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Abstract: The precipitation strengthening behavior and its effect on mechanical properties of Al−Mg−Si alloy during 
isothermal aging were investigated. In-situ synchrotron small angle X-ray scattering (SAXS) technique was used to 
characterize the nanoprecipitates and their structural parameters (size, volume fraction and number density) combined 
with transmission electron microscopy (TEM). The results show that rod-shaped β'' precipitates grow preferentially 
along their longitudinal dimensions, but the radial dimension reaches a plateau after 5 h of aging. The growth of 
nanoprecipitates in size and volume fraction is quantitatively related to precipitation strengthening, as shown by 
predictions and measurements of relevant yield strength and hardness. SAXS provides more reliable input parameters 
for the Ashby−Orowan model, which improves the predictive accuracy and generalizability of the model. The study 
demonstrates that with increasing the aging time, the evolution of predictive mechanical properties of Al−Mg−Si alloy 
is dependent on the mean radius and volume fraction of β'' precipitates. 
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1 Introduction 
 

Al−Mg−Si alloys (6xxx series) are widely 
used in the automotive industry because of their 
high specific strength, good formability and 
corrosion resistance [1,2]. Al−Mg−Si alloys are 
strengthened by forming nanoprecipitates (β''   
and β' [3,4]) during the aging process. Since 
precipitation strengthening plays a dominant role in 
the strengthening mechanism of aluminum alloys, 

predicting the mechanical properties based on 
precipitate evolution has been one of the research 
hotspots. Therefore, it is of great scientific and 
technological significance to characterize the 
nanoprecipitates structure of Al−Mg−Si alloys  
and uncover the relationship between micro- 
structure and mechanical properties by combining 
experimental measurement and performance model 
prediction. 

Abundant studies using the differential scanning 
calorimetry (DSC) [5,6], the transmission electron  
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microscopy (TEM) [7−9], and the atom probe 
tomography (APT) [10−12] have been implemented 
to measure the size, composition and morphology 
of nanostructures of β'' precipitates in Al−Mg−Si 
alloys. However, these conventional methods are 
limitedly capable of acquiring statistical data on 
numerous precipitates, restricting the application 
and development of performance prediction models 
due to a lack of accuracy and reliability. For 
example, the Ashby−Orowan model [13] is broadly 
applied in steel [14,15], aluminum alloy [16−18] 
and magnesium alloy [19,20] as an effective 
precipitation strengthening model, aiming to link 
the model-predicted strength with experimental 
performance. Nevertheless, the predicted yield 
strength of aluminum alloy using the Ashby− 
Orowan model with TEM characterization still has 
a relatively high error [21−23]. Therefore, it is 
crucial to characterize with statistical significance 
on structure parameters such as the size and volume 
fraction of numerous nanoprecipitates in bulk 
samples. 

The small angle X-ray scattering (SAXS) 
technique [24,25] is potentially suitable for 
statistically characterizing β'' precipitates of Al− 
Mg−Si alloys because of its in-situ detection, 
non-destructive sample preparation and good 
statistics. SINGH et al [26] studied deformation- 
induced nanovoids in AA6063 aluminum alloy. 
They found that the measured void volume fraction 
using SAXS is consistent with model predictions of 
the volume fraction of vacancies during plastic 
deformation. BANHART et al [27] investigated  
the clusters of Al−Mg−Si using in-situ SAXS 
measurements and revealed the structure of Si or 

Cu containing clusters when it is performed near 
the Si K-edge (1.84 keV) or Cu K-edge (8.98 keV). 
It is notoriously difficult to perform such 
applications on Al−Mg−Si alloy due to the very low 
electron density contrast between β'' precipitates 
and Al matrix, resulting in the fact that few relevant 
publications can be accessed [28−30]. However, to 
the best of our knowledge, the relationship between 
precipitate structural evolution and strengthening 
behavior of Al−Mg−Si alloys using in-situ SAXS 
combined with the strengthening model has not 
been reported to date. 

This study aims to use in-situ SAXS to 
quantitatively and statistically characterize the 
structural parameters of precipitates and investigate 
the precipitation strengthening behavior. We utilized 
precipitate radius and volume fraction as input 
parameters of the Ashby−Orowan model and 
predict mechanical properties of Al−Mg−Si alloy. 
Furthermore, the results will aid in modeling 
precipitation strengthening and selecting proper 
heat treatment processing schedules for controlled 
nanoprecipitate with a SAXS methodology, 
extending to a broader range of aluminum alloys. 
 
2 Experimental 
 
2.1 Sample preparation 

The composition of Al−Mg−Si (6082) alloy 
analyzed by inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) was Al−1.01Mg− 
0.89Si−0.14Cr−0.13Fe (wt.%). The schemes of the 
hot treatment process are shown in Fig. 1(a). Firstly, 
the billets with dimensions of d180 mm × 200 mm 
were homogenized at 560 °C for 6 h, followed by 

 

 

Fig. 1 Schemes of heat-treatment process during in-situ SAXS measurement (a) and in-situ SAXS experimental  
devices (b) 
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water cooling. The heating rate applied was 15 °C/s. 
Subsequently, the hot extrusion was carried out at 
450 °C with an extrusion ratio of 40:1 and a speed 
of 1 mm/s. Additionally, the samples were solution- 
treated at 515 °C for 1.5 h, quenched in water, and 
then artificially aged at 175 °C for 1, 3, 5, 7, and  
9 h, respectively. Three ex-situ specimens (1, 5 and 
9 h) were prepared for investigation using TEM. 
 
2.2 SAXS experiments 

The in-situ synchrotron SAXS measurements 
were performed in transmission mode at beamline 
BL16B1, Shanghai Synchrotron Radiation Facility 
(SSRF) in China. The schematic diagram of the 
SAXS experimental devices is presented in 
Fig. 1(b). The monochromatic beam (incident  
X-ray) of 10 keV photons was irradiated on the 
aged sample foil with a thickness of 80 μm. The 
two-dimensional (2D) charge-coupled device detector 
(Rayonix SX165) was conducted to collect SAXS 
signals with a sample-to-detector distance of 
1840 cm. Then, the solution-treated specimen was 
fixed inside a program-controlled heating stage 
(Linkam THM600) and was heated to an artificial 
aging temperature of 175 °C with a heating rate of 
10 °C/min. The SAXS data were collected every 
120 min with an exposure time of 100 s during 
isothermal aging. Particularly, the SAXS data were 
calibrated and converted to absolute units by 
measuring the glassy carbon standard sample. The 
2D SAXS patterns were reduced into 1D SAXS 
curves in terms of scattering vector using the Fit2d 
software. Quantitative precipitates microstructural 
parameters were acquired by model simulation 
using a self-made MATLAB program. 
 
2.3 Microstructure characterization and 

mechanical properties 
TEM analyses were performed employing a 

JEM−2100F instrument operated at 200 kV. The 
TEM foils were electropolished by a twinjet 
machine with 25% nitric acid solution in methanol 
at −25 °C and 20 V. Analysis of TEM images was 
conducted by the Gatan Digital Micrograph™ 
software. The quantitative microstructural 
characterization was realized using the ImageJ 
software. The mean size of precipitates can be 
acquired from equivalent circle diameter (DEC) 

EC 2 /πD A=  and mean diameter (Dm) Dm=P/π, 

where A is the precipitate area and P is the 
precipitate perimeter. The tensile properties at room 
temperature were carried out by a BTC-T1-FR020 
test machine at an identical rate of 1 mm/min. 
 
3 Precipitation strengthening model 
 
3.1 Microstructure description 

The precipitate radius and length vary with 
aging time, and the expressions of radius (r) and 
length (l) for rod-like precipitates β'' can be expressed 
as [31]  

2
3

r αDt=                              (1) 
 

2
1

2
3

l A αDt=                            (2) 
 
where A1 is the aspect ratio of precipitates, D is the 
diffusion coefficient, t is aging time, and α is a 
dimensionless growth parameter which can be 
expressed as [32]  

( )0 e
1

p e

/C Cα pA
C C

 −
=   − 

                     (3) 

where C0 is the average solute content of 
magnesium in the matrix with mass fraction, Ce is 
the equilibrium solute content at the particle/matrix 
interface (obtained by phase diagram), and Cp is the 
solute concentration of precipitate. p is a factor, of 
which 2/3 is taken to express the effect of 
continuous precipitation [31]. Diffusion coefficient 
(D) has an Arrhenius-type relationship with the 
thermodynamic temperature (T):  

0 dexp[ /( )]D D Q RT= −                     (4) 
 
where D0 is the pre-exponential term for D, Qd is 
the activation energy for diffusion, and R is the 
molar gas constant. 

Supposing that the volume per atom is 
invariable, in terms of the lever rule of phase 
equilibria, the volume fraction at peak age (fm) is as 
follows [33]:  

0 e
m

p e

C Cf
C C

−
=

−
                           (5) 

 
The precipitation kinetics of artificial aging 

follows the Johnson−Mehl, Avrami, Kolmogorov 
(JMAK) models [34]:  

v m= [1 exp( )]nf f kt− −                    (6) 
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where fv is the volume fraction of precipitates, n is 
the Avrami index depending on the reaction 
mechanism, and k is the time constant related to 
with the nucleation rate and growth rate. 
 

0 Aexp[ /( )]k k Q RT= −                     (7) 
 
where k0 is the pre-exponential constant, and QA is 
the equivalent activation energy. The variation in 
the number density, Nv, is described as a function of 
time [34]:  

v
v 2π

fN
r l

=                              (8) 

 
3.2 Strength description 

The equation of Vickers hardness Hv and yield 
strength σy can be written as [35,36]: 
 

v y=0.33 16H σ +                          (9) 
 
Supposing that diverse strengthening factors to the 
overall strength satisfy the relationship of linear 
addition, the yield strength can be given by [35,36] 

 
y 0 ss pσ σ σ σ= + ∆ + ∆                     (10) 

 
where σ0 is the yield strength of pure aluminum 
with 10 MPa, and Δσss is the strengthening term of 
solid solution, given by [36]: 
 

( )2 3
ss

/
j jk Cσ∆ =∑                       (11) 

 
where kj is the relevant scaling factor, and Cj is the 
concentration of a given alloying element in a solid 
solution. The increment of yield strength Δσp of 
precipitation strengthening with Ashby−Orowan 
model can be expressed as [37] 
 

p v0.538 ln( / )/(2 )Gb f R b Rσ∆ =           (12) 
 
where G represents the shear modulus, b is the 
amplitude of the Burgers vector, and R  is the 
average radius of precipitates. 

Supposing that all precipitates are cylindrical 
with aspect ratio A1=4, 10, all input parameters 
applied in the microstructure and strength models 
are listed in Tables 1 and 2, respectively. 

 
Table 1 Summary of input data used in microstructure model 

Parameter Value Comment Source 

C0/wt.% 1.01 Mg content in matrix This work 

Ce/wt.% 0.306 Equilibrium Mg content at interface This work 

Cp/wt.% 41.7 Mg content in Mg5Si6 This work 

D0/(m2·s−1) 2.2×10−4 Pre-exponential term for D [36] 

D/(m2·s−1) 1.529×10−19 Diffusion coefficient This work 

Qd/(kJ·mol−1) 130 Activation energy for diffusion [36] 

QA/(kJ·mol−1) 152618 Equivalent activation energy [33] 

k 1.107×10−5 Time constant [36] 

k0 6.907×1012 Pre-exponential term constant [33] 

R/(J·mol−1·K−1) 8.314 Molar gas constant [33] 

n 1.25 Avrami index This work 

 
Table 2 Summary of input data used in strength model 

Parameter Value Comment Source 

fm/% 1.688 Volume fraction at peak age This work 

G/Pa 2.7×1010 The magnitude of shear modulus [33] 

b/m 2.84×10−10 The magnitude of the Burgers vector [33] 

