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Abstract 13 

It is generally believed that β″ precipitates, rather than β′ precipitates, are the major strengthening 14 

precipitates in aged Al-Mg-Si alloys. The reason for this difference is not well understood. To clarify 15 

this, two samples of the same Al-Mg-Si alloy but with different aging states were prepared. The 16 

under-aged sample only contains nano-precipitates of the β″ type, while the peak-aged one contains 17 

nearly equal volumes of β″ and β′ precipitates. We have, for the first time, separated the strengthening 18 

effect of the contribution from βʺ and βʹ precipitates, respectively, by an indirect approach based on 19 

high-precision measurements of volume fractions, number densities, sizes, proportions of the 20 

precipitates, their lattice strains, the composition and grain size of the matrix. The β′ precipitates, which 21 

take 45.6% of the total precipitate volume in the peak-aged sample, contribute to the entire 22 

precipitation strengthening by only 31.6%. The main reason why they are less useful compared to β″ 23 

precipitates has been found to be associated with their smaller lattice strains relative to the matrix, 24 
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which is 0.99% versus 2.10% (for β″).  1 
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1. Introduction 1 

With high strength-to-weight ratio, good formability and weldability, superior corrosion resistance, 2 

high electrical and thermal conductivity and attractive surface appearance, heat-treatable Al-Mg-Si-(Cu) 3 

alloys are widely used as body panels for the substitution of steel in the automotive industry to reduce 4 

the weight of vehicles and their energy consumption [1-3]. Generally, precipitation strengthening, solid 5 

solution strengthening and strain strengthening jointly determine the strength of Al-Mg-Si-(Cu) alloys, 6 

in addition to grain boundary strengthening which is less pronounced in 6xxx Al alloys as the grain size 7 

in this system is relatively stable during aging heat treatments [4-8]. The opinion that precipitation 8 

strengthening is the most important strengthening mechanism in Al-Mg-Si-(Cu) alloys has been widely 9 

accepted. The effect of precipitation strengthening mainly comes from the interaction between 10 

nanoscale precipitates and dislocations. For Al-Mg-Si alloys, the precipitation sequence is generally 11 

considered to be [9-12]: 12 

super-saturated solid solution (SSSS) → atomic clusters → GP zones → β″→ β′, U1, U2, B′ → β, Si 13 

In general, the needle-like β″ precipitate is considered to be the most efficient strengthening phase in 14 

6xxx Al alloys.  15 

Structures and compositions of the clusters and precipitates have been investigated in detail 16 

through several analytical methods including high-resolution transmission electron microscopy 17 

(HRTEM) [13, 14], electron diffraction [15], three-dimensional atom probe (3DAP) [16], high - angle 18 

annular dark field - scanning transmission electron microscopy (HAADF-STEM) [17], and 19 

energy-dispersive X-ray spectroscopy (EDX) [18]. Starting from the experimentally determined 20 

structures and compositions, the mechanical properties of the precipitates in Al-Mg-Si alloys have been 21 

predicted by Zhang et al. through first principles calculations [19]. Tab. 1 lists the crystal structure 22 
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parameters and elastic properties of the most common precipitates, i.e., needle-like β″ and β′ 1 

precipitates, in Al-Mg-Si alloys [13, 15, 19-21], in addition to those of the matrix phase Al [22-26]. 2 

Unfortunately, due to the size limitation of metastable β″ and β′ precipitates there is no experimental 3 

data for their mechanical parameters, specifically, for the shear modulus G, bulk modulus B, elastic 4 

modulus E and Poisson’s ratio ν. 5 

Table 1  6 

Related microstructure and elastic properties (bulk modulus-B, shear modulus-G, Young’s modulus-E 7 

and Poisson’s ratio-ν) of β″, β′ phases and Al. 8 

Phase Shape Composition 
Space 

group 

Lattice 

parameters/Å 
B G E ν 

β″ Needle Mg5Si6 Monoclinic, 

C2/m 

a = 15.16, b = 4.05, 

c = 6.74, β = 105.3º 

[15] 

61.7 

[19, 

21] 

34.2 

[19, 

21] 

86.7 

[19, 

21] 

0.27 

[19, 

21] 

β′ Needle Mg9Si5 Hexagonal, 

P63/m 

a = 7.15, c = 12.15, 

γ = 120º [20] 

56.9 

[19] 

37.4 

[19] 

92.0 

[19] 

0.23 

[19] 

Al \ \ FCC, 

Fm3�m 

a = 4.0494 [22] 75.2 

[26] 

26.5 

[24] 

70 

[25] 

0.345 

[24] 

Microstructural parameters of precipitates such as number density (n), volume fraction (Vf), size 9 

(average length l and average area of the cross-section Acs) and types of the precipitates can drastically 10 

influence the magnitude of precipitation strengthening (σppt). The higher the n value, the higher the 11 

probability of gliding dislocations impeded by precipitates, which leads to higher strength. Indeed, the 12 

length of precipitates will influence the intersections between precipitates and slip planes: the longer 13 

the precipitates, the higher the density of precipitates/slip-plan intersections, resulting in higher 14 

strength [27]. The larger the Acs, the stronger the impediment to dislocation gliding during the 15 

deformation of the alloy. However, one should keep in mind the relationship Vf = nlAcs [28] and the fact 16 

that the solutes in an alloy that can be segregated to form precipitates increasing Vf is limited. The 17 

parameter Acs also determines whether a precipitate is shearable or non-shearable [29], i.e., whether a 18 

gliding dislocation would shear or bypass a precipitate. The interaction mechanisms between 19 
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dislocations and precipitates in 6xxx Al alloys, especially for β″ and β′ precipitates, have been 1 

investigated by several authors [6, 30-34]. Dislocations were always found to shear β″ precipitates [30, 2 

