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Abstract: The precipitation behavior and its influence on the electrical resistivity of the Al−0.96Mg2Si alloy during aging were 
investigated with in-situ resistivity measurement and transmission electron microscopy (TEM). The precipitates of the peak aged 
alloy include both β″ and β′, but the amount ratio of β″ to β′ varies with the aging temperature and time increasing. The precipitates 
during aging at 175 °C are dominated by needle-like β″ phases (including pre-β″ phase), the size of which increases with the time 
prolonging, but does not increase substantially after further aging. The evolution of electrical conductivity is directly related to such 
microstructural evolution. However, the hardness of the alloy stays at the peak value for a long term. When the alloy is aged at 195 
°C, the ratio of β″ to β′ becomes the main factor to influence relative resistivity (∆ρ) value. The higher the temperature is, the smaller 
the ratio is, and the faster the ∆ρ value decreases. Moreover, the hardness peak drops with the decrease of the ratio. With the size and 
distribution parameters measured from TEM images, a semi-quantitative relationship between precipitates and the electrical 
resistivity was established. 
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1 Introduction 
 

6000 series aluminium alloys have been widely 
used because of their moderate properties for industrial 
and technological feasibility [1]. The 6101/6101A and 
6201 alloys have less alloying elements compared with 
other Al−Mg−Si alloys. As a result of exponential 
strengthening rate in hardness and logarithmic increasing 
rate in conductivity with aging time, the alloys are 
utilized extensively in power supply [2,3] and electronic 
applications. The precipitation sequence and mechanisms 
for strengthening of Al−Mg−Si alloy have been 
determined as [4−6]: supersaturated solid solution (SSS) 
→ Si/Mg-clusters → co-clusters → GP(I) zones (→ pre-β″ 
phase) → β″ phase → β′ phase → β phase. With more 
coherency and less strain to the matrix, the pre-β″ phase, 
which has the same structure with β″ phase, is hard to be 
distinguished by conventional TEM but HRTEM [7]. 
Researchers have indicated that the coherent β″ phase, 
with monoclinic structure and lattice parameters: 
a=1.516 nm, b=0.405 nm, c=0.674 nm (β=105.3°), is the 

main strengthening precipitate in Al−Mg−Si alloys 
[8−11]; the semi-coherent β′ phase, with hexagonal 
structure and lattice parameters: a=0.705 nm, c=1.215 
nm [10], has less strengthening effect; the incoherent 
equilibrium β phase, with the anti-fluorite structure, 
incoherent to the matrix, has non-hardening effect. 

The relationship between electrical resistivity and 
precipitation of Al−Mg−Si alloys was investigated by 
several researchers [12,13]. It was found that the 
formation of clusters increases the resistivity of the 
as-quenched alloy at the early stage of aging, but finally 
the resistivity decreases at the peak aging. To understand 
the effect of the solute concentration and clusters or 
precipitates on the resistivity, the Matthiessen’s law 
[14,15] was introduced. And both clusters and fine 
precipitates have strong electron scattering effect [16,17]. 
The size of crystallographic defects, precipitates, 
impurities and their distribution in the alloys will 
influence the resistivity significantly, with the similar 
magnitude of the mean free path of the electron. 
RAEISINIA et al [15] found that the effect of the 
precipitates’ size on the resistivity (contribution of their  
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distribution ρppt) must be considered in the model and 
obtained an equation for AA6111. Nevertheless, the 
effect of the precipitates’ distribution of the Al−Mg−Si 
alloy during aging is not clear in quantity. 

In order to investigate the details of the influence of 
β″ phases on the resistivity, which most commonly exist 
in commercial electrical alloys, the effect of the 
microstructures of 6101A alloy during aging on the 
resistivity, the precipitates’ size and their distribution is 
investigated in the present study. 

 
2 Experimental 

 
The boronised Al−2.74%B master alloy with 

chemical composition shown in Table 1, in which the 
Mg−Si is balanced according to Eq. (1) reported by 
GUPTA et al [11], was extruded at 450 °C, then 
solutionized at 505 °C for 2 h, and finally aged at 175 °C, 
185 °C and 195 °C after water-quenching to room 
temperature. In order to avoid the detrimental effect of 
natural aging, the as-quenched samples were transferred 
from quenching container to aging furnace within 5 min. 
 