σ0/MPa 10 Intrinsic stress [38] 

kMg/(MPa·wt.%−2/3) 29 Solid solution parameter for Mg [36] 

kSi/(MPa·wt.%−2/3) 66.3 Solid solution parameter for Si [36] 
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4 Results and discussion 
 
4.1 Precipitate characterization by SAXS 

The temporal evolution of the SAXS curves of 
Al−Mg−Si alloy from as-quenching to artificial 
aging for 9 h is shown in Fig. 2(a). The power-law 
 

 
Fig. 2 Radial scattering intensity (I) as function of 
amplitude of scattering vector (q): (a) Temporal SAXS 
curves illustrating recorded data for six aging time;    
(b) Simulated SAXS curve for 0 h aging with     
fitting result; (c) SAXS plots simulated with rod-like 
precipitates and evolving cluster scattering of 6082 
alloys aged at 175 °C with aging time 

decreasing in the low-q region of 0.1−0.3 nm−1 (q is 
the amplitude of scattering vector, denoted by 
q=4πsin(θ/2)/λ, where θ is scattering angle and λ  
is X-ray wavelength) is associated with the 
asymptotic scattering behavior of micrometer-scale 
cluster particles. The nearly coincident SAXS 
curves in the low-q region indicate that large 
particles maintain constant volume during artificial 
aging. Besides, the change of the scattering 
intensity in the intermediate q region (0.3−0.8 nm−1) 
is primarily attributed to the nucleation and growth 
of the GP zones and β'' precipitates. From 1 to 5 h 
aging, SAXS intensities in the intermediate q region 
increase with the increase of aging time, implying 
the nucleation and growth of β'' precipitates. 
Moreover, the SAXS curves collected for 7 and 9 h 
are almost identical in the intermediate q region, 
showing coarsening emergence of β'' precipitates. 
The SAXS curves in Fig. 2(a) can be described 
below due to the concurrence of precipitates and 
clusters during precipitation:  

precip clutster 0( ) ( ) ( , )I q I q BI q t C= + +          (13) 
 

3.82
clutster 0( , )=0.0467 +0.024I q t q−

           (14) 
 
where Iprecip(q) is the scattering contribution of   
the rod-like β'' precipitates. B is the percentage of 
the surviving or non-dissolved clusters during 
artificial aging. Icluster(q,t0) represents the SAXS 
profile measured at room temperature (RT) 
corresponding to the scattering contribution of   
all initial clusters. C is a constant incoherent 
background. Icluster(q,t0) can be fitted using the 
scattering at 0 h and RT before heating and results 
in Icluster(q,t0)=0.0467q−3.82+0.024, as shown in 
Fig. 2(b). The rod-like particle scattering Iprecip(q) 
can be expressed as  

2
precip precip v P( ) (0) ( ) ( ) ( )I q I P q f V P qρ= = ∆     (15) 
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ϕ ϕ
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             (16) 

 
where Iprecip (0) is the Iprecip(q) at q=0. P(q) is the 
normalized form factor for cylindrical precipi-  
tates [15]. Δρ is the scattering length density 
contrast between the β'' precipitates and Al matrix, 
VP is the volume of a cylindrical particle with radius 
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r and length l, J1 is the first-order Bessel function, 
and φ is the angle between the axis of the cylinder. 

In terms of Iprecip(q) curves in Fig. 2(c), the 
simulated structural parameters are thus extracted 
by the model fitting, as summarized in Table 3.  
The radius and length from the SAXS simulation  
of Eq. (13) are (2.2±0.4) nm and (20±8) nm, 
respectively, which are similar to those achieved 
from SAXS analysis [14,15] and TEM studies [8,9]. 
The length of β'' precipitates increases from 13 nm 
at 0 h to 28 nm at 9 h and presents a continuously 
growing trend. Note that temporal and structural 
evolutions of β'' precipitates show a tardy radius 

and a rapidly increasing length with aging time. 
Overall, the structural evolutions of β'' precipitates 
in size, volume fraction, and number density from  
1 to 9 h aging can be featured by the representative 
nucleation, growth, and coarsening stage. 

 
4.2 Precipitate observation by TEM 

The bright-field TEM micrographs and high- 
resolution images with fast Fourier transformation 
(FFT) images with different aging time are shown 
in Fig. 3. After aging for 1 h, fine grey spot-like 
precipitates with a diameter of 2−4 nm are observed 
in Fig. 3(a) and identified from the high-resolution  

 
Table 3 Summary of structural parameters identified by model simulation 

Time/h B/10−2 β r/nm l/nm Vp/nm3 Iprecip(0)/cm−1 fv/% Nv/1016 cm−3 

1 0.2493 3.73 1.8 13 132.3 0.1294 0.33 2.47 

3 0.7686 3.55 2.1 24 332.3 1.0631 1.07 3.22 

5 1.413 3.36 2.3 27 448.5 1.9599 1.46 3.26 

7 2.514 3.18 2.5 28 549.5 2.7136 1.65 3.00 

9 3.864 3.00 2.6 28 594.3 3.1328 1.76 2.96 

Iprecip(0) is the Iprecip(q) at the lower limit of detectable value q=0.09 nm−1. Δρ=−1.73×1010 cm−2 between β'' precipitates (Mg5Si6) and pure 
α(Al). Nv=fv/Vp=fv/(πr2l) 
 

 

Fig. 3 Bright-field TEM images of precipitates oriented along [001]Al zone axis (a−c), and high-resolution TEM images 
and corresponding fast Fourier transforms (FFT) patterns of typical precipitates at 175 °C for different aging time (d−f): 
(a, d) 1 h; (b, e) 5 h; (c, f) 9 h 
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image in Fig. 3(d). It is indicated that precipitates 
have a similar crystallographic structure and lattice 
orientation as the matrix, which can be recognized 
as GP zones, as reported by MURAYAMA et al [39]. 

The peak-aged microstructure (aging for 5 h) 
is exhibited in Fig. 3(b) and needle-like and 
spot-like precipitates are displayed. The needle-like 
precipitates with lengths align to [001]Al directions 
belong to the monoclinic system, as seen in 
Fig. 3(e). They can be identified as β'' precipitates 
according to their morphology, orientation and 
crystal structure. In addition, the spot-like 
precipitates with a diameter of about 2.8 nm are the 
cross-sections of needle-like β'' precipitates. The 
cross-section presents distortion in lattice fringes 
and this implies incoherency with the matrix, as 
depicted in Fig. 3(e). Therefore, it is verified that 
most GP zones are transformed into β'' precipitates 
at aging time from 1 to 5 h. 

Figure 3(c) shows the TEM bright-field 
micrograph aged for 9 h at 175 °C. It can be seen 
that β'' precipitates still dominate and grow further 

in the axial and radial directions. The number of GP 
zones and fine particles decreases while large 
precipitates grow during the aging process. 
Moreover, the average radius and mean length of 
precipitates increase from (2.4±0.18) nm in 1 h to 
(3.3±0.18) nm in 9 h and from (8±1.3) nm in 1 h to 
(27±1.25) nm in 9 h, respectively. Summarily, the 
size and morphology of precipitates change with the 
increasing aging time. 
 
4.3 Temporal evolution of microstructural 

parameters 
The temporal evolution of the mean radius  

and mean length of β'' precipitates using SAXS 
measured values compared with predicted lines is 
shown in Figs. 4(a, b). As can be seen, a gradual 
increase in radius and length of precipitates at  
aging time from 1 to 5 h indicates classic  
nucleation and growth behavior from supersaturated 
solid solution. After 5 h, the radius evolution of  
β'' precipitates changes with typical early-stage 
coarsening behavior. Furthermore, tardive growth 

 

 

Fig. 4 Effect of isothermal aging time on precipitate properties: (a, b) Mean radius and mean length obtained from 
SAXS data and model fitting, respectively; (c, d) Volume fraction and number density identified from SAXS data and 
microstructure model prediction, respectively 
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rate of radius and rapid increasing length represent 
that interface diffusion controls precipitates growth. 
These growth features can reasonably interpret the 
transition from spherical clusters to rod-like 
precipitates, which sustain the unchanged radius of 
clusters generated at the nucleation stage of 
precipitation. It is worth noting that the results of 
mean radius and length using the model-fitting 
method are consistent with the results of the 
microstructure model in Figs. 4(a, b). 