34] but bypass larger β′ precipitates [31, 32] during gliding. Moreover, Teichmann et al. [33] have 3 

reported that β′ precipitates with cross-section radii (rcs) larger than 7.5 nm were bypassed by 4 

dislocations, while those with cross-section radii smaller than 7.5 nm were sheared by dislocations. In a 5 

yield strength model proposed by Esmaeili et al. [35], the relationship between average obstacle 6 

strength and average radius of precipitates at the peak-aged condition of an Al-Mg-Si alloy has been 7 

well analyzed, with consideration of the shearable to non-shearable transition. And some similar 8 

mechanical models proposed in recent years have also taken into account the influence of precipitates’ 9 

microstructural parameters (n, l, rcs, Vf, aspect ratio of precipitates and surface to surface distance 10 

between precipitates) and dislocation character on precipitation strengthening [35-45].  11 

Furthermore, the mechanism of how precipitates strengthen Al-Mg-Si alloys has been intensively 12 

studied by experimental measurements and theoretical simulations [7, 29, 46-53]. It can be explained 13 

mainly from the following aspects: (i) difference in shear modulus between precipitates and the matrix 14 

leads to modulus strengthening (σmod), (ii) chemical strengthening (σchem), which results from the 15 

additional matrix-precipitate interface created by the dislocation when it shears through precipitates, 16 

and (iii) the lattice misfit between precipitates and the matrix produces an strain field around the 17 

coherent or semi-coherent precipitates, and results in coherency strengthening (σcoh). 18 

The coherent β″ precipitate was generally considered to have higher strengthening effect compared 19 

to the semi-coherent β′ precipitate [15, 54, 55], but such a statement is just qualitatively understood and 20 

remains veiled in the current stage.  21 

The present work is aimed at quantifying the strengthening effect of both coherent β″ precipitates 22 
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and semi-coherent β′ precipitates by quantitative experimental characterization combined with strength 1 

modeling in a peak-aged Al-Mg-Si alloy. And the precipitation strengthening, modulus strengthening, 2 

chemical strengthening and coherency strengthening effects from both β″ and β′ precipitates are 3 

analyzed in detail.  4 

 5 

2. Experimental and theoretical methods 6 

2.1 Experimental 7 

An Al-Mg-Si alloy was casted for this study and its chemical composition (wt.%) was determined 8 

as Al-0.66Mg-0.41Si by a photoelectric direct-reading spectrometer (Thermo ARL4460) . Fe was 9 

detected in the alloy at the impurity level of 0.11 wt.%. The as-cast alloy was homogenized at 500 °C 10 

for 12 h, hot and cold rolled to 1 mm thick sheets. Then the sheets were solution heat treated at 550 °C 11 

for 30 min, water-quenched to room temperature, and immediately aged at 180 °C for different times. 12 

The Vickers microhardness of differently treated samples was tested on the mechanically polished 13 

surfaces with a load of 100 g and a dwell time of 15 s. Each of the presented values shown in Fig. S1 in 14 

the Supplementary Document averaged from ten measurements (excluding the maximum and 15 

minimum values). Tensile tests were conducted at room temperature using an Instron 3369 testing 16 

machine at a constant crosshead speed of 5 mm/min. The tensile samples with a gauge length of 25.0 17 

mm and a width of 6.0 mm were cut from the 1.0 mm thick rolled sheets according to Ref. [56], and 18 

their long axes were parallel to the rolling direction. Each strength data point was the average value 19 

from two parallel samples tested.  20 

TEM specimens were cut from the sheets and mechanically polished to the thickness of 50-80 µm, 21 

and then punched into disks with a diameter of 3 mm. The disks were thinned in an electrolyte with 33 22 
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vol.% Nitric acid in methanol using a Struers TenuPol-5 twin-jet electro-polishing instrument. TEM 1 

observations were performed using a FEI Tecnai G2 F20 S-Twin electron microscope operating at 200 2 

kV. All images were taken along the <001>Al zone axis in order to characterize the cross-sections and 3 

side views of the needle/rod/lath precipitates. Geometric phase analysis (GPA) using a plugin script 4 

(written by Christoph T. Koch) installed in Gatan Digital-Micrograph Software was performed to map 5 

the lattice strain and lattice misfit [52, 55, 57-61]. And the lattice strain can be determined directly by 6 

measuring the lattice fringe shifts in HRTEM [62-64]. Generally, the level of lattice strains of 7 

precipitates is very low, which leads to a quite low signal to noise ratio [61]. In order to obtain a 8 

smooth lattice strain distribution in the matrix in the close vicinity of the precipitates, a digital process 9 

with a spatial resolution of 1.0 nm was used to smooth out the fluctuations resulting from imperfections 10 

in the images. The electro-polished disk with a diameter of 3 mm was also used for scanning electron 11 

microscope (SEM) observations in a FEI Helios Nanolab 650 instrument operating at 5 kV using 12 

electron channeling contrast imaging (ECCI) [65]. 13 

Samples aged for 3 h and 6 h were cut into thin bars of 0.5 × 0.5 × 20 mm3, and further thinned by 14 

standard two-step electro-polishing procedures to meet the requirements of 3DAP analysis [66]. The 15 

thin needle was tested in a LEAP 4000 HR instrument operating in voltage mode with a pulse fraction 16 

of 15% of DC voltage, under an ultrahigh vacuum better than 10-8 Pa, at a temperature of 50 K 17 

