and β′/α-Al interfaces before and after Ag segregation, (a, b) 

and (c, d) the models of β″/α-Al interfaces along the [001]β″ // [1̅ 30]α and [100]β″ // [320]α directions, 

respectively. (e, f) the models of coherent β′/α-Al interfaces along the [011̅0]β′ direction. (g-i) the models of 

semi-coherent β′/α-Al interfaces along the [21̅1̅0]β′ direction. (h) Ag occupies the Al atoms in FCC matrix, 

(i) Ag occupies the Si atoms in β′ precipitate. (j) the formation enthalpy (eV/atom) and segregation enthalpy 

(eV/Ag atom) plotted as a function of interfacial composition, calculated using VASP-PBE-GGA.  

Fig. 16 Schematic illustration of the morphology evolution of precipitates in the investigated two alloys, (a) 

the base Al-Mg-Si alloy, (b) the Al-Mg-Si-Ag alloy.  

Fig. 17. (a) Yield stress τp plotted as a function of diameter 𝐷𝑟 and length Lr. (b) Yield stress τp plotted as a 

function of length/diameter ratio (𝐿𝑟/𝐷𝑟) with Dr is fixed as 5 nm.   

 

Table captions 

Table 1 Chemical compositions of the two investigated alloys 



Table 2 Statistics of β″ and β′ precipitates for the two alloys after AA at different aging times.  

Table 3 Comparison between the crystal structure of βˊ, βˊAg1 and βˊAg2 unit cells.   

 