Excess Si=m(Si)−m(Mg)/1.73−m(Fe)/4                        (1) 
 
 
Table 1 Composition of experimental alloy (mass fraction, %) 

Si Mg Fe Na Ca V 

0.378 0.613 0.123 0.025 0.012 0.007 

Others 
Ti 

Single Total 
Al Mg2Si Excess

Si 

0.002 <0.01 <0.03 98.8 0.96 −0.007

 
Vickers hardness measurement after aging was 

performed using Model HV−10B instrument at 29.4 N 
load. There were two samples for each heat treatment, 
and five hardness data were taken for each sample while 
the average values were used. The non-isothermal in-situ 
resistivity was measured with heating rate of (10±1) 
°C/min from 20 °C to 550 °C, and the isothermal in-situ 
resistivity during aging was measured at the tested 
temperature fluctuated by ±1 °C in atmosphere by double 
bridge, after holding for 20 min. The resistivity-tested 
specimens were cut in dimensions of ~3 mm × 5 mm × 
70 mm. The measured electrical resistivity of the 
Al−0.96Mg2Si alloy after water-quenching is changed 
into the relative resistivity (∆ρ) for convenient 
comparison by 
 

0

0

ρ
ρρ

ρ
−

=Δ ×100%                                            (2) 

 
where ρ is the specific electrical resistivity of the alloy; 
ρ0 is a reference in the measured condition; ∆ρ is the 

relative change of the resistivity ρ to ρ0. 
Microstructural characterization of the alloy was 

carried out on a TECNAIG2 20 transmission electron 
microscope (TEM) with operating voltage of 200 kV. 
The samples were prepared by twin-jet electro polishing 
after mechanically grinding to a thickness of 80 μm, with 
a solution of 20% nitric acid and 80% methanol at −25 
°C. The size parameters of precipitates were measured by 
the software Image J from average values of at least 5 
images. 
 
3 Results and analysis 
 
3.1 Evolution of electrical resistivity during non- 

isothermal heating 
In Fig. 1, ρ0 is the resistivity at room temperature, 

and the ∆ρ value is the relative increment. As 
precipitation also has strong effect on the resistivity, the 
high purity aluminum (99.998%) is used as a reference in 
Fig. 1. The resistivity variation between the investigated 
alloy and the high purity aluminum can be ascribed to 
precipitation [12]. The distinct changes of the slopes of 
the two lines in Fig. 1 in the temperature range of ~270 
°C to ~350 °C could be ascribed to the precipitating 
result of β″ and β′ phases. Figure 2 shows the typical 
needle-like β″ and rod-like β′ precipitates of the alloy, 
treated at 250 °C and 300 °C, respectively, along the 
direction 〈100〉 with distinct strain contrast [9,11,18−22]. 
The evolution of the resistivity can be explained by the 
modified form of Matthiessen’ law [15]:  

pptpure )( ρρρρ ++= ∑
i

iiCT                                        (3) 

 
where ρpure(T) is the resistivity of pure metal at 
temperature T, ρiCi is the resistirity of the ith solute at 
concentration of Ci, and ρppt is the contribution of the  
 

 
Fig. 1 Non-isothermal in-situ relative electrical resistivity (∆ρ) 
curves of Al−0.96Mg2Si and high purity aluminium at heating 
rate of (10±1) °C/min 
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Fig. 2 TEM images of needle-like β″ phase at heating rate of 10 
°C/min from room temperature to 250 °C and aged at 250 °C 
for 5 min after water-quenching (a), and rod-like β′ phases at 
heating rate of 10 °C/min from room temperature to 300 °C and 
aged at 300 °C for 5 min after water-quenching (b) 
(Observation direction parallel to [001]) 
 
precipitates on resistivity. ppti i

i
Cρ ρ+∑  changes with 

the concentration of solutes and the microstructures of 
the precipitates. Precipitation of the Al−0.96Mg2Si alloy 
in the temperature range of ~250 °C to ~350 °C depletes 
the solutes in the solid solution, diminishes the effect of 
the scattering of electrons, and finally leads to the 
reduction of the ∆ρ value. 
 