(-223°C), a pulse repetition rate of 200 kHz and a target evaporation rate of 0.5%. 3DAP data 18 

reconstruction, visualization and analysis were performed using the Imago Visualization and Analysis 19 

Software package (IVAS 3.6.12). Analysis of the precipitates present in each specimen was performed 20 

using isoconcentration surfaces (using Mg and Si at a minimum concentration of 5%) and the 21 

maximum separation algorithm within the IVAS software. More details can be found in Ref. [67]. The 22 
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separation distances (dmax) and minimum number of solutes (Nmin) selected for the maximum separation 1 

algorithm were 0.7 nm and 10 solute atoms, respectively. These parameters were determined based on 2 

the methods described in Refs. [68, 69]. As Nmin was set as 10, particles containing less than 10 3 

detected solute atoms were not considered as precipitates. In addition, the detection efficiency of the 4 

3DAP instrument is 36%. 5 

2.2 Theoretical methods  6 

 According to the work of Esmaeili et al. [35], σppt can be estimated by considering the cases of 7 

both non-shearable strong obstacles and shearable weak obstacles. It should be noted that the critical 8 

resolved shear stress was determined from the interaction of gliding dislocations with point obstacles, 9 

while the average obstacle spacing has been estimated by taking into account their shape and 10 

orientation relationship with the matrix [7, 35]. For strong obstacles, the equation is: 11 

1/2
1/2

 
(2 )

peak
ppt f

peak

MF
V

br
σ

π
=       (1) 12 

where M is the Taylor factor, b is the magnitude of the Burgers vector, Vf is the volume fraction of 13 

obstacles, rpeak and Fpeak are the average radius of the equivalent circular cross-section and the average 14 

obstacle strength of the needle-like precipitates in peak-aged samples, respectively. For weak obstacles, 15 

the equation is:  16 

3/2
1/2 1/2

1/2 1/2 3/2
 

(2 3 )
peak

ppt f

peak

MF
r V

b r
σ

π
=

Γ
      (2) 17 

where Γ = Gb2/2 is the dislocation line tension, r = (3/2)1/4racs is the radius of an average equivalent 18 

circular cross-section on slip plans {111}Al and racs is the average cross-section radius of precipitates. It 19 

should also be noted that the ratio between Fpeak and rpeak can be considered as a constant in Al-Mg-Si 20 

alloys aged in the temperature range of 180 - 220 °C [35]: 21 
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    peak

peak

F F
Gb

r r
θ= =               (3) 1 

where θ is the specific strength of the obstacle. In the following calculations, for distinguishing clearly 2 

σppt under different conditions, σppt-3h and σppt-6h represent the contribution of precipitation strengthening 3 

to the yield strength of the samples aged for 3 h and 6 h, respectively. And σppt-6h-β″ and σppt-6h-β′ 4 

represent the contribution of precipitation strengthening to the yield strength of the sample aged for 6 h 5 

due to β″ and β′ precipitates, respectively. 6 

 In alloys where several strengthening mechanisms are operative at room temperature, resembling 7 

the mixture of a few strong and many weak obstacles, it is reasonable to assume that the individual 8 

strength contributions can be added linearly. Thus, the contribution of precipitation strengthening to the 9 

yield strength can be calculated by the following equation [7, 35-37, 70, 71]: 10 

      y ppt ss gσ σ σ σ= + +             (4) 11 

where the σy is the overall strength of the artificially aged alloy considering the precipitation 12 

strengthening, solid solution strengthening (σss) and the grain size strengthing effect (σg).  13 

Moreover, in age hardened Al alloys, solute elements such as Mg, Si and Cu give rise to 14 

considerable solid solution strengthening, and it is assumed that the contribution from each element is 15 

additive. Therefore, σss can be expressed as [37]: 16 

2 /3 ss j j
j

k Cσ = Σ                      (5) 17 

where Cj is the concentration of a specific alloying element in the solid solution and kj is the 18 

corresponding scaling factor. 19 

Furthermore, as the Al-Mg-Si alloys are generally used in polycrystalline states, the grain size 20 

effect was also considered. The dependence of initial yield strength on grain size is often expressed by 21 

the Hall–Petch relation [70, 71]: 22 



10 

 

1/2   g i yk dσ σ −= +                   (6) 1 

where σi is the intrinsic strength of Al, and ky is the Hall-Petch constant being about 0.326 MPa m-1/2 at 2 

d-1/2 < 1500 m-1/2 (i.e., d > 0.44 µm, with d the diameter of the grain) for Al-Mg-Si alloys [71].  3 

 4 

3. Experimental Results 5 

3.1 Mechanical properties 6 

According to the hardness curve in Fig. S1, the samples aged for 3 h (under-aged) and 6 h 7 

