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Abstract: The influences of β″ phase volume fractions (PVF) and cryogenic temperatures on nanomechanical properties 
of Al−Mg−Si alloys were simulated by molecular dynamics. The simulation results show that when the β″ PVF is 0.107 
at 77 K, the peak stress of Al−Mg−Si alloy is increased by 97.05% compared to that of pure aluminum. When the β″ 
PVF is 0.107, the peak stress of the sample at 27 K is increased by up to 23.55% compared to peak stress of sample at 
300 K. Cryogenic environments help to enhance total dislocation density, allowing samples to withstand greater stress, 
which can provide additional strength and ductility. Temperature decrease can also appreciably inhibit the initiation and 
growth of voids (growth rate is decreased by 88.5% at 27 K), which contributes to the enhanced ductility. 
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1 Introduction 
 

Due to desirable properties such as high 
specific strength, good formability, and excellent 
corrosion resistance, aluminum alloys are widely 
used in the engineering field [1−3]. A typical 
example is the strengthening of the age hardenable 
Al−Mg−Si alloys by a series of metastable 
precipitates under peak aging, leading to peak 
hardness. Therein, the fully coherent needle-shape 
β″ phase is the main strengthening phase [4,5]. The 
generally accepted precipitation sequence in Al− 
Mg−Si alloys is [6−8]: SSSS→(Mg+Si)clusters→ pre- 
β″/GP-Ispherical→β″/GP-IIneedle-shape→β′, B′ (Mg/Si>1); 
U1, U2 (Mg/Si≤1)→β(+Si), where SSSS represents 
a super-saturated solid solution, GP denotes 
Guinier−Preston zones. Except for the β phase, 
other precipitate phases are metastable during  

aging [9]. Thermodynamically metastable phases 
are nonequilibrium and unstable, and therefore it is 
difficult to prepare and measure their mechanical 
properties experimentally. However, it is vital to 
reveal the effect of precipitates on properties in 
Al−Mg−Si alloys for alloy designs and novel 
processes developments. 

The strength and hardness of Al−Mg−Si alloys 
mainly depend on the phase volume fraction (PVF); 
meanwhile, these property parameters are further 
influenced by processing conditions. Enhanced 
strength and ductility of metallic materials are often 
mutually constrained because the ductility generally 
decreases with increasing strength [10,11]. A 
typical example is the high-strength nanocrystalline 
(NC) metal with a grain size of less than 100 nm, 
which has a major drawback of low ductility 
(5%−8%). Therefore, the deserved importance as 
structural material of NC metals is limited. To solve  
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the problem, cryo-forming techniques [12−15] are 
becoming attractive in scientific research and 
engineering application. Improved yield strength 
and ductility of commercial Al−Mg−Si alloys by 
cryorolling [12,13], the preparation of high-strength 
and high-ductility nanostructural AA1050 using 
asymmetric cryorolling [14], and improvement of 
tensile strength in AA6061 by cryorolling + warm 
rolling + peak aging [15]. Recently, the AA6061 
shows higher tensile strength and ductility in 
cryogenic environment compared to room 
temperature via experimental study [16]. The 
ultimate tensile strength and elongation of AA6061 
at 173 K can be enhanced by up to about 15% and 
50%, respectively. Such a trend may be ascribed  
to the fact that greater diffusion and entanglement 
of the dislocations may occur at cryogenic 
temperature [11,17,18]. However, it is still unclear 
how the Al−Mg−Si alloy system containing the β″ 
phase would respond to cryogenic temperature 
changes and what the underlying physical 
mechanisms are, especially the strength and 
ductility synergistic- increase effect of Al−Mg−Si 
alloy in cryogenic environment. 

To reveal the relationships between mechanical 
responses and physical conditions, numerous 
researches on characterization and computation 
have been performed using molecular dynamics 
(MD) simulations. YUAN et al [19] investigated the 
tensile response behaviors of single-crystal Al 
nanowires at different temperatures and strain  
rates. ZEPEDA-RUIZ et al [20] utilized atomic 
simulations to quantify the conditions under which 
the limits of dislocation-mediated plasticity are 
reached in metal tantalum, and to predict cheaply 
the deformation twinning when tantalum is beyond 
any such limit. The dislocation activity of metal 
crystals can refer to the recent simulation work of 
KO et al [21]. After generating preexisting 
dislocations, they found that the total yield and flow 
stress were controlled by the longest mobile 

dislocations in relatively large Cu crystals with 
abundant initial mobile dislocations. And the 
solid−solid phase transition problem in metals can 
be studied by MD [22]. Nevertheless, there are few 
reports on the nanomechanical properties and 
temperature effect on the Al−Mg−Si alloy system 
containing the β″ phase. But these properties are 
crucial for the development of novel alloys and 
processes and going to be calculated by MD in this 
work. 

In this study, Al matrix+β″ phase was chosen 
to investigate the enhanced strength and ductility at 
cryogenic temperature. The model was three- 
dimensional so that β″ phase was completely 
constrained by the Al matrix. The structure of β″ 
needle-shape precipitate is monoclinic [4] with a 
space group of C2/m, and its stoichiometry is 
generally considered to be Mg5Si6, according to  
that experimentally measured by ZANDBERGEN 
et al [23]. Although the stoichiometry of β″   
phase may be more complex in further realistic 
observations, ranging from Al-rich configuration 
(β″-Mg4Al3Si4) to Al-free configuration (β″-Mg5Si6 
and β″-Mg7Si4), for simplicity, β″-Mg5Si6 was 
selected as the atomic structure of precipitate and 
MD simulations were employed to get further 
observations about the nanomechanics of the model 
with β″-Mg5Si6, including temperature effect. 
 
2 Simulation model and method 
 

The crystal structure information of the Al 
matrix and β″ phase (listed in Table 1) and their 
orientation relationships were determined before 
modeling. Previous works [9,26] indicated that the 
relationships of Al/β″ were: 
 

Conv. Conv.
Al Al[ 230] //[100] ,  [ 001] //[010] ,β β′′ ′′  

Conv.
Al[ 310] //[001] β ′′                  (1) 

 
where the superscript “Conv.” in Eq. (1) represents 
β″ conventional cell. However, the orientation 

 
Table 1 Crystal structure information of Al matrix and β″ phase 

Component Structure 
Lattice parameter 

Source 
a/nm b/nm c/nm β/(°) 

β″ phase 
Monoclinic 

(C2/m) 

1.589 0.394 0.657 103.3 This work [24] 

1.583 0.398 0.652 105 Theoretical [25] 

1.516 0.405 0.674 105.3 Experimental [23] 

Al matrix FCC 0.405 − − −  
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indexes of the Al matrix in this work need to be 
orthogonal, the z-direction was set to be [ 320]  
and the y-direction to be [ 00 1 ]  [27]. The third 
term in Eq. (1) is still satisfied at the moment. Thus, 
the orientation indexes of the Al matrix are given by  

[ 230],  [00 1], [320]O x y z=                (2)  
An FCC single-crystal Al nanowire (see Fig. 1) 

with a volume of 15 nm × 45 nm × 15 nm (the 
lattice constant aAl of Al matrix was set as 0.405 nm, 
as shown in Table 1) was prepared according to  
the orientation index in Eq. (2). Then, the β″ 
conventional cell was expanded by 5 and 12 times 
along aβ″ and cβ″ directions, respectively. The β″ 
length along bβ″ direction (that is the growth 
direction of β″ phase) was a control variable lb,  
the volume of β″ supercell equals 7.95×lb×7.89× 
sinβ nm3, therein β=103.3°. The β″ supercell was 
embedded into the Al matrix generated in the   
first step, and finally, the Al atoms overlapping  
with the β″ supercell were deleted. So the initial 
configuration of the Al−Mg−Si alloy sandwich 
structure model was established, and the β″ phase 
volume fraction (PVF, φ) φ=7.95×lb×7.89×sin β/ 
(15×45×15)=6.029×10−3 lb. Despite the β″ PVF 
changing atom number N, the N always fluctuated 
around 600000 with a small deviation. As for the 
atomic interaction, the modified embedded-atom 
method (MEAM) potential for Al, Si, and Mg,   
etc [28] was employed. Recently, the potential   
has been widely used in the studies of mechanical 
 

 
Fig. 1 Al−Mg−Si alloy sandwich structure model:     
(a) Size and orientation index of Al matrix (longitudinal- 
section diagram); (b) Configuration and relationship with 
Al matrix of β″ phase (cross-section diagram), which is 
top view of (a) after slicing along dashed line (The β″ 
phase is monoclinic, α=γ=90°, but β=103.3°, so the 
cross-section of the β″ phase in (b) is a parallelogram) 

properties and strengthening mechanisms of Al and 
Mg alloys [29−33]. 

Two kinds of schedules were performed in this 
work as shown in Table 2. (1) The default value  
of simulation temperature was set to be 77 K, and 
the β″ PVFs were changed to investigate the 
mechanical properties of Al−Mg−Si alloy samples. 
(2) According to the simulation results in the 
Schedule (1), the sample had best performances at 
φ=0.107, and thus the default of β″ PVF was set to 
be 0.107 when the temperature decreased from 300 
to 27 K. 
 
Table 2 Simulation parameters for Al−Mg−Si alloy 
samples 

Parameter Value Default 

β″ length, lb/nm 0, 5.9, 11.8, 17.7, 23.6, 29.5 17.7 

β″ volume/nm3 0, 360.2, 720.3,  
1080.5, 1440.6, 1800.8 1080.5 

β″ PVF, φ 0, 0.036, 0.071,  
0.107, 0.142, 0.178 0.107 

Temperature/K 27, 77, 127, 177, 227, 300 77 
lb and φ=0 represent the Al matrix without β″ phase. The β″ volume 
of 12−2100 nm3 was measured in Ref. [34], and the volume in this 
work was within the range. As for tensile temperature, 300 and 
77 K were widely used in the experiments, and four other 
temperatures were taken with equal intervals as far as possible, so 
the tensile temperature levels were 27, 77, 127, 177, and 300 K 
 

The geometric modeling and numerical 
solution in this work were implemented using 
LAMMPS [35]. The y-direction uniaxial tensile 
simulations were performed using the velocity− 
Verlet integration algorithm at a time step of 1 fs 
(=1×10−15 s) and a strain rate of 1×109 s−1. Before 
uniaxial stretching, the samples were firstly 
optimized by Polak−Ribiere version of the 
conjugate gradient algorithm to the potential energy 
minimization state. Then, the temperature was 
lowered from the initial temperature of 300 K to the 
target temperature (see Table 2), followed by a 
relaxation of 150 ps to the equilibrium state. The 
above two steps were carried out in the isothermal− 
isobaric ensemble under periodic boundary 
conditions in three directions. After that, the tension 
was executed in the Nosé−Hoover thermostat for 
constant temperature, at which the x-direction was 
changed to a free boundary to observe the necking. 
The Open Visualization Tool (OVITO) [36] 
provides post-processing capabilities to visualize 
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the stretching and deformation of the samples and 
to obtain snapshots at different moments. The 
OVITO also allows the analysis and visualization  
of the von Mises stress (calculated by LAMMPS) 
on each atom, and the atomic strain localization  
on the y-axis. Furthermore, dislocation extraction 
algorithm (DXA) [37,38] was used to identify the 
microstructure type and to analyze in detail the type 
and density of dislocation extracted. 
 
3 Results and discussion 
 
3.1 Effect of β″ PVF (φ) on nanomechanical 

properties of Al−Mg−Si samples at 
cryogenic temperatures 
The tensile curves and the variation patterns  

of peak and flow stress are shown in Fig. 2. The 
uniaxial tensile curves of all samples are very 
similar to the common engineering stress−strain 
curves (see Fig. 2(a)). In the beginning, the 
engineering stress increases monotonically with the 
strain. After reaching the peak, a sudden drop 
occurs. Moreover, the slope of the tensile curves  
of the samples containing β″ is significantly greater  
 

 
Fig. 2 Uniaxial tensile curves of Al−Mg−Si alloy with 
different β″ PVF (a), and peak stress and flow stress 
change over β″ PVF (b) 

than that of pure Al at a small engineering strain ε 
(<0.045). Notably, the tensile response of the 
sample in this work differs from that of the 
polycrystalline containing many grain boundaries, 
so that the abrupt drop of tensile curve is not 
yielding but rather a certain scale of dislocations  
in the single-crystal, as compared with the 
experimental tensile curve [39]. According to the 
tensile curves in Fig. 2(a), the elastic modulus of 
samples with different β″ PVFs was calculated and 
listed in Table 3. For β″ PVF φ=0.107, the elastic 
modulus is the highest and 75.58% higher than that 
of pure aluminum (β″ PVF φ=0). 
 
Table 3 Elastic modulus of samples 

β″ PVF, φ Elastic modulus/GPa 

0 53.36 

0.036 80.64 

0.071 92.32 

0.107 93.69 

0.142 89.01 

0.178 92.18 

 
In Fig. 2(a), the main reason for the primary 

peak in the engineering stress−strain curve is the 
nucleation and propagation of dislocations, which 
pass through the perfect FCC lattice and leave 
stacking faults in the sample. After the stacking 
faults accumulate to a certain level, the strain due to 
dislocation motion exceeds the applied strain and 
the stress reaches a primary peak and then decreases 
to allow subsequent dislocation motion. For some 
samples such as the β″ PVF φ=0, 0.071, and 0.107, 
there are two stress peaks on the curves, and the 
secondary peaks present a rise and fall in stress.  
In the atomic simulation, when the dislocations 
undergo annihilation and nucleation, the tensile 
stress oscillates. 

Figure 2(b) shows that there has been an 
obvious upgrade of the nanomechanical properties 
due to the existence of β″ phase. In this work, peak 
stress is used to evaluate the tensile strength of the 
sample. The higher the peak stress is, the higher the 
tensile strength is. The engineering stress peaks at 
φ=0.107, where the peak stress increases by 97.05% 
(note that the samples are ideal single-crystal 
models, so it is not so high in realistic observations) 
compared to the pure Al sample. Therefore, there is 
a great strengthening for the samples with β″ phase 
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in tensile direction (also the growth direction of β″ 
phase). Meanwhile, the peak and flow stresses at 
φ=0.071 and 0.107 are higher than those of other 
samples. As for flow stress, it can be understood 
that the true stress is required to produce a certain 
instantaneous plastic flow after the peak stress, 
which is the second evaluation index. They both 
show an increasing and then decreasing trend, but 
the peak of flow stress appears at φ=0.071, which 
indicates that a larger external stress is required to 
continue the transient deformation in the late tensile 
stage (ε>0.12). To sum up, it is complicated how 
the β″ PVF affects the tensile mechanical properties 
in the y-direction, so the nanomechanical behaviors 
are analyzed further to gain atomistic insights into 
the transition caused by the changes of β″ PVF. 

The atomic strain distribution can visualize the 
areas of severe deformation within samples during 
stretching, so it is natural to calculate the degree of 
strain localization on the y-axis and compare the 
differences from the changes in β″ PVF. The degree 
of strain localization (Fig. 3(a)) for samples with 
different β″ PVF is calculated using the parameter ψ 
defined by CHENG et al [40]:  

Atomic Atomic 2
ave

1

1 ( )
N

i
iN

ψ ε ε
=

= −∑              (3) 
 
where N is total number of atoms, Atomic

iε  is the 
atomic strain of the ith atom, and Atomic

aveε  is average 
atomic strain of samples. The larger the ψ, the greater 
the tendency to show a wider strain distribution 
range of atoms, which laterally reflects the presence 
of a larger local strain maximum (see Fig. 3(b)). 

In Fig. 3(a), none of these five Al−Mg−Si 
alloy sandwich samples containing the β″ phase 
undergoes atomic strain localization when the 
engineering strain ε is zero. Upon further 
deformation, slow growth occurs in the degree of 
atomic strain localization within all five samples 
until ε=0.09. When ε>0.09, the sample with 
φ=0.036 begins to show larger atomic strain 
localization firstly, and its final localization degree 
is larger than that of the samples with φ=0.071 and 
0.107. However, the localization degree of the latter 
two samples increases steadily with deformation. At 
ε=0.105, the localization degrees with φ=0.142 and 
0.178 begin to increase sharply and at a much 
higher rate than those of previous three samples, 
and their final strain localization degrees also rank 
among the highest and second-highest, respectively. 

It is also worth mentioning that the reason for 
dramatic transition in the localization degree 
(namely φ=0.107 and 0.142) comes from a slight 
change in the β″ PVF (and the β″ phase length lb 
differs by only 5.9 nm), which indicates that a small 
change in the configuration of Al matrix coupled 
with β″ phase can also cause a large response 
during deformation. 
 

 
Fig. 3 Degree of atomic strain localization at cryogenic 
temperature (a), distribution of atomic strain at φ=  
0.107 (b), and growth of through hole at φ=0.142 (c) 
 

The atomic strain distributions of the samples 
with φ=0.107 and 0.142 are shown in Fig. 3(b, c), 
respectively, which reveals a great difference 
between the two samples for the same engineering 
strain ε. The profile of the β″ phase is marked with 
a white wireframe, and the variation of the area 
surrounded by the white line can reflect the 
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deformation of the β″ phase. Figure 3(c) also shows 
some important defects in the samples during the 
stretching, such as nanovoids and through holes, 
which are also reported in the relevant MD 
simulation [41]. Notably, even in the z-direction 
with the periodic boundary condition, the nanovoids 
develop into through holes when the simulation is 
not yet finished (ε=0.13, Fig. 3(c)). In such cases, 
the local deformation of the sample with φ=0.142 is 
quite drastic, corresponding to the results in 
Fig. 2(b). 

The higher resistance to deformation for the 
sample with φ=0.107 may be because shear bands 
“avoid” the β″ phase and distribute at the upper and 
lower ends of the Al matrix. Meanwhile, the local 
accumulation of atoms at the Al/β″ interface allows 
only a small amount of necking. When ε=0.11, the 
sample with φ=0.142 also starts to form local 
defects at almost the same position on the right  
side, as the sample with φ=0.107. However, these 
nanovoid defects are closer to the waist of β″ phase 
with relatively high atomic strain, leading to a fatal 
result. That is to say, a nearly 45° shear band along 
the x-direction cuts almost through the entire 

sample from the waist, including the β″ phase as 
well. However, the rest regions of the Al matrix 
hardly show the same landscapes as in the sample 
with φ=0.107. 

Next, the dislocation density ρ is extracted for 
four samples using the DXA method. The densities 
of total dislocations, Shockley partial dislocations, 
and perfect dislocations are shown in Fig. 4. Due to 
the higher stacking fault energy (SFE), the chance 
of stacking fault in Al alloys is lower than that in 
Cu and Ni. So the order of ρ in the Al−Mg−Si 
sample is only 1016, which is nearly one order lower 
compared with Cu and Ni (low SFE) [21,42]. 
Generally, in addition to the two dislocations of 
Shockley partial dislocation and perfect dislocation 
mentioned above, there are also stair-rod 
dislocations, Hirth dislocations, Frank dislocations, 
and partial dislocations with most adaptive 
dislocations. However, the proportion of these 
dislocations is relatively small, so they are counted 
together in the total dislocations and not shown in 
Fig. 4. 

By comparing the dislocation density ρ in the 
four samples, there is a strong correlation between  

 

 
Fig. 4 Dislocation density ρ at φ=0.071 (a), φ=0.107 (b), φ=0.142 (c), and φ=0.178 (d) 
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the dislocation density and the β″ PVF. Under the 
same tensile simulation setup and deformation, 
when φ=0.142, the total dislocation density level is 
the lowest among the four samples, and its peak 
value is only 1.3×1016 m−2, while the overall level 
of total dislocation density is much higher at 
φ=0.107, with a peak of 2.5×1016 m−2. At φ=0.178, 
the φ increases by only 0.036 compared to φ=0.142, 
while the total dislocation density enhances again 
immediately, reaching a maximum of 2.1×1016 m−2. 
Dislocation slip is the basic mode of deformation 
before reaching peak stress for φ=0.107 sample, 
producing more Shockley partial dislocations and 
perfect dislocations. But more critically, it can be 
seen from Figs. 3(b, c) that the local strain of the 
φ=0.142 sample is more drastic than that of 
φ=0.107 sample. This may allow the dislocations to 
act through a deformation mechanism other than 
annihilation or allowing dislocation to slip, 
resulting in a lower dislocation density. According 
to strength σ ∝ ρ1/2 in Ref. [43], it is consistent with 
the qualitative relationship between the peak stress 
and the peak total dislocation density in this study. 

3.2 Temperature effect on nanomechanical 
properties of Al−Mg−Si sample with β″ 
phase 
Figure 5(a) shows the engineering stress−strain 

curves of sample with φ=0.107 at temperatures 
ranging from 300 to 27 K. The trend of engineering 
stress−strain curves at different temperatures is 
similar to that shown in Fig. 2(a) (both rise and  
fall near a certain mean value after reaching the 
peak stress). In Fig. 5(b), the peak stress increases 
steadily upon decreasing temperature. The peak 
stress is enhanced by 23.35% with 273 K decline  
in the temperature. The flow stress grows steeply 
when the temperature reaches 77 K. On contrary, 
the flow stress shows a gradual increase from 300 
to 127 K. The rise in flow stress is 137.43%    
over the whole temperature range. In conclusion, 
both peak and flow stresses increase with low 
temperature, so the cryogenic environments help to 
improve the strength of the samples during tensile 
deformation. The temperature effect has also been 
found in several metals via experiments [44−46]. 

Figures 5(c, d) give the atomic von Mises 
 

 
Fig. 5 Nanomechanical properties of sample (φ=0.107) at different temperatures: (a) Engineering stress−strain curves; 
(b) Peak stress and flow stress vs temperature; (c) Distribution of atomic von Mises stress at 127 K; (d) Distribution of 
atomic von Mises stress distribution at 177 K 
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stress Atomic
Mises( )σ  distribution for samples with 

deformation temperatures of 127 K and 177 K. The 
equation is given by 
 

Atomic 2 2
Mises {1/ 2[( ) ( )xx yy xx zzσ σ σ σ σ= − + − +  

 
2 2 2 2 1/2

z( ) 6 ( )]}yy zz xy x yzσ σ τ τ τ− + + +     (4) 
 
where σ and τ denote the principal stress and shear 
stress to which individual atoms are subjected, 
respectively. For both samples stretched at 127 and 
177 K, the higher von Mises stress is mainly 
concentrated inside the β″ phase, and the stress 
distribution in the Al matrix is lower and relatively 
uniform. In Figs. 5(c, d), as the engineering strain ε 
increases from 0.11 to 0.15, nanovoids start to 
appear at the top and middle of the Al/β″ interface, 
and the void volume fraction (VVF, φv) increases 
continuously at 127 and 177 K (Fig. 6(a)). In 
addition, it can be seen from Figs. 5(c, d) that the 
von Mises stress in the Al matrix decreases after the 
appearance of nanovoids (the color of the Al matrix 
becomes darker). Some Al atoms close to the β″ 
phase contract inward because the necking occurs 
in the waist of the samples (marked with black 
arrows). Also, their motions are blocked by the β″ 
phase, and thus stress concentration (marked with 
yellow lines) appears in some localities in the 
middle of the samples. 

Figure 6(a) gives the evolution curves of 
VVF−strain at different tensile temperatures. These 
curves evolve in various ways at different 
temperatures, so they can be roughly divided into 
three groups. The curves of samples at 27 and 77 K 
are the first group, with the lower overall VVF 
throughout the deformation. With the middle level 

of VVF in all samples, the curves of samples at 127 
and 177 K are the second group. And the curves of 
samples at 227 and 300 K are the third group, 
which show the earlier growth point and the faster 
growth rate of VVF among the three groups. 
Figure 6(b) shows the local enlargement of the 
sample at 227 K, which gives both the atomic strain 
distribution and the evolution of the nanovoid 
regions. The light gray free surface represents the 
boundary in the x-direction to show the necking 
phenomenon, so it can be seen that the larger the 
engineering strain ε is, the more the sample shrinks 
inward. The nanovoids encircled by the dark gray 
surface are surrounded by atoms of higher atomic 
strain (along the y-axis). It is also evident that the 
strains of the atoms in the necking region are 
generally higher than those in other regions. At 
ε=0.09, shear bands of 45° and 135° start to form  
on the left and right sides of the sample. As the 
engineering strain increases, ε goes from 0.11 to 
0.15, and these two shear bands are unable to 
propagate to the interior of the β″ phase. In other 
words, the β″ phase enhances the ability to resist 
deformation, and this benefit is reinforced by the 
temperature effect. This is why the mechanical 
properties of the sample are better at cryogenic 
temperatures. The takeaway for us is that cryogenic 
temperatures can lead to a more efficient 
strengthening in Al−Mg−Si alloys. 

Microscopically, the ductile fracture (DF) 
behavior occurs as a holistic process of nanovoid- 
nucleation, nanovoid-growth, and nanovoid- 
coalescence, which is related to the micro- 
mechanism of temperature effect. According to 
Ref. [47], the critical strain (εn) to nucleate nanovoids 

 

 
Fig. 6 Effect of temperature on VVF (a) and distribution of atomic strain, and evolution of nanovoids at 227 K (b) 
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of the VVF−strain curve (Fig. 6(a)) is defined as the 
nucleation point of nanovoid. In all cases of 
temperature, εn≈0.075. Meanwhile, damage 
accumulation is evaluated using nanovoid-growth 
rate (Dg):  
Dg=(φv,f−φv,n)/(tf−tn)                       (5)  
where φv,f and tf are the final VVF and time, φv,n  
and tn are the critical VVF and time to nucleate 
nanovoids. Here the Dg is considered as the main 
index of DF criterion, and then the lower the Dg is, 
the better the ductility is. When the temperature is 
300 K, Dg is 6.1×10−4 ps−1; Dg decreases to 5.3×10−4 

ps−1 for 227 K, and Dg is 1.6×10−4 ps−1 for 77 K; 
while temperature is 27 K, Dg is 7×10−5 ps−1 
(decreasing by 88.5% compared to 300 K). So, the 
reduced temperature enhances the ductility of 
Al−Mg−Si alloys at cryogenic temperatures. 

To characterize the effect of temperature on  
the dislocation activity of Al−Mg−Si alloys, the 
dislocation density ρ was also extracted and 
counted using the DXA method, as shown in Fig. 4. 
The density of total dislocation, Shockley partial 
dislocation, and perfect dislocation at different 
temperatures are shown in Fig. 7. It is directly 
shown that the cryogenic environment can promote 
the growth of dislocation, thus improving the effect 
of dislocation strengthening. In Fig. 7(a), the total 
dislocation density at 27 K starts to increase at the 
engineering strain ε of 0.064, while the dislocation 
densities at other temperatures show a steep 
increase only at ε larger than 0.08. 

Upon decreasing temperature from 300 to 
27 K, the peaks of total dislocation density are 
1.3×1016, 1.8×1016, 2.0×1016, 1.7×1016, 2.5×1016, 
and 3.2×1016 m−2, respectively, and the overall peak 
of total dislocation density is increased by about 
146% with the temperature declining. At the lower 
temperature of 77 K, dislocation annihilation rarely 
takes place, thereby increasing the dislocation 
density [48]. In addition, by comparing Fig. 7(b) 
with 7(c), it is found that the overall level of 
Shockley partial dislocation density can be higher 
than that of perfect dislocation density throughout 
the stretching. Meanwhile, the observation reveals 
that the lower the temperature is, the more 
favorable the growth of Shockley partial dislocation 
is, with an increase of 83.61% at 27 K, which 
means that more stacking faults are generated in the 
sample. 

 

 
Fig. 7 Evolution of dislocation density ρ at cryogenic 
temperatures: (a) Total dislocation; (b) Shockley partial 
dislocation; (c) Perfect dislocation 
 
4 Conclusions 
 

(1) For the y-axis uniaxial tensile test of the 
samples, the flow stress and the peak stress reach 
the maximum when the β″ phase volume fraction 
(PVF, φ) is 0.107. Compared to peak stress of pure 
aluminum, the peak stress of Al−Mg−Si alloy 
sample with β″ PVF of 0.107 is increased by 
97.05%. 
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(2) With decreasing the temperature from 300 
to 27 K, both the peak stress and ductility of the 
sample with β″ PVF of 0.107 increase. The peak 
stress is increased by 23.35% from 4.4 GPa at 
300 K to 5.4 GPa at 27 K. And the lower the 
temperature is, the more difficultly the top of the 
Al/β″ interface is torn, and the smaller the resulting 
void volume fraction and nanovoid-growth rate are 
(decreased by up to 88.5%). 

(3) The von Mises stress distribution suggests 
that the high-stress region is more concentrated in 
the β″ phase. Furthermore, the trend of the peak 
total dislocation density increases at a lower 
temperature. Thus, cryogenic temperatures can 
contribute to the overall improvement of the 
nanomechanical properties of Al−Mg−Si alloys. 
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摘  要：采用分子动力学方法研究 β″-Mg5Si6 析出相体积分数及深冷温度对 Al−Mg−Si 合金纳米力学特性的影响。

模拟结果表明，与纯 Al 的峰值应力相比，当温度为 77 K、β″析出相体积分数为 0.107 时，Al−Mg−Si 合金的峰值

应力提高 97.05%。当 β″析出相体积分数为 0.107 时，与 300 K 下样品的峰值应力相比，在 27 K 下该样品的峰值

应力可提高 23.55%。研究结果表明，深冷环境有助于提高总位错密度，使样品能够承受更大的应力，这为含 β″

相的Al−Mg−Si合金提供额外强度和韧性。降低温度可以明显抑制孔洞的萌生和生长(生长率 27 K时下降 88.5%)，

从而提高 Al−Mg−Si 合金的塑性。 

关键词：分子动力学；铝合金；β″相；强度；韧性；深冷温度 
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