As shown in Figs. 4(c, d), the first stage (up to 
about 3 h) is associated with the nucleation of β'' 
precipitates due to the growing number density of 
β'' precipitates. Then, the typical growth (from 1 to 
5 h) stage occurs until the depletion of the Mg and 
Si elements in the matrix. Subsequently, β'' 
precipitate undergoes Ostwald ripening after 5 h 
because of the decline of number density of β'' 
precipitate. It can also be found in Fig. 4(a) that the 
mean radius results of SAXS in 1 and 3 h are close 
to those of the model for A=4, the average radius 
values of SAXS in 5 and 9 h approach those of 
model for A1=10. It is indicated that the aspect ratio 
changes with the growth of aging time, and the 
model with a constant aspect ratio cannot accurately 
predict the radius variation of the β'' precipitates. 
This finding agrees with that of the study of 
BAHRAMI et al [33]. Thus, the growth rate of 
longitudinal precipitates is higher than that of radial 
ones, indicating that the growth of precipitates is 
interface-reaction dominant. 

Figure 4(c) shows the temporal volume fraction 
evolution of β'' precipitates with the aging process 
using SAXS measurement and model prediction. It 
can be seen that the volume fraction change of β'' 
precipitate follows the JMAK equation. Due to the 
relatively slow precipitation rate of solute atoms, 
the volume fraction of β'' precipitate continues to 
increase after aging for 5 h, indicating that the 
stable equilibrium state has not been reached. 
Moreover, the model presents faster-aging 
dynamics in the underaged stage compared with the 
aging dynamics from SAXS. It is possibly owing to 
the hypothesis of incubation time being zero. The 
higher volume fraction of the precipitate obtained 
by the model is attributed to the assumption that all 
Si atoms are involved in precipitation. Some Si 
atoms are partitioned into Fe and Mn-containing 
particles [33]. 

The number density of β'' precipitates firstly 
increases from 1 to 5 h and then decreases after 5 h 
aging (Fig. 4(d)), resulting in a decrease and then an 
increase in mean distance between precipitates. In 
addition, the lower number density of the precipitates 
also contributes to a larger mean radius at peak 
aging. The evolution of the precipitate radius is 
approximately linear with aging time. The length 
and volume fraction of precipitates are observed to 
enhance rapidly (up to about 5 h of aging) and then 
level off. In contrast, the number density of 
precipitate increases rapidly and then decreases 
slowly. Eventually, this evolution indicates a first 
stage (before 5 h aging) of nucleation and growth at 
an almost invariable radius, followed by a stage of 
precipitate coarsening. 

The number density discrepancy between 
SAXS and the model is probably due to the growth 
of particle and matrix interfacial energy during the 
formation of incoherent precipitates, which cannot 
be interpreted using simulation. The first stage 
(before 3 h) is associated with the nucleation of 
precipitates due to the growing number density of 
precipitates. Then, the typical growth (from 1 to   
5 h) stage occurs until the depletion of Mg and Si 
elements in the matrix and subsequently, 
precipitates undergo Ostwald ripening after 5 h, 
because of the declining number density of 
precipitates. Finally, the temporal evolution of 
volume fraction and number density of precipitates 
provides a basic understanding of precipitation 
kinetics. 
 
4.4 Temporal evolution of mechanical properties 

The measured stress−strain curves of the 
Al−Mg−Si alloy aged at 175 °C for different time 
are shown in Fig. 5. The yield strength, tensile 
strength and elongation of the specimens are 
summarized in Table 4. Increasing the aging time 
from 1 to 5 h significantly improves the yield 
strength from 250.3 to 331.9 MPa, respectively. At 
an aging time of 7 h, the yield strength value 
reaches its maximum of 336.8 MPa. When the 
specimen is aged for a longer time of 9 h, which is 
an over-aged state, the yield strength decreases to 
329.1 MPa. It is found that the strength variation in 
terms of the yield strength has the highest value at 
the corresponding peak aging time. Consequently, 
while the yield strength exhibits a similar trend to 
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Fig. 5 Stress−strain curves of Al−Mg−Si alloy aged at 
175 °C for different time 
 
Table 4 Tensile test results of Al−Mg−Si alloy aged at 
175 °C for different time 

Aging 
time/h 

Yield 
strength/MPa 

Tensile 
strength/MPa 

Elongation/ 
% 

1 250.3 267.5 15.2 

3 294.4 318.7 14.4 

5 331.9 348.2 13.9 

7 336.8 350.8 13.7 

9 329.1 345.6 13.3 

 
the tensile strength during aging at 175 °C, the 
elongation decreases with increasing aging time 
from 1 to 9 h. 

Figure 6(a) presents the measured and predicted 
yield strength results from SAXS and the 
microstructure model of Al−Mg−Si alloy. The yield 
strength results of Al−Mg−Si alloy aged for 
different aging time are shown in Table 5. It is 
observed that the predicted values from SAXS are 
in broadly good agreement with the actual 
counterparts except for underestimation at 1 h  
aging time. Nevertheless, the results from the 
microstructure model overestimate yield strength 
for the whole aging process. This overestimation of 
yield strength is related to the overvaluation volume 
fraction of precipitates in the model, resulting from 
the assumption that all Si atoms are involved in 
precipitation. In addition, the discrepancy of yield 
strength and hardness between experiment and 
model prediction is attributed to model calculation 
depending on circular cross-sections, which cannot 
represent the shape of precipitates with anisotropic 
strain fields [40]. The difference between the model 

 

 
Fig. 6 Effect of isothermal aging time on measured and 
calculated yield strength (a) and hardness (b) 
 
Table 5 Yield strength results of Al−Mg−Si alloy aged 
for different time 

Aging time/h 
Yield strength/MPa 

Experiment SAXS Model 

1 250.3 223.1 294.7 

3 294.4 305.3 353.6 

5 331.9 328.8 374.3 

7 336.8 332.7 362.4 

9 329.1 335.3 351.2 

 
and experiment can be associated with a 
transformation in the precipitate−dislocation 
interaction mechanism [15]. The interaction and 
edge effects between precipitates and strain fields 
should be contained in the model to raise predictive 
power. Therefore, the prediction from SAXS is 
closer to the experiment, which indicates that 
structural parameters obtained by SAXS have 
higher reliability. 

Figure 6(b) shows the measured and predicted 
hardness from SAXS and the microstructure model 
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of Al−Mg−Si alloy. The hardness results of 
Al−Mg−Si alloy aged for different aging time are 
shown in Table 6. It should be noted that the 
predicted hardness result from SAXS is almost 
consistent with the experimental and model values 
at aging time of 1 h. After 3 h aging the hardness 
result from SAXS gradually deviates from the 
experimental value and approaches the micro- 
structure model value since model calculation 
depends on circular cross-sections, which cannot 
represent the real shape of β'' precipitates with 
anisotropic strain fields [41]. It indicates no simple 
linear relationship between the microhardness and 
Eq. (9) that needs to be corrected and further 
researched. The hardness of alloy aged for 5 h is 
higher than that aged for 1 and 3 h. However, there 
is a significant decline in hardness after 7 h aging, 
indicating a distinct decrease in resistance to 
dislocation movement [15]. Thus, the data of the 
mechanical properties obtained by SAXS are closer 
to the experimental results than the aging 
strengthening model, which indicates that the 
structural parameters obtained by SAXS have 
higher reliability. 
 
Table 6 Hardness results of Al−Mg−Si alloy aged for 
different aging time 

Aging time/h 
Hardness (HV) 

Experiment SAXS Model 

1 91.9 89.6 104.4 

3 107.5 116.7 124.8 

5 108.6 124.5 127.5 

7 108.7 125.8 125.2 

9 107.7 126.6 121.3 

 
When the coherent interfaces emerge between 

the β'' precipitates and the matrix in the underaged 
stage, larger precipitates and strain fields can be 
induced by the coherent precipitates, thus hindering 
the dislocation motion because of the interaction 
between the strain field and the dislocation [41]. 
The radius growth of the β'' precipitates during the 
aging improves the ambient strain fields, making 
dislocation cutting through the precipitates more 
difficult and alloy strengthened. When the β'' 
precipitate size surpasses a critical value, the 
incoherent interface occurs in the overaged stage 
from 5 to 9 h aging, dislocation shearing through 

the precipitate becomes difficult, resulting in the 
reduction of the coherence. Additionally, the space 
between precipitates decreases during coarsening, 
which induces Orowan looping to emerge more 
efficiently, transitioning from dislocation shearing 
to Orowan looping. With the growth and coarsening 
of β'' precipitates, the shearable precipitates change 
into non-shearable precipitates and weaken the 
pinning effect of precipitates on dislocations. In 
contrast, small precipitates dissolve, resulting in 
further decline of the pinning effect of precipitates 
and a decrease in mechanical properties. 

Some correlations can be found when 
comparing the mean radius and volume fraction of 
precipitates and predicted properties achieved by 
SAXS. Based on Fig. 6, Figs. 7(a, b) present yield 
strength and hardness curves with different aging 
time versus the mean radius and volume fraction of 
precipitates, respectively. It is important to note  
that the increase in yield strength and hardness at 
aging time from 1 to 5 h is directly influenced    
by the growing volume fraction of precipitates, 
which outweighs the enhancing radius of precipitates. 
 

 
Fig. 7 Curves for yield strength (a) and hardness (b) 
versus mean radius and volume fraction of precipitates 
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Nevertheless, compared with that of 5 and 7 h aging, 
there are larger precipitate radius and volume 
fraction of 9 h aging, but their mechanical 
properties are comparable, ascribing to micro- 
structure and precipitates of 9 h aging similar to 
those of 5 and 7 h aging. Subsequently, the growth 
of volume fraction is analogous to that of mean 
radius after 5 h aging, contributing to the 
inconspicuous increase in performance. 
 
5 Conclusions 
 

(1) The precipitation strengthening behavior of 
Al−Mg−Si alloy during artificial aging is 
investigated by the in-situ SAXS and Ashby− 
Orowan model. A modified algorithm can extract 
structural parameters (size, volume fraction and 
number density) of β'' precipitates (Mg5Si6). 

(2) The growth rate of longitudinal dimensions 
is larger than that of radial dimensions, implying 
that interface diffusion controls the precipitate 
growth. The volume fraction of precipitates 
measured by SAXS is consistent with the value 
predicted by the microstructure model. 

(3) The yield strength predicted by the Ashby− 
Orowan model with structural parameters from 
SAXS is more consistent with the experimental 
values than that obtained by the microstructure 
model, based on more reliable input data from 
SAXS. The excellent ability to predict mechanical 
properties can provide technical support for 
selecting heat treatment processing schedules in 
actual production. 
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摘  要：研究 Al−Mg−Si 合金在等温时效过程中的析出强化行为及其对力学性能的影响。利用原位同步辐射小角

X 射线散射(SAXS)技术和透射电子显微镜(TEM)对纳米析出相及其结构参数(尺寸、体积分数和数密度)进行表征。

结果表明，棒状 β''析出相优先沿其纵向尺寸生长，但径向尺寸在时效 5 h 后达到峰值。如预测与测量的屈服强度

和硬度结果所示，纳米析出相的尺寸和体积分数的增大与析出强化定量相关。SAXS 为 Ashby−Orowan 模型提供

了更可靠的输入参数，这有助于提高模型的预测精度和泛化能力。研究表明，随着时效时间的延长，Al−Mg−Si

合金预测力学性能的演变与 β''析出相的平均半径和体积分数有关。 

关键词：析出行为；Al−Mg−Si 合金；小角 X 射线散射；力学性能 
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