(peak-aged) were chosen for quantitative microstructural characterization. In addition, the engineering 8 

stress – strain curves were shown in Fig. S2. The yield strength of the samples aged for 3 h and 6 h 9 

were 258.6 ± 5.2 MPa and 273.3 ± 1.3 MPa (in the form of average value ± standard deviation), 10 

respectively.  11 

 12 

3.2 Quantification of precipitates in the sample aged at 180 ºC for 3 h 13 

The length, cross-sectional area, number density and volume fraction of precipitates in the sample 14 

aged for 3 h have been measured with high precisions. Based on our previous work [28], the number 15 

density of precipitates is calculated by the following formula:  16 

3

( 0.8 )
v

FOV

Nn
l t A

=
+

                  (7) 17 

where Nv is the measured number of precipitates in a field of view (FOV) of the TEM sample, t is the 18 

thickness of the observed region and AFOV is the area of the field of view. 19 

 The bright field image is shown in Fig. 1a, and from this image all the end-on needle-like 20 

precipitates (some examples are marked by red circles) along [001]Al with different cross-sectional 21 

geometries were counted. The value of Nv is 1463 ± 146 (measurement uncertainties in the form of 22 

standard deviation according to the evaluation in [28], in this paper all digits after the symbol ± mean 23 
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measurement uncertainties unless specified), and is the total number of the end-on needle-like 1 

precipitates in five bright field images, the other four images were obtained from the area adjacent to 2 

the area in Fig. 1a. The length l (as marked by red rectangles) has also been measured in these same 3 

five images: 500 precipitates growing along [100]Al and [010]Al in total were measured and yield an 4 

average length of 26.4 ± 1.2 nm. The corresponding AFOV is 2428034.5 ± 97121.38 nm2 (uncertainties 5 

evaluated according to scale bar calibration of HRTEM images) [28]. In addition, the average area of 6 

cross-section of the precipitates has been measured in 60 HRTEM images like Fig. 1b, and the obtained 7 

value of Acs is 28.7 ± 1.7 nm2. On the other hand, it is found that all of these 60 randomly selected 8 

precipitates in the 60 HRTEM images are characterized as β″ precipitates through indexing of their Fast 9 

Fourier transform (FFT) patterns. Therefore, it is reasonable to speculate that there are no other types of 10 

precipitates in the samples aged for 3 h. The thickness of the field of view was measured by convergent 11 

beam electron diffraction (CBED) according to the method established previously [28], and more detail 12 

about this method can be found elsewhere [28, 72]. The thickness (t) of the specimen is calculated as 13 

154.16 ± 4.62 nm according to the CBED pattern and its analysis as shown in Fig. S3 [28, 73]. Then 14 

the number density n can be calculated as n = (1.21 ± 0.13) × 1022 m-3 according to Eq. (7). And 15 

furthermore, the volume fraction Vf = nlAcs can be calculated as (0.92 ± 0.10) %. All these parameters 16 

have been listed in Tab. 2. 17 

 18 

Fig. 1. TEM study of the sample aged at 180 ºC for 3 h. (a) bright field image, (b) HRTEM image 19 
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of a β″ precipitate with FFT pattern inserted. Z = [001]Al. 1 

Table 2  2 

Summary of the parameters related to quantitative characterization of the precipitates in the Al-Mg-Si 3 

samples aged at 180 ºC for 3 h and 6 h, respectively. The digits after the symbol ± mean measurement 4 

uncertainties in the form of standard deviation. 5 

Parameters 3 h 6 h (Nβ″ : Nβ′ = 103 : 76) 

t (nm) 154.16 ± 4.62 129.73 ± 3.89 

AFOV (nm2) 2428034.45 ± 

9712.38 

2428034.45 ± 9712.38 

NV 1463 ± 146 
β″ β′ β″ + β′ 

1570.9 ± 157 1159.1 ± 116 2730 ± 273 

l (nm) 26.4 ± 1.2 26.2 ± 1.3 22.2 ± 3.5 24.5 ± 1.3 

n (1022 m-3) 1.21  ± 0.13 1.51 ± 0.17 1.12 ± 0.12 2.63 ± 0.29 

ACS (nm2) 28.7 ± 1.7 18.5 ± 1.1 20.7 ± 1.2 19.4 ± 1.2 

racs (nm) 3.02 ± 0.09 2.43 ± 0.07 2.57 ± 0.08 2.49 ± 0.08 

r 3.34 ± 0.10 2.69 ± 0.08 2.84 ± 0.09 2.76 ± 0.09 

Vf (%) 0.92 ± 0.10 0.68 ± 0.08 0.57 ± 0.06 1.25 ± 0.14 

Nomenclature: t - the thickness of the observed region, AFOV - the area of the field of view, NV - the measured number of 6 

precipitates in a field of view, l - the average length of precipitates, n - the number density of precipitates, ACS – the average area 7 

of the end-on cross-section of precipitates, racs – the average cross-section radius of precipitates, r - the radius of an average 8 

equivalent circular cross-section on slip plans {111}Al, Vf - the volume fraction of precipitates. 9 

 10 

3.3 Quantification of precipitates in the sample aged for 6 h 11 

For the peak-aged samples, i.e., samples aged for 6 h, a quantitative characterization was also 12 

performed and all the relative parameters have also been listed in Tab. 2. A typical bright field image is 13 

shown in Fig. 2a, and Figs. 2b-2d are HRTEM images of three kinds of classic precipitates in this 14 

sample. Through indexing the corresponding FFT patterns of 187 precipitates, it was concluded that 15 

103 of these are β″ precipitates and 76 are β′ precipitates, the others being disordered precipitates. The 16 

percentage of disordered phases is thus so small that they can be ignored for the purpose of reducing 17 

the complexity and difficulty of quantitative microstructural analysis and modeling of the yield strength. 18 

It is necessary to mention that the length of β″ precipitates or β′ precipitates cannot be measured 19 

individually since these precipitates can only be recognized from their end-on cross-section. However, 20 
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the average l value of both β″ and β′ precipitates can be measured from a total of 500 precipitates 1 

growing along [100]Al and [010]Al in the bright field images (as marked by some red rectangles in Fig. 2 

2a). As a result, the value of Nv is 2730 ± 273 and the average length of precipitates l = 24.5 ± 1.3 nm. 3 

The thickness of the field of view in this sample was calculated as 129.73 ± 3.89 nm from the CBED 4 

pattern as shown in Fig. S4. Finally, the number density and volume fraction of precipitates in the 5 

sample aged at 180 ºC for 6 h were measured as (2.63 ± 0.29) × 1022 m-3 and (1.25 ± 0.14) %, 6 

respectively. 7 

Based on the soft-impingement theory [74, 75], the length of needle-shaped precipitates can be 8 

calculated by Eq. (8) 9 

1/3 8 2f
v

l
G

V
γ= −

∆
         (8) 10 

Where ∆Gv is the free energy difference between matrix and precipitates per unit volume, and γ is the 11 

interface energy between precipitates and the matrix. At first, the average length (l6h-β″) of β″ 12 

precipitates in the sample aged for 6 h can be calculated as 26.2 ± 1.3 nm based on the Eq. (8) and 13 

volume fraction of β″ precipitates in both samples aged for 3 h and 6 h. Then the average length of β′ 14 

precipitates can be calculated as 22.2 ± 3.5 nm based on the l6h-β″ value and the number percentage 15 

between β″ and β′ precipitates in the sample aged for 6 h. 16 
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 1 

Fig. 2. TEM study of the sample aged at 180 ºC for 6 h. (a) bright field image, (b) and (c) HRTEM 2 

images of β″ and β′ precipitates with FFT patterns inserted, respectively. (d) HRTEM image of a 3 

disordered phase. Z = [001]Al. 4 

3.4 Determination of lattice strains of precipitates relative to the reference Al matrix  5 

GPA has already been successfully applied to the analysis of strain distribution and lattice misfit of 6 

coherent or semi-coherent precipitates with a measurement standard deviation of about 0.1% - 0.2% 7 

[52, 53, 61, 63, 64, 76, 77]. This method is also applied here to deduce the lattice strains of both β″ and 8 

β′ precipitates relative to the reference Al matrix far away from the precipitate. For instance, εxx-β″ 9 

(shown in Fig. 3a) and εyy-β″ (shown in Fig. 3b) represent the lattice strain of the β″ precipitate relative 10 

to reference Al matrix (in Fig. 2b) along [200]Al and [020]Al, respectively. The average value of εxx-β″ 11 

and εyy-β″ is taken as the net lattice strain of a given β″ precipitate. The average value εβ″ from 12 β″ 12 

precipitates (excluding the maximum and minimum) equals to 2.10% ± 0.34% (in the form of average 13 

value ± standard deviation). It should be noted that the area marked within the yellow curve (the curve 14 

represent the manually distinguished interface between the precipitate and the matrix) is the target area 15 

for the GPA analysis. For instance, the average in-plane strain εxx-β″-1 and out-of-plane εyy-β″-1 determined 16 
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from the regions in the yellow curves in Figs. 3a-3b are 2.35% ± 0.07% and 1.71% ± 0.09% (average 1 

value ± standard deviation), respectively. Thus the εβ″-1 = (|εxx-β″-1| + |εyy-β″-1|)/2 = 2.03%. The value of εβ″ 2 

is consistent with the results of 2% for GPA measurement and 3.5% for DFT & real-space analysis, 3 

more details can be seen in Ref. [52]. Similarly, as shown in the example of Figs. 3c-3d (GPA analysis 4 

of the β′ precipitate in Fig. 2c), 12 β′ precipitates were analyzed by GPA yielding a net εβ′ of 0.99% ± 5 

0.08% (average value ± standard deviation). In addition, the relationship between the lattice strains of 6 

these 2 × 12 individual β″ and β′ precipitates and their cross-sectional areas are shown in Fig. 4 in 7 

black solid squares and red solid circles, respectively. 8 

 9 

Fig. 3. GPA analysis for the lattice strains of the β″ and β′ precipitates relative to the Al matrix. Plot of 10 

the εxx-β″ (a) and εyy-β″ (b) component of β″ precipitate from Fig. 2b, εxx-β′ (c) and εyy-β′ (d) are the 11 

components of the β′ precipitate from Fig. 2c. x∥[200]Al, y∥[020]Al, z∥[002]Al. The areas marked in 12 

yellow curves correspond to the yellow curves marked in Figs. 2b-2c and which are used to analyze the 13 

lattice strains of the β″ and β′ precipitates, respectively. 14 

Furthermore, the lattice strains of neither β″ precipitates nor β′ precipitates has shown any kind of 15 

numerical relationship with the precipitates’ size. As shown in Fig. 4, it is easy to conclude that the 16 

lattice strains of β″ precipitates is concentrated in a range from 1.8% to 2.3%, while the range of lattice 17 

strains of β′ precipitates is from 0.8% to 1.2%. 18 
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 1 

Fig. 4. Relationship between the lattice strains (ε) of the β″ and β′ precipitates and their cross-sectional 2 

area (Acs) in the sample aged at 180 ºC for 6 h. 3 

3.5 Determination of grain size and matrix composition  4 

It is well known that grain refinement can synergistically improve strength and toughness of 5 

metals and alloys, including Al alloys [78-80]. For the Al-Mg-Si sheet samples that were cold-rolled in 6 

this work, the applied solution heat treatment at 550 °C for 30 min would lead to static recovery and 7 

recrystallization [81, 82]. In addition, Sepehrband et al. reported that the recrystallization would not be 8 

activated and the average grain diameter would not be changed in 6xxx alloys during artificial aging at 9 

temperatures below 235 °C [83]. Fig. 5 shows an electron channeling contrast image of the sample 10 

aged at 180 ºC for 6 h, which is used to calculate the grain size. The area of each of the 60 grains (S) 11 

was measured to obtain the equivalent grain diameter (D) through the formula D = 2(S/π)1/2 under the 12 

assumption that the grains are spherical, and the average grain diameter d is calculated as 82.1 ± 13.6 13 

µm (average value ± standard deviation). 14 
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 1 

Fig. 5. Electron channeling contrast image of the sample aged at 180 ºC for 6 h and which was used to 2 

measure the grain size. 3 

For the purpose of quantifying the contribution of solutes to the alloy strength, one can use the 4 

mass balance to back calculate the solute content of the matrix based on the quantified volume 5 

fractions of precipitates in the samples aged at 180 ºC for 3 h and 6 h, respectively. As a result, the 6 

matrix composition (wt.%) is determined as Al-0.39Mg-0.12Si and Al-0.22Mg-0.02Si for samples aged 7 

at 180 ºC for 3 h and 6 h, respectively. Furthermore, if the volume fraction of 0.29% of β-AlFeSi 8 

constituent should be considered in the back calculation, the matrix compositions were determined as 9 

Al-0.39Mg-0.08Si and Al-0.22Mg-(-0.02)Si (wt.%) for the samples aged for 3 h and 6h, respectively. It 10 

should be noticed that the volume fraction of β-AlFeSi was calculated by Thermo-Calc, as the 11 

non-uniform distribution of β-AlFeSi in the rolled and solid-solutionized sample makes measurement 12 

of its volume fraction difficult. The SEM and EDX results shown in Fig. S5 confirms the existence of 13 

β-AlFeSi in the solid-solutionized (as well as the aged) structure. Meanwhile, 3DAP analysis were 14 

conducted and the resultant elemental maps of Mg and Si in the samples aged at 180 ºC for 3 h and 6 h 15 

were shown in Figs. S6a and S6b, respectively. According to the results of 3DAP, the matrix 16 

composition (wt.%) is determined as Al-0.25Mg-0.18Si and Al-0.26Mg-0.08Si for samples aged at 180 17 
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ºC for 3 h and 6 h, respectively. Although the discrepancy between the matrix compositions determined 1 

by the mass balance method and by 3DAP is within 0.14 wt.% (and in this sense they mutually 2 

authenticate), such a discrepancy cannot be ignored. This may be caused by the many quantities needed 3 

to calculate matrix composition in the mass balance method, e.g. the alloy composition, the volume 4 

fractions and compositions of constituents, dispersoids and nanoprecipitates. For instance, the chemical 5 

composition of βʹ precipitates has not yet been very accurately studied although a Mg9Si5 model was 6 

suggested according to electron diffraction and HRTEM [20], whether Si atom in βʹ precipitates will be 7 

replaced by Al is still not clear. On the contrary, the fact that some Si atoms (in the Si3 sites) are 8 

replaced by Al in the previously accepted βʺ-Mg5Si6 model has been unambiguously confirmed by 9 

Wenner et al. [18] using aberration-corrected STEM-EDX mapping at the low damage voltage of 80 kV. 10 

Therefore, the matrix composition determined by 3DAP is believed more precise in this case, and has 11 

been used in the following calculations. 12 

 13 

4. Discussion  14 

4.1 Separation of the contribution from different types of precipitates to the alloy strength 15 

Due to that the volume fraction of β′ precipitates is about half of the total volume fraction of all 16 

precipitates in the sample aged for 6 h, it is necessary to analyze the contribution of β′ precipitates to 17 

the yield strength (σppt-β′). According to Eqs. (1-6) and with input data shown in Tab. 3 [24, 37, 46, 48], 18 

the calculation process goes as follows: 19 

Table 3  20 

Summary of input data used in the present calculation of yield strength. The digits after the symbol ± 21 

denotes standard deviation from mean. 22 

Parameters Value Comments 

M 3.1 Magnitude of the Taylor factor [37] 

b (m) 2.84 × 10-10 Magnitude of the Burgers vector in 
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Al [37] 

G (N/m2) 2.65 × 1010 
Magnitude of the shear modulus of Al 

[24] 

σi (MPa) 10 Typical value for Pure Al [37] 

kSi (MPa/wt.%2/3) 66.3 Scaling factor [37] 

kMg (MPa/wt.%2/3) 29.0 Scaling factor [37] 

ky 0.326 Hall-Petch coefficient [71] 

γβ″ (J/m2) 0.084 Interfacial energy of β″/Al [46] 

γβ′ (J/m2) 0.18 Interfacial energy of β′/Al [46] 

εβ″ 2.10% ± 0.34% Strain of β″ relative to Al matrix 

εβ′ 0.99% ± 0.08% Strain of β′ relative to Al matrix 

Note: γβ″ and γβ′ were determined from an extended formulation of the ‘nearest-neighbor broken-bond’ model [46]. 1 

Therefore, γβ″ and γβ′ used in this work have no anisotropy. 2 

a) For the sample aged at 180 ºC for 3 h  3 

The tensile experiments yield σy-3h = 258.6 MPa. Combining the results of 3DAP and Eq. (5), σss-3h 4 

= 32.6 MPa is found. By substituting d = 82.1 µm and σi = 10 MPa into the Eq. (6), the grain size effect 5 

kyd
1/2 = 36.0 ± 1.3 MPa is found, and thus σppt-3h = σy-3h - σss-3h - σi - kyd

1/2 = 180.0 ± 6.5 MPa. Then the 6 

ratio of Fpeak/rpeak can be calculated as 4.85 × 10-4 ± 0.18 × 10-4 N/m by combining Eqs. (2) and (3). It 7 

should be noted that both β″ and β′ precipitates (with radius much smaller than 7.5 nm) are considered 8 

as shearable in this work according to Refs. [30, 33, 34]. 9 

b) For the sample aged at 180 ºC for 6 h 10 

Similarly, one can separate σy-6h = 273.3 MPa into σss-6h = 24.1 MPa, σi = 10 MPa, kyd
1/2 = 36.0 MPa 11 

and σppt-6h = 203.2 ± 2.6 MPa. As described above, the precipitation strengthening effect of the sample 12 

aged for 6 h comes from both β″ and β′ precipitates. According to Eq. (2), the contribution of β″ 13 

precipitates to the strengthening effect can be calculated as σppt-6h-β″ = 138.9 ± 11.2 MPa. Thus for β’ 14 

precipitates σppt-6h-β′ = σppt-6h - σppt-6h-β″ = 64.3 ± 11.5 MPa. 15 

It is obvious that β″ precipitates have a higher strengthening effect compared to β′ precipitates, and 16 

this statement agrees well with the widely recognized conclusion that β″ precipitates are the main 17 

strengthening precipitates in Al-Mg-Si alloys [14, 54, 84, 85]. 18 
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4.2 Reasons why β″ precipitates have higher strengthening effect compared with β′ precipitates 1 

As mentioned in the Introduction section, modulus strengthening (σmod), chemical strengthening 2 

(σchem), coherency strengthening (σcoh) jointly determine the strengthening effect of shearable 3 

precipitates [7, 51], and these three strengthening mechanisms can also be described by mathematical 4 

equations as follows:  5 

mod      ppt cut ord cohσ σ σ σ σ= = + +               (9) 6 
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where ∆G is the difference of shear modulus between precipitates and the matrix, m is a constant which 10 

roughly equals 0.85 [7], lattice strain ε = 2/3δ and δ is the fractional misfit between the lattice 11 

parameters of precipitates and the matrix [7]. In addition, the interaction between precipitates and 12 

dislocations was simplified as the interaction between point obstacles and gliding dislocations as well 13 

[7]. And the aspect ratio of the precipitates (the half-length of the peripheral plane/the radius of the 14 

habit plane) was considered as a constant which will have an influence on the volume fraction of the 15 

precipitates. However, these assumptions will not affect this work as the radius of the habit plane and 16 

volume fraction were measured experimentally. 17 

 However, equation ε = 2/3δ cannot be used directly in Eq. (12) as which was proposed based on a 18 

spherical particle assumption. The lattice misfit increases during the transformation from coherent β″ 19 

precipitates to semi-coherent or incoherent post-β″ precipitates [86-88], and according to equation ε = 20 

2/3δ and Eq. (12), the incoherent precipitate has a higher strengthening effect than that of 21 
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semi-coherent and coherent precipitates. This doesn’t match with the actual fact that coherent 1 

precipitates have higher strengthening effect. In order to evaluate the strengthening effect of β′ and β 2 

precipitates in Al-Mg-Si alloys, Lang et al. [48] assumed that these precipitates nucleate on dislocations 3 

and the misfit between these precipitates and the matrix were taken as 0% in their work. Although this 4 

assumption does not agree well with our situation, the models based on this assumption provide a firm 5 

basis for modeling of the yield strength evolution of aged Al-Mg-Si alloys. However, such an 6 

assumption will lead to the lack of detailed insight into the strengthening effect of β′ or β precipitates.  7 

In order to further confirm the fact that β″ precipitates have higher lattice strains than those of β′ 8 

precipitates, lattice fringes of Figs. 2b and 2c have been Fourier-filtered as shown in Figs. 6a-6b and 9 

Figs. 6c-6d, respectively. The misfit dislocations [53] at the precipitates/matrix interface have been 10 

marked in Fig. 6. And it’s obviously that more dislocations can be found around the β″ precipitate than 11 

around the β′ precipitate as shown in Fig. 6. In order to maintain the coherency of precipitates with the 12 

matrix despite of the different lattice parameters, defects like misfit dislocations and vacancies will be 13 

produced [89-91]. And according to Hÿtch et al. [64], lattice strain will be produced due to defects like 14 

misfit dislocations. Therefore there is no doubt about the phenomena that β″ precipitates have higher 15 

lattice strains than β′ precipitates. 16 

According to Vaithyanathan et al. [89], misfit strain, as one type of lattice strain, is irrelevant of 17 

the size of precipitates. At any rate, it is reasonable to take the lattice strains of both β″ and β′ 18 

precipitates as a constant (i.e., the average value of lattice strains of these precipitates) in the ensuing 19 

calculation. In a word, the present lattice strain cannot be estimated directly using equation ε = 2/3δ 20 

which maybe more suitable to estimate strains of spherical particles.  21 
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 1 

Fig. 6. Misfit dislocations at the precipitates/matrix interface. (a) and (b) are (200)Al and (020)Al lattice 2 

fringes obtained by filtering of Fig. 2b (for β″), respectively. (c) and (d) are (200)Al and (020)Al lattice 3 

fringes obtained by filtering of Fig. 2c (for β′), respectively. The edge dislocations were marked in the 4 

figures. 5 

According to Eqs. (9-12) with related input data in Tabs. 1-3, the contribution of these three 6 

strengthening mechanisms to the yield strength can be calculated as follows: 7 

a) For the sample aged for 3 h: 8 

3 3 3 31

             = 18.9+ 0.5 + 164.6 MPa = 184.0 MPa
ppt h mod h chem h coh hσ σ σ σ− − − −− = + +

       (13) 9 

b) For the contribution of βʺ and β′ precipitates to the strength of the sample aged for 6 h:  10 

6 ''6 '' 6 '' 6 ''1 = 

                 = 15.3 + 0.5 + 127.0 MPa = 142.8 MPa
mopp d h chem h coh ht h β β β βσ σ σσ − − −− − − − − −+ +

    (14) 11 

6 ' 1 6 ' 6 ' 6 ' 

                 = 24.0 + 1.4 + 38.7 MPa = 64.1 MPa
ppt h mod h chem h coh hβ β β βσ σ σ σ− − − − − − − − −= + +

        (15) 12 

6 1 6 '' 6 '1 1 = 206.9 MPappt h ppt h ppt hβ βσ σ σ− − − − − − − −= +        (16) 13 

From above calculation results, it is interesting to find that in the sample aged for 3 h the various 14 

strengthening effects, from strong to weak, are: coherency strengthening (164.6 MPa), modulus 15 
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strengthening (18.9 MPa) and chemical strengthening (0.5 MPa). This sequence is also apparent when 1 

one divides the contribution of β″ precipitates to the yield strength in the sample aged for 6 h. In 2 

addition, σppt-3h-1 = 184.0, σppt-6h-β″-1 = 142.8 MPa and σppt-6h -1 = 206.9 MPa are very close to the above 3 

calculated results σppt-3h-1 = 180.0 MPa, σppt-6h-β″ = 138.9 MPa and σppt-6h = 203.2 MPa, respectively. The 4 

yield strengths calculated by mechanical models are consistent with experiments values. Fig. 7 shows 5 

the main calculation processes and results, and the key equations were also shown in it. 6 

 7 

Fig. 7. Main calculation processes and results, and key equations. 8 

4 Conclusions 9 

By combining quantitative microstructural characterizations using SEM, TEM and 3DAP together 10 

with yield strength modeling, the strengthening mechanisms of both β″ and β′ precipitates have been 11 

studied in detail, and their contributions to the strengthening effect of an Al-Mg-Si alloy aged at 180 ºC 12 

for 3 h and 6 h were quantitatively analyzed. The findings are summarized as follows: 13 

(1) After coarsening to a certain size, β″ precipitates start to dissolve and transform to β′ precipitates. 14 
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Therefore, in the peak-aged microstructure, β′ precipitates take a volume fraction of 0.57% ± 0.06% 1 

compared to that of 0.68% ± 0.08% for β″ precipitates. 2 

(2) Lattice strain is one of the key factors which influences the coherency strengthening effect. The 3 

values of lattice strain of β″ and β′ precipitates relative to the matrix are determined as 2.10% ± 4 

0.34% and 0.99% ± 0.08%, respectively, by GPA analysis. Furthermore, the precipitates’ size does 5 

not appear to affect the lattice stains of both β″ and β′ precipitates relative to the matrix. 6 

(3) The fractional lattice misfit was substituted by lattice stain of the precipitate relative to the matrix 7 

in the coherency strengthening model. The updated model has a higher adaptability and can be 8 

used to calculate the coherency strengthening effect of coherent and semi-coherent/incoherent 9 

precipitates. From this model, the coherency strengthening effect of β″ and β′ precipitates in the 10 

samples aged for 6 h can be determined as 127.0 MPa and 38.7 MPa, respectively. For β″ 11 

precipitates in the sample aged for 3 h this value reaches 164.6 MPa due to their higher volume 12 

fraction. 13 

(4) The concept that β″ is the most efficient type of strengthening precipitate has been verified 14 

quantitatively for the first time. Under the peak-aged condition, β″ precipitates contribute 142.8 15 

MPa to the yield strength of the alloy, while the value is 64.1 MPa for β′ precipitates. Obviously, 16 

the contribution of β′ precipitates to the yield strength is less, but still should not be ignored. 17 

(5) At last, it is found that coherency strengthening, rather than modulus strengthening, is the main 18 

strengthening mechanism among the three strengthening mechanisms in the strengthening effect of 19 

coherent β″ precipitates, and the chemical strengthening effect can even be ignored. In contrast, 20 

both modulus strengthening and coherency strengthening contribute at similar levels to the 21 
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strengthening effect of semi-coherent β′ precipitates. In both cases, the contribution of chemical 1 

strengthening can be ignored. 2 
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