3.2 Evolution of hardness and electrical resisitivity 

during aging 
For the Al−0.96Mg2Si alloy, the obvious effect of 

natural aging has been observed at room temperature. 
DAOUDI et al [23] and GABER et al [18] suggested that 
the thermally activated phase transformations in 
Al−Mg−Si alloys are controlled by the diffusion of 
solute atoms. Therefore, the high temperature favors 

quick precipitation and fast coarsening of the precipitates. 
But higher density of the precipitates is required to 
increase the strength of the alloys while the coarser 
β′-phase decreases the strength [22]. At the beginning of 
aging, the rate of strengthening slows (Fig. 3), in which 
the hardness in the plateau maintains for 5 h at 195 °C, 
but more than 12 h at 175 °C, and over 6 h for the 
two-stage aging. The hardness in the plateau is over  
HV 90 at 175 °C, while near HV 75 at 195 °C, and near 
HV 85 at 175 °C of two-stage aging. And, the hardness 
experiences a slight drop after 720 min at 175 °C, and 
after 540 min at 175 °C of two-stage aging. 
 

 
Fig. 3 Vicker hardness (a) and ∆ρ (b) values of Al−0.96Mg2Si 
alloy during aging at different temperatures 
 

The isothermal relative electrical resisitivity 
obtained by in-situ measurement changes due to the aged 
microstructure which influences the hardness. In Fig. 3, 
ρ0 is the resistivity after aging for 20 min to stabilize the 
aging temperature. The relative resistivity of the alloy 
decreases with time, and surrenders at ~60 min and ~150 
min when aged at 175 °C. While the hardness curve 
surrenders were delayed to ~120 min and ~200 min. The 
delay of hardness evolution means that the resistivity is 
more senstive than the hardness to the microstructural 
transformations. At the initial stage of aging, the two- 
stage aged alloy has the highest relative resistivity, then 
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at 195 °C and finally at 175 °C. When the aging time 
exceeds 150 min, the relative resistivity of the one aged 
at 175 °C exceeds that of the one aged at 195 °C, but is 
still less than that of the two-stage aged one. The higher 
the temperture is, the more the clusters are in the early 
stage of aging, and the preaging at 195 for 30 min forms 
more clusters and GP zones. The formation of these 
clusters and GP zones accounts for the evolution of 
relative resistivity at the initial stage of aging. But the 
metastable clustes would dissolve and form new 
precipitates such as pre-β″ and/or β″ with prolonging 
aging time, and high temperature aging also favors such 
process. Therefore, precipitates of β″ , β′ and β dominate 
the whole aging process except for the clusters 
dominated initial stage. 
 
3.3 Evolution of precipitates during aging 

The average diameter (d), length (l), area fraction 
(fA), and planar number densitiy (Np) of the precipitates 
in the alloy during aging at 175 °C and two-stage aging 
measuremed from TEM images are shown in Table 2. 
The pre-β″ phase can exist at 175 °C before 720 min  
(Fig. 3), refered to the work of MARIOARA et al about 
pre-β″ [7]. When the alloy is aged at 175 °C, from 210 
min on, the average size of the precipitates changes 
slightly, but the density changes violently. 
POGATSCHER et al [24] found that dozens of days’ or a 
short-term natural aging brought vacancy-rich co-clusters 
(vacancy-prison) out, which were temporarily stabilized 
at high temperature and too small to act as nucleation 
sites directly [25], but dissolved at a higher aging 
temperature to release vacancies for nucleation of 
precipitates. In the present study, due to about 5 min 
delay after water-quenching, a short-term natural aging 
can prison a certain amount of vacancies. It is likely to 
be a reason to the linear increase of the ∆ρ value, and 
probably related to the decrease of dHV/dt in aging close 
to 320 min because of the dissolution of vacancy-prisons. 
The released vacancies may help to increase the density 
of the precipitates in the following aging, but the small 
size of the new-nucleated precipitates retains the mean 

size steady. A certain amount of newly nucleated short 
needle-like β″ (pre-β″) phases between the growing and 
the stabilized β″ precipitates and the plentiful 
transformation from GP zones (or clusters) to β″ (or 
pre-β″) phases increase the area fraction (fA) and the 
planar number densitiy (Np), when lots of short β″ (or 
pre-β″) phases occur as the time prelongs (Fig. 4). After 
being preaged at 195 °C for 30 min, the precipitates are 
the same as that aged at 175 °C for 60 min, lots of 
clusters, few GP zones and pre-β″ phases are included 
(Fig. 5(a)). The density increases as the time prolongs, 
but the size of β″ phases retains at (3±0.1) nm 
approximately. 

When the alloy is aged at higher temperature (195 
°C), the type of the precipitates changes, and the quantity 
and size are different. Figure 5(c) (aged at 195 °C for 60 
min) shows that not only needle-like β″ phase but also 
rod-like β′ phase appears. The precipitates in Fig. 5(c) 
are obviously larger and longer than those in Fig. 4 and 
Figs. 5(a), (b), up to 100 nm for needle-like β″ phases 
and around 60 nm for rod-like β′ phases. Before the 
hardness decreases sharply, the amount ratio (R) of 
precipitates β″ and β′ at 195 °C decreases with the 
temperature increasing and time prolonging (R175 °C=+∞, 
R195 °C, 60 min=2−3, R195 °C, 210 min=0.8−1.3). The activation 
energies of β″ phase and β′ phase are 76 kJ/mol and 117 
kJ/mol [18], respectively, calculated by Kissingers’ 
method, which means that β′ phase is more difficult to 
nucleate at low temperature. Therefore, the ratio of β″/β′ 
varies depending on the temperature signifiantly. The 
high quantity of the precipitates (N195 °C) determines the 
high rate of strengthening dHV/dt, the high ratio of 
precipitates β″/β′ (R175 °C) determines the high peak 
hardness. In the hardness plateau at 195 °C, the low ratio 
of β″/β′ declines for the rapid transformation from β″ 
phase to β′ phase, which consumes the coherency to the 
Al matrix steeply (Fig. 6). Meanwhile, β′ phase grows 
more easily than β″ phase [23], thus the hardness plateau 
at 195 °C is shorter. When extending the aging time, the 
density and the size of rod-like β′ increase, as shown in 
Fig. 5(d) (195 °C, 210 min). 

 
Table 2 Average diameter (d), length(l), area fraction (fA), planar number densitiy (Np) of precipitates in alloy during aging  

d/nm l/nm 
Aging 

Mean Range Mean Range 
Np/103μm−2 fA/% 

175 °C, 60 min 1.9±0.43 1.2−2.7 1.9±0.43 1.2−2.7 0.45±0.03 0.21±0.05

175 °C, 210 min 3.0±0.45 1.2−3.8 15±7 5−60 1.48±0.23 1.7±0.28 

175 °C, 320 min 3.1±0.55 1.2−4.5 27±20 5−150 1.61±0.06 2.9±0.55 

175 °C, 720 min 3.1±0.58 1.2−4.5 21±15 5−180 3.17±0.16 6.5±1.1 

195 °C, 30 min 2.0±0.56 1.2−3.2 2.0±0.56 1.2−3.2 0.33±0.05 0.25±0.05

(195 °C, 30 min) + (175 °C, 540 min) 2.9±0.37 1.9−4.0 10±2.5 5−40 3.79±0.68 4.92±0.69
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Fig. 4 Evolution of precipitates during aging at 175 °C (Observation direction parallel to [001]): (a) 60 min; (b) 210 min; (c) 320 min; 
(d) 720 min 
 

 
Fig. 5 Influence of aging on precipitates (Obsrvation direction parallels to [001]): (a) 195 °C, 30 min; (b) (195 °C, 30 min) + (175 °C, 
540 min); (c) 195 °C, 60 min; (d) 195 °C, 210 min 
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Fig. 6 Precipitates of alloy overaged at 195 °C for 720 min 
(Observation direction parallel to [001]) 
 
4 Discussion 
 

YUAN et al [26] investigated the effects of multiple 
precipitates on the electrical conductivity of Al−Mg−Si 
alloys aged at 200 °C and 300 °C, and found that this 
effect was dominated by those closely spaced fine 
precipitates which result in severe electronic scattering. 
The main influential precipitates could firstly be β″ phase 
and then β′ phase, but the details are very complicated. 
Figures 4 and 5 show that, only the β″ phase (taking 
pre-β″ phase as β″ phase) appears in a long-term aging at 
175 °C and two-stage aging, so the area fraction (fA) and 
the size of the prepitates are the main factors affecting 
∆ρ. 

Substituting Eq. (3) for ρ into Eq. (2), it changes to 
 

1
0 ppti i

i
Cρ ρ ρ ρ− ⎡ ⎤⎛ ⎞

Δ = ⋅ − Δ +⎢ ⎥⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦
∑                                 (4) 

 
where ∆Ci is the concentration variation of the ith solute 
atom,  i i

i
Cρ Δ∑ is the variation of the electrical resistivity 

resulting from the descending of solutes in solid solution. 
Refering to the work of RAEISINIA et al [15], the 
concentration variations of Mg and Si due to the 
precipitate β″are 
 
∆CMg=0.42fA; ∆CSi=0.51fA                                           (5) 
 
and ρppt can be expressed as [16] 
 

ppt 1/2
12ρ
λ

=                                                                    (6) 

 
where λ is the spacing between the precipitates. The Mg 
and Si solutes in solid solution increase the resistivity of 
the Al matrix by 5.5×10−9 Ω·m per 1% (mole fraction) 

Mg and 6.9×10−9 Ω·m per 1% (mole fraction) Si at room 
temperature, respectively. The mean diameter and length 
of the precipitates can be measured by TEM, so as the 
area fraction and the planar number density, though a 
considerable deviation with the true parameters has been 
included. λ can be estimated as [27] 
 

1/2

A

2π 100
2
d

f
λ

⎛ ⎞×
= ⋅⎜ ⎟
⎝ ⎠

                                                    (7) 

 
Semi-quantitative calculation of the spacing (λ), ρppt 

and the ratio of ppt / i i
i

Cρ ρ Δ∑  indicates the contribution 

of the size and the distribution of the precipitates (Table 
3). The precipitation of β″ decreases the relative 
conductivity by at least 8% for single aging, and by 10% 
for two-stage aging because of higher density 
precipitates. At the early stage of aging the clusters act as 
scattering sites of the free electrons, since the size of 
equiaxed particles or solute-vacancies is in the similar 
magnitude of the mean free path of the electron. 
Meanwhile,          a          few           precipitates           form          so          that          the          ratio 

ppt / i i
i

Cρ ρ Δ∑  is larger than 1 except for clusters. In 

fact, the ∆ρ value after aging at (175 °C, 60 min) doesn’t 
increase, and the ∆ρ in the early stage at 195 °C in 
two-stage aging retains as well, as in the insert graph in 
Fig. 3. It may be attributed to the inhomogeneous local 
composition of the alloy because some clusters have 
transformed to GP-zones (or pre-β″ precipitates). The 
contribution of the precipitates on resistivity increases 
with the aging time but that of solute atoms on resistivity 
caused by precipitation decreases more. The relative 
electrical resistivity ∆ρ decreases finally. Equation (4) is 
depicted with λ and fA as 

1 1/ 4 1/ 2
0 A A( 5.9 +3.4 )f f dρ ρ − −Δ = − ⋅                              (8) 

which is the complete expression to describe the ∆ρ 
(characterization of the increment of the conductivity) in 
6101 or 6201 balanced alloy when aging at 175 °C, with 
 
Table 3 Spacing (λ), ρppt and ppt / i i

i
Cρ ρ Δ∑  of precipitates in 

alloy during aging 

Aging λ/nm ρppt/(10−9
 Ω·m) ppt / i i

i
Cρ ρ Δ∑

175 °C, 60 min 52±4.8 1.67±0.08 1.34 

175 °C, 210 min 29±2.4 2.24±0.1 0.22 

175 °C, 320 min 23±1.5 2.52±0.08 0.15 

175 °C, 720 min 15±1.7 3.08±0.17 0.08 

195 °C, 30 min 50±8.6 1.72±0.16 1.15 
(195 °C, 30 min) +
(175 °C, 540 min) 16±1.4 2.96±0.12 0.10 
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one kind of precipitate β″ phases. The contribution of 
precipitates, which accounts for 10%−20% of the 
resistivity variation in dozens of nanometers of spacing, 
can be estimated semi-quantitatively by  

2/14/3
Appt 58.0/ dfC

i
ii ⋅=Δ −∑ρρ                                  (9) 

 
Figure 7 reveals that a large number of nuclei form 

when the alloy is aged at 175 °C in the first 250 min, and 
then they grow fast. The constant n for JMA-formula is 
temperature dependent and calculated as: n=1.34 for 175 
°C, and n=1.19 for 175 °C in two-stage aging. The 
constant n=1.34 means that nucleating dominates the 
early stage of the phase transformation, and n=1.19 
means that the growth dominates the phase 
transformation. The mean diameter (d) and the planar 
number density (Np) increase linearly. However, after 
300 min the trend goes to the contrary: slow growth of 
precipitates and continuous nucleation which is slower 
than that in the beginning as the concentration decreases. 
The newly nucleated β″ between the previously formed 
β″ precipitates makes the average size and spacing 
between the precipitates decrease. Newly nucleated 
nuclei slow down the increase of the precipitates mean 

size, but a long-term heterogeneous nucleation increases 
the planar number density Np fast at first and then slows 
down. In Fig. 7, the planar number density Np changes 
consistently with the ascending tendency of the ∆ρ value. 
When prolonging the aging time over 200 min, the 
distribution of the precipitates plays a dominant role in 
the increasing of the ∆ρ. The size of the new nuclei and 
the decreased spacing between the precipitates are of the 
same magnitude as the mean free path of the electron, 
with severe electronic scattering. The ∆ρ value decreases 
with a slow rate after 320 min as a result of new 
nucleation. Thus, this aluminum alloy should be aged at 
least 320 min to obtain a stable size of precipitates for 
conducting application in aging at 175 °C. 

A considerable deviation has been included in the 
precipitates’ parameters measured from TEM images, but 
the details are clear in quantity, so the calculated results 
are semi-quantitative. If the accurate quantitative 
calculation is applied, the small-angle X-ray scattering 
(SAXS) or small-angle neutron scattering (SANS) is 
necessary for the measurement of the precipitates’ 
parameters. To produce an aluminum alloy with high 
conductivity (>60% IACS) and moderate strength (σ0.2≥ 
200 MPa), firstly the strengthening β″-phase should be 

 

 
Fig. 7 Evolution of precipitates’ parameters during aging at 175 °C: (a) ∆ρ values (smooth full line gives increasing tendency);     
(b) Mean diameter, (c) Planar number density; (d) Mean length of precipitates 
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introduced to ensure the strength when reducing the 
adverse effect of the solute alloying element (Mg, Si) on 
the conductivity, and then the spacing between the 
precipitates λ should be controlled as large as possible to 
reduce ρppt by a suitable aging treatment. 
 
5 Conclusions 
 

1) The precipitates of the peak aged alloy include: 
only needle-like β″ phase (pre-β″ phase included) at 175 
°C both in single and two-stage aging, and both β″ phase 

and rod-like β′ phase at 195 °C. The amount ratio of β″ 
to β′ varies with the temperature and the time. The higher 
the temperature is and the longer the aging time is, the 
smaller the ratio is. 

2) The influence of precipitates density ρppt and 
solute concentration ΔCi on the electrical resistivity of 
the investigated alloy can be estimated as 
 

2/14/3
Appt 58.0/ dfC

i
ii ⋅=Δ −∑ρρ  

 
For the single aging at 175 °C, ppt / i i

i
Cρ ρ Δ∑  

decreases from 0.22 to 0.08. 
3) During aging at 175 °C solely, the β″ phases are 

nucleating for a long time but the growth of nuclei 
maintains after 320 min, by which the distribution 
contribution of precipitates (ρppt) has been increased. 
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摘  要：采用原位电阻率测试和透射电镜观察研究 Al−0.96Mg2Si 合金的析出行为及其对电阻率的影响。发现峰值

时效的析出相包括 β″和 β′，而他们的比例随着时效温度和时间的改变而变化。合金在 175 °C 峰值时效内的析出

相主要是针状 β″相(也包括 pre-β″)。这些析出相会随着时效时间的延长而长大，但是进一步延长时效时间至超出

峰值时效时间后，析出相的尺寸变化并不显著。合金电导率的变化规律与之类似。合金硬度峰值时效后，继续时

效很长一段时间硬度变化都不显著。由于温度是影响 β″/β′比的主要因素，因此时效温度也是影响电阻率的主要因

素。时效温度越高 β″/β′的比值越小，∆ρ 下降的速度就越快。硬度也随着该比值的减小而降低。通过对透射电镜

照片分析获得析出相的分布参数，建立了析出相与电阻率之间的半定量关系式。 

关键词：Al−Mg−Si 合金；亚稳相；电阻率；时效；析出相 
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