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Cu segregation at the habit plane of lath-like β′ and QP2 precipitates for the over-aged Al-Mg-Si-Cu alloys were
investigated by atomic resolution high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM). An even number spacing of Cu segregation (dCu) was found in the habit plane of the lath-like
β′ and QP2 precipitates, which is caused by the strong interaction between the segregated Cu atoms and the Si
atoms within the precipitates. The Cu segregation at habit plane of these precipitates can accommodate the lat-
tice misfit that exists between β´ and α-Al matrix.
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Segregation of solute atoms at interfaces of metal has received in-
creasing attention in recent years, owing to its significant impact onme-
chanical properties [1–3]. Solute segregation at phase/matrix interfaces
is usually reported to play a critical role in controlling the morphology,
performance of phases and consequently influence the microstructure
of alloys. For example, Zn segregation at the Mg2Zn/α-Mg interface
can enhance the nucleation of Mg2Zn phases in Mg-Sn-Zn alloys [2].
Ag and Mg co-segregation at the Ω/α-Al interface greatly stabilize the
interface structure and consequently the Ω phases on the {111}α habit
planes in Al-Cu-Mg-Ag alloys [4].

Al-Mg-Si(-Cu) alloys are featured by a significant increase in hard-
ness upon aging, which is due to the formation of large numbers of
nano-sizedmetastable precipitates in theα-Almatrix [5–7]. The precip-
itation sequence of Al-Mg-Si alloys is reported as [5,8]:

SSSS→ Atomic clusters → GP zones → β″ → β′, U1, U2, B′ → β, Si.
The needle-like β″ phase responsible for the peak hardness of Al-

Mg-Si alloys, and the over-aged β′ (Mg9Si5) phase is mainly reported
to have rod-shaped morphology. Cu often added to Al-Mg-Si alloys to
facilitate precipitation strengthening and improvemechanical property.
Cu addition can decrease the precipitation of β″ and result in the forma-
tion of Cu containing metastable phases, such as Q′, C phase, during

aging treatment. In our recent work, a modified precipitation sequence
of Al-Mg-Si-Cu alloys was proposed [9]:

SSSS → Atomic clusters → GP zones → β″, QP1, QP2, C → Q′, QP2, C
→ Q, Si.

The disordered QP1 andQP2 phases,which contain the unit cell of Q′
and C phase, respectively, are precursor phases of Q′ phase in these al-
loys. The QP2 phase is similar to the L phase used inmany published lit-
eratures [10–12] which was proposed as the disordered version of C
phase. Due to the absence of clear spots in the diffraction or FFT pat-
terns, the term “L phase”wasnot used in the present study (detailed ex-
planation about the QP2 phasewas described in our previous work [9]).
The QP2 can greatly promote aging hardening response and thermal
stability of Al-Mg-Si-Cu alloys [13]. Therefore, promoting the preferen-
tial precipitation of QP2 phase is expected to improve the properties
of Al-Mg-Si-Cu alloy. Solute segregation at phase/matrix interfaces of
Al-Mg-Si-Cu alloys has been extensively studied in recent years due to
its significant role in controlling the precipitation hardening of these al-
loys. Saito et al. [14] reported that Cu atomswere generally located at or
near the β″/α-Al interface, which could suppress misfit dislocations at
the β″/α-Al interface of Al-Mg-Si alloys. Matsuda et al. [15] found Cu
segregation at the Q´/α-Al interface in Al-Mg-Si-Cu alloys, which can
limit the diffusion growth of Q´ and thus produce finer microstructure.
A strong Ag accumulation at the β´/α-Al interface was reported by
Marioara et al. [16] in Al-Mg-Si-Ag alloys, where Ag atoms mainly re-
place the Al on its FCC matrix positions. Wenner et al. [17] investigated
the distribution of Cu and Ag atomic columns in the precipitates of Al-
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Mg-Si-Cu-Ag alloy by HAADF-STEM and EELS mapping. Cu was ob-
served preferentially along coherent interfaces with the α-Al matrix,
and Ag was localized at the narrow ends of precipitates. However, all
of these solute segregations were irregularly located at the precipitate/
matrix interface, and no segregationwas reported in theβ´ andQP2 pre-
cipitates. In the present study, an atomic-resