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Abstract: The effect of pre-straining on the structure and formation mechanism of precipitates in an Al−Mg−Si−Cu 
alloy was systematically investigated by atomic resolution high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM). Elongated and string-like precipitates are formed along the dislocations in the 
pre-strained Al−Mg−Si−Cu alloy. The precipitates formed along the dislocations exhibit three features: non-periodic 
atomic arrangement within the precipitate; Cu segregation occurring at the precipitate/α(Al) interface; different 
orientations presented in one individual precipitate. Four different formation mechanisms of these heterogeneous 
precipitates were proposed as follows: elongated precipitates are formed independently in the dislocation; string-like 
precipitates are formed directly along the dislocations; different precipitates encounter to form string-like precipitates; 
precipitates are connected by other phases or solute enrichment regions. These different formation mechanisms are 
responsible for forming different atomic structures and morphologies of precipitates. 
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1 Introduction 
 

Al−Mg−Si alloys are increasingly attractive as 
a candidate in automotive, aircraft and architecture 
applications. The increased popularity of Al−Mg−Si 
alloys is due to their high specific strength, good 
ductility, formability and corrosion resistance. 
These alloys display an obvious improvement in 
strength after artificial aging (AA) treatment 
because of the formation of nano-sized metastable 
precipitates [1−4]. The precipitation sequence of 
Al−Mg−Si alloy is usually considered as: SSSS → 
atomic clusters → GP zones → β″ → β′, U1, U2,   
B′ → β, Si [2,5,6]. Cu is often added to Al−Mg−Si 

alloys to increase the precipitation strengthening 
and the age hardening kinetics [7−9]. The 
precipitation sequence of Al−Mg−Si−Cu alloys is 
regarded as [10]: SSSS → atomic clusters → GP 
zones → β″, QP1, QP2, C → Q′, QP2, C → Q, Si. 

SSSS represents the supersaturated solid 
solution. The needle-like β″ phase (Mg5Al2Si4) is 
considered as the most important hardening 
precipitate for peak-aged Al−Mg−Si alloys [11,12]. 
While for the Al−Mg−Si−Cu alloys, β″, QP1, QP2 
and C phases coexist in the α(Al) matrix during 
peak aging. The Q′ phase and the β′ phase (Mg9Si5) 
have hexagonal space group and multiple 
orientation relationships (ORs) with the α(Al) 
matrix [13−15]. The C phase has a monoclinic 
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lattice and a constant OR of [001]C//[001]α, (010)C// 
(150)α  [16]. All metastable precipitates in the 
Al−Mg−Si(−Cu) alloys are structurally related 
through a common QP lattice (which is also named 
as Si-network by MARIOARA et al [17]) with a 
projected near hexagonal symmetry of a=b≈0.4 nm, 
and c=0.405 nm [17,18]. 

Pre-straining is widely used in industry to 
increase the mechanical properties of aluminum 
alloys [19−21]. Firstly, pre-straining can relieve the 
residual stress induced by quenching and improve 
the plasticity of alloys. The compressive stress 
induced by quenching can be neutralized by the 
tensile stress of the pre-straining. Secondly, the 
introduced dislocations can provide a hetero- 
geneous nucleation site for the precipitation 
resulting in an acceleration of the precipitation 
kinetics [22]. The influence of pre-straining on the 
microstructure and properties of Al−Mg−Si(−Cu) 
alloys has been investigated in detail. QUAINOO 
and YANNACOPOULOS [23] found that AA6111 
develops increased strength with increasing levels 
of pre-straining during natural aging. BIROL and 
KARLIK [24] reported that the pre-straining after 
solutionizing suppresses the adverse effect of 
natural aging and promotes the precipitation of β″ 
phase in a twin-roll cast 6062 sheet. YASSAR    
et al [25] found that the introduction of dislocation 
changes the precipitate type for the AA6022 alloy 
from β″ to β′ and Q′. TEICHMANN et al [26,27] 
suggested that the pre-aging deformation suppresses 
the growth of GP zones and β″ phases, and 
promotes the formation of elongated and conjoined 
precipitates along dislocation lines. SAITO et al [28] 
found that parts of unit cells of the Q′ phase are 
formed at the end of a string-type precipitate that 
extends along the dislocation line. Recently, LAI  
et al [29] have revealed that the majority of 
precipitates in the deformed Al−Mg−Si alloys are 
short-range ordered while long-range disordered 
precipitates and composite precipitates. 

Most of the reports related to pre-straining 
focused on the effect of dislocation on the 
microstructure (such as size and morphology) and 
properties of Al−Mg−Si alloys, while the effect of 
dislocation on the structural evolution of precipitate 
received less attention. The following questions are 
still not clear: firstly, the atomic structures of 
precipitates formed along dislocations are elusive. 
Although the “string-like” phases formed at the 

dislocations have been reported, the atomic 
structures of these “string-like” phases are not clear. 
Secondly, most of the investigations about pre- 
straining are performed on the Al−Mg−Si alloys, 
while the effect of pre-straining on the precipitation 
behavior of Al−Mg−Si−Cu alloys is less studied. 
Thirdly, the formation mechanism of elongated 
precipitate in the pre-deformed alloy is not    
fully understood. Understanding the influence 
mechanism of pre-straining on the atomic structure 
of precipitate is essential for expanding the 
application of pre-straining in Al−Mg−Si−Cu alloys. 
Therefore, in the present work, transmission 
electron microscopy (TEM) and atomic-resolution 
high-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) were used to 
investigate the effect of pre-straining on the atomic 
structures of precipitates in an Al−Mg−Si−Cu  
alloy. The precipitation behavior for the pre- 
strained Al−Mg−Si−Cu alloy and the influence 
mechanism of pre-deformation in precipitation were 
explored. 
 
2 Experimental 
 

An alloy with a chemical composition of 
Al−1.11Mg−0.67Si−0.5Cu (wt.%) was used in this 
study. The alloy was cast into a slab ingot from 
high-purity Al (99.9%), high-purity Mg (99.9%), 
Al−10wt.%Si and Al−49.5wt.%Cu master alloys  
by using an induction furnace. The chemical 
composition of the alloy was measured by optical 
emission spectroscopy. The ingot was homogenized 
at 560 °C for 6 h in an air furnace which was heated 
with a heating rate of 50 °C/min from a room 
temperature, and subsequently naturally cooled. 
The ingot was then hot- and cold-rolled to a 1 mm- 
thick sheet. The sheet was solution heat-treated at 
570 °C for 20 min in a muffle furnace and water- 
quenched to room temperature. Then, pre-straining 
(0 and 10%) was performed immediately after 
quenching. All samples were then artificially aged 
at 180 °C for 4 h. A schematic representation of the 
heat treatment procedure is shown in Fig. 1. 

The microstructures of the Al−Mg−Si−Cu 
alloys in different pre-straining conditions were 
investigated by an FEI Tecnai G2 F20 TEM. 
Atomic resolution HAADF-STEM characterization 
was performed using a spherical aberration probe 
corrected FEI Titan G2 60−300 ChemiSTEM with a 
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Fig. 1 Schematic of heat treatment procedure 
 
Schottky field emitter operated at 300 kV. The 
probe diameter was 0.08 nm, and a 21 mrad 
convergence semi-angle and a spot size 7 were used 
for HAADF imaging. All TEM images were taken 
along the 001α zone axis. All HAADF-STEM 
images were Fourier filtered with an aperture 
encompassing all the visible spots in the Fourier 
transform. In order to ensure the accuracy of the 
data of precipitates, at least 10 TEM bright-field 
images and 100 HAADF-STEM images were taken 
to compare and make statistical comparisons. 
Disc-shaped TEM specimens were prepared by 
electro polishing using a Struers TenuPol−5 device 
with an electrolyte of 33 vol.% HNO3 in methanol 
at a temperature about −30 °C. 
 
3 Results 
 
3.1 TEM characterization 

Figure 2 shows TEM bright-field images of the 
pre-strained and non-pre-strained Al−Mg−Si−Cu 
samples after AA at 180 °C for 4 h. For the 
non-pre-strained alloy, large numbers of rod-like 
and lath-like precipitates are homogeneously 
distributed in the α(Al) matrix, which could be 
called as a conventional phase. Compared with the 
non-pre-strained alloy, the pre-strained alloy 
presents heterogeneous string-like and elongated 
precipitates along the dislocations as shown in 
Figs. 2(b, c), which exhibit large size and could be 
called as an unconventional phase. Besides, the 
precipitates formed in the pre-strained alloy present 
a refined distribution compared with that of the 
non-pre-strained alloy. These results demonstrate 
that pre-straining can facilitate the formation of 
precipitates and change their morphologies for the 
Al−Mg−Si−Cu alloy. 

 

 
Fig. 2 TEM bright-field images of various pre-strained 
Al−Mg−Si−Cu samples after artificial aging at 180 °C 
for 4 h: (a) Non-pre-strained; (b, c) 10% pre-strained 
 
3.2 HAADF-STEM characterization 
3.2.1 Precipitates formed in non-pre-strained alloy 

Atomic resolution characterization was carried 
out for these precipitates formed in the pre-  
strained and non-pre-strained Al−Mg−Si−Cu alloys.  
Figure 3 shows HAADF-STEM images and the 
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corresponding fast Fourier transforms (FFT) 
patterns of the precipitates formed in the non-pre- 
strained alloy. Due to the intensity of HAADF- 
STEM images varying approximately as the square 
of atomic number, Z2, Cu column could be easily 
identified for its strong atomic number relative to 
other elements (Z=29 for Cu, Z=13 for Al, Z=12  
for Mg, and Z=14 for Si). It is clear that all the  
three precipitates have a non-periodic atomic 
arrangement, but some short-range orders are 
visible as evidenced by the FFT pattern presented in 
Figs. 3(b, d, f). In Fig. 3(a), a composite precipitate 
containing substructures of low density cylinder 

(LDC) and Cu sub-unit clusters is formed. The 
LDC, which consists of nine atomic columns with 
four-fold symmetry, is the main substructure of the 
β″ phase. The precipitates presented in Figs. 3(c, e) 
can be identified as QP1 and QP2 phases, 
respectively, as evidenced by the existence of the 
common QP lattice and the Q′/C unit cells within 
the precipitates. The QP2 phase has the OR of 
[001]QP2//[001]α, QP2(010) //(150)α  and (100)QP2// 
(100)α. According to the previous literature [16], the 
(010)α habit plane of QP2 phase is coherent with the 
α(Al) matrix, while the (100)α plane (end region of 
precipitate) is partially coherent. In these disordered  

 

 
Fig. 3 HAADF-STEM images and corresponding FFT patterns of precipitates formed after 4 h AA for non-pre-strained 
Al−Mg−Si−Cu alloy: (a, b) Composite phase; (c, d) QP1 phase; (e, f) QP2 phase (The QP lattice is marked by blue lines 
and the Cu sub-unit clusters are marked by red circles. The QP spots in the FFT pattern are marked by yellow circles, 
and the lattice of Al matrix is marked by white circles) 



Yao-yao WENG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 436−447 440

phases, most of Cu atoms enter into the interior of 
precipitates, while no Cu segregation is observed at 
the precipitate/α(Al) interfaces. 
3.2.2 Precipitates formed in pre-strained alloy 

In order to investigate the influence of 
pre-straining on the atomic structure of precipitate, 
HAADF-STEM characterization was performed for 
the precipitates formed along dislocations. Figure 4 
shows the low-resolution HAADF-STEM images of 
these heterogeneous precipitates. The discontinuous 
and continuous precipitates can be clearly observed 
along the dislocations, while the dislocation lines 
are not visible in the HAADF-STEM mode. Most 
of the precipitates have elongated and string-like 
morphologies. By analyzing the contrast of atomic 
columns, it can be seen that most of Cu atoms are 
segregated at the precipitate/α(Al) interfaces, while 
the concentration of Cu atoms in the interior of 
precipitates is much lower. This is different from 
the precipitates formed in the non-pre-strained  
alloy, in which most of the Cu atoms are 
incorporated in the interior of precipitates. 

Figure 5 shows the HAADF-STEM images of 
the elongated precipitates formed along the 
dislocations for the pre-strained Al−Mg−Si−Cu 
alloy. Similar to the precipitates formed in the 
non-pre-strained alloy, these elongated precipitates 
also exhibit disordered structures which contain 
different types of unit cells and substructures. In 

more details, for the precipitate shown in Fig. 5(a), 
the U2 unit cell, LDC and Cu sub-unit clusters can 
be seen. In Fig. 5(b), the β′ unit cell coexists with 
the Cu sub-unit clusters, while in Fig. 5(c), the Q′ 
and β′ unit cells are observed within one precipitate. 
The main difference between the elongated 
precipitates formed along the dislocations and the 
precipitates formed in the non-pre-strained alloy  
are as follows. (1) Except for the Q′ unit cell, the β′ 
and U2 unit cells are also formed in the elongated 
precipitates, while these unit cells are not observed 
for the precipitates in the non-pre-strained alloy.  
(2) For the elongated precipitates in the pre-strained 
alloy, most of Cu atoms segregate at the 
precipitate/α(Al) interfaces by occupying the Si 
positions in the QP lattice or the Al positions in the 
α(Al) matrix. While for the non-pre-strained alloy, 
most of Cu atoms are incorporated in the interior of 
precipitates. The formation of β′ and U2 unit cells is 
supposed to be induced by the low concentration of 
Cu atoms in the interior of precipitates, which 
mainly results from the Cu segregation at the 
precipitate/α(Al) interfaces. 

Figure 6 shows HAADF-STEM images and 
corresponding FFT patterns of the lath-like QP2 
phases formed along the dislocations. The β′ unit 
cell, C unit cell and Cu sub-unit cluster are 
coexistent within the QP2 phases. No clear 
difference is found between the QP2 precipitates 

 

 
Fig. 4 Low-resolution HAADF-STEM images of precipitates formed related to dislocations for pre-strained 
Al−Mg−Si−Cu alloy: (a) Discontinuous elongated precipitates; (b−d) Continuous string-like precipitates 
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Fig. 5 HAADF-STEM images (a, c, e) and corresponding FFT patterns (b, d, f) of elongated precipitates formed in 
dislocations for pre-strained Al−Mg−Si−Cu alloy (The LDC and Cu sub-unit clusters are marked by yellow and red 
circles, respectively. The QP lattice is marked by blue lines. The QP spots in the FFT pattern are marked by yellow 
circles, and the lattice of Al matrix is marked by white circles) 
 
formed in the dislocations for the pre-strained alloy 
and the α(Al) matrix for the non-pre-strained  
alloy [16]. 

Except for the rod-like and lath-like 
precipitates, the string-like precipitates are the most 
common precipitates formed in the dislocations. 
Figure 7(a) shows the atomic resolution HAADF- 
STEM image of a string-like precipitate. It can be 
seen that this string-like precipitate exhibits a 
zigzag morphology with different unit cells in 
different regions. On the left side of the precipitate 
(Fig. 7(b)), this region can be identified as QP2 

phase as evidenced by the formation of C unit cells. 
The arrangement of C unit cells is nonperiodic: 
each C unit cell is separated and aligned in different 
atomic planes. The habit plane of the QP2 phase 
formed in this region is identified as (160)α, which 
is about 10°-tilted compared with that of the QP2 
phase ((010)α plane) formed in the α(Al) matrix. 
While the OR of C unit cell in this region is not 
changed, as [001]C//[001]α, (010)C// (150)α . Thus, it 
can be deduced that the tilted habit plane of the 
QP2 phase is due to the C unit cells arranging along 
the dislocations. In the middle region (Fig. 7(c)),  



Yao-yao WENG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 436−447 442

 

 
Fig. 6 HAADF-STEM images (a, c) and corresponding FFT patterns (b, d) of lath-like QP2 precipitates formed in 
dislocations for pre-strained Al−Mg−Si−Cu alloy (The Cu sub-unit clusters are marked by red circles. The QP spots in 
the FFT pattern are marked by yellow circles, and the lattice of Al matrix is marked by white circles) 
 
the LDC and Cu sub-unit clusters are formed at the 
precipitate/α(Al) interfaces. Besides, the structure 
of Cu sub-unit clusters is changed in this region. 
Figures 7(h−j) show three distorted Cu-cluster 
zones at the interfaces. In the first case shown in 
Fig. 7(h), the Mg atomic column with higher 
contrast is supposed to contain Cu atoms for the Cu 
sub-unit cluster. In the second case as shown in 
Fig. 7(i), the Cu sub-unit cluster formed in the 
precipitate/α(Al) interface presents a distorted 
Al-fcc structure on one side of this substructure. 
The last case in Fig. 7(j) is three Mg atoms and 
three Si atoms surrounding a Cu atom, which is the 
most common Cu sub-unit clusters formed in the 
precipitates. On the right side (Fig. 7(d)), it is 
obvious that the U2 unit cell is formed in the 
interior, while the Cu segregation and Cu sub-unit 
clusters can be observed at the precipitate/α(Al) 
interfaces. The precipitate shown in Fig. 7(d) 
extends along the [830]α direction, which is about 
20o-rotation related to the [100]α direction. The 
hexagonal QP lattice, acting as a skeleton structure 
of the string-like precipitate, exhibits different 
orientations in different regions of the precipitate. 

The angle of [100]QP lattice with its nearest [100]α is 
termed as “QP-angle”. The QP-angle of the QP 
lattice in Fig. 7(b) is about 0°, while it is about 12° 
in Fig. 7(d). These results indicate that the 
string-like precipitate has different ORs in different 
regions. 

Figure 8 shows HAADF-STEM images of two 
string-like precipitates formed in the dislocations. It 
can be clearly seen in Fig. 8(a) that this string-like 
precipitate consists of lath-like QP2 precipitates 
formed in different atomic planes, and these QP2 
precipitates are connected by disordered structure 
with low Cu concentration. The C unit cell is 
clearly observed in the QP2 phase as marked by 
purple lines. Enlarged HAADF-STEM image of the 
connected region is presented in Fig. 8(b), and two 
pairs of atomic columns with bright contrast 
between the Si and Cu columns are formed. These 
double columns are similar to the Si2 columns 
formed in β″ (the Si2 column is suggested as a 
stable skeleton of β″ phases). Some Cu atoms are 
expected to be incorporated in the Si2 columns as 
higher contrast is involved. The double columns are 
supposed to be formed in the early stage of aging,  
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Fig. 7 HAADF-STEM image of string-like precipitate formed in dislocation for pre-strained Al−Mg−Si−Cu alloy (a), 
enlarged HAADF-STEM images (b−d) of zones marked in (a), corresponding FFT patterns (e−g) of (b−d), respectively, 
and enlarged HAADF-STEM images (h−j) of zones marked in (c) (The QP lattice is marked by blue lines and the LDC 
and Cu sub-unit clusters are marked by yellow and red circles, respectively, the QP spots in the FFT pattern are marked 
by yellow circles, and the lattice of Al matrix is marked by white circles) 
 
prior to the formation of QP2 phase. In Fig. 8(c), 
the QP2 precipitates formed in the (100)α and 
(010)α planes are connected. For the QP2 phase 
along the [010]α direction, the C unit cells are 
formed in different parallel planes, leading to a 
non-periodic arrangement of C unit cells in the QP2 
precipitate. Figure 8(d) shows enlarged HAADF- 
STEM image of the connected region marked in 
Fig. 8(c). It can be seen that two precipitates are 

connected by a string of atoms with distorted Al-fcc 
structure. These distorted atoms are supposed to 
result from Mg or Si atoms enriching in the 
dislocations. Therefore, it can be deduced that the 
isolated lath-like QP2 precipitates are formed in the 
dislocation firstly, and then enrichment of solute 
atoms or nucleation of precipitates occurs in    
the gap of two QP2 phases to connect these 
precipitates. 
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Fig. 8 String-like phases distributed in dislocations (a, c) and enlarged HAADF-STEM images (b, d) of zones marked in 
(a, c), respectively 
 
4 Discussion 
 
4.1 Influence mechanism of pre-straining on 

precipitate structure 
Based on the microstructural characterizations, 

the influence of pre-straining on precipitate 
structures of an Al−Mg−Si−Cu alloy can be listed 
as follows. Firstly, the precipitates formed in the 
pre-strained alloy are finer and denser than those of 
the non-pre-strained alloy. This is because the 
introduced dislocations can provide heterogeneous 
nucleation sites for the precipitates [29,30], 
resulting in an acceleration of precipitation kinetics. 
Secondly, all the precipitates formed in the 
dislocations exhibit elongated or string-like 
morphologies, while the precipitates formed in  
the α(Al) matrix have rod-like or lath-like 
morphologies. Besides, the precipitates formed in 
the dislocations have a larger size than those in the 
α(Al) matrix. This is because the high free energy 
and diffusion rate of dislocations facilitate the 
growth of precipitates along the dislocation to form 
the elongated and string-like morphologies [31]. 
Thirdly, the atomic structures of precipitates formed 

in the dislocations are changed, the following 
characteristics can be listed. (1) All precipitates 
have a non-periodic atomic arrangement, and 
disordered structures prevail within these 
precipitates. Different unit cells and substructures, 
such as the Q′ and C unit cells, LDC and Cu 
sub-unit clusters, and even the U2 and β′ unit cells 
which are not supposed to be formed in precipitates 
of Al−Mg−Si−Cu alloy [32], could coexist in the 
elongated precipitates for the pre-strained alloy.   
(2) For the precipitates formed in the dislocations, 
most of Cu atoms are segregated at the precipitate/ 
α(Al) interfaces by occupying the Si positions in the 
QP lattice or the Al positions in the α(Al) matrix. 
While in the non-pre-strained alloy, most of Cu 
atoms are incorporated in the interior of precipitates. 
The main reason for this segregation is probably 
that the introduced dislocations change the stress 
field around the precipitates, and then Cu 
segregation at the precipitate/α(Al) interface occurs 
to decrease the strain energy of the precipitates. The 
Cu segregation at the interface can also decrease  
the Cu concentration in the interior of precipitate, 
which leads to the formation of β′ and U2 unit  
cells [32]. (3) Different ORs are identified within 
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one individual precipitate. The habit plane of 
precipitate is changed to adapt the direction of 
dislocation. It is supposed that the precipitates (or 
fragments) with different ORs initially nucleate 
along the dislocation lines, and later on these 
fragments are connected to form one string-like 
precipitate with multiple ORs. 
 
4.2 Nucleation mechanism of precipitates in 

dislocations 
For the nucleation mechanism of hetero- 

geneous precipitates formed in the dislocations, 
four different mechanisms can be proposed based 
on the above experimental investigations. The 
schematic illustrations of the transformation paths 
of the elongated and string-like precipitates in the 
pre-strained Al−Mg−Si−Cu alloy are shown in 
Fig. 9. In Case 1 (Fig. 9(a)), rod-like or lath-like 
precipitates are formed independently in different 
regions of the dislocation, and then these 
precipitates grow along the dislocation to form 
elongated precipitates, as seen from the precipitates 
presented in Fig. 5. In Case 2 (Fig. 9(b)), a 
string-like precipitate is formed directly along the 
dislocation, and different unit cells or substructures 
can be found in different regions of the precipitate, 

as seen from the precipitate presented in Fig. 7(a). 
In Case 3 (Fig. 9(c)), lath-like or elongated-like 
precipitates are firstly nucleated in different regions 
of the dislocation, and then these precipitates are 
encountered to form a string-like precipitate during 
the growth of these isolated precipitates, as seen 
from the precipitate presented in Fig. 8(a). In  
Case 4 (Fig. 9(d)), lath-like or elongated-like 
precipitates are firstly nucleated in different regions 
of the dislocation, and then these precipitates are 
connected by another precipitate or solute 
enrichment regions in the gap of two isolated 
precipitates, as seen from the precipitate presented 
in Fig. 8(c). The four different mechanisms are 
responsible for the formation of precipitates with 
different structures and morphologies. These results 
provide new insights in controlling the precipitation 
hardening of the Al−Mg−Si−Cu alloy by pre- 
straining. 
 
5 Conclusions 
 

(1) Compared with the no-pre-strained alloy, 
the pre-strained Al−Mg−Si−Cu alloy has finer and 
denser precipitates in the α(Al) matrix. Elongated 
and string-like precipitates are formed along the 

 

 
Fig. 9 Schematic illustration of transformation paths of precipitates for pre-strained Al−Mg−Si−Cu alloy (Dislocations 
are marked by orange lines, precipitates formed in dislocations and α(Al) matrix are marked by green and blue particles, 
respectively) 
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dislocations in the pre-strained alloy. 
(2) The atomic structures of precipitates 

formed in the dislocations have three features: 
non-periodic atomic arrangement in the interior of 
precipitate; most of Cu atoms segregating at the 
precipitate/α(Al) interfaces; different orientations 
present in one individual precipitate. 

(3) Four formation mechanisms of the 
precipitates in the dislocations are proposed as 
follows: elongated precipitates are formed 
independently in the dislocations; string-like 
precipitates are formed directly along the 
dislocations; different precipitates encounter to 
form string-like precipitates; precipitates are 
connected by another phase or solute enrichment 
regions. 
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结构和形成机制的影响 
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摘  要：基于原子分辨率的高角环形暗场扫描透射电子显微镜（HAADF-STEM）系统研究预变形对 Al−Mg−Si−Cu

合金中析出相结构和形成机制的影响。在预变形合金中，沿位错处形成拉长和线状的析出相。在位错处形成的析

出相具有以下 3 个特征：析出相内部呈非周期性原子排列；Cu 原子偏聚发生在析出相/α(Al)的界面处；在一个析

出相内部具有多种不同的取向。提出异质形核析出相的 4 种形成机制：被拉伸的析出相在位错上独立形成；线状

析出相在位错上直接析出；不同的析出相相遇结合成线状析出相；析出相与其他相或溶质原子富集区相连接。这

些不同的形成机制导致形成具有不同结构和形貌的析出相。 

关键词：Al−Mg−Si−Cu 合金；预变形；Cu 偏聚；析出相；HAADF-STEM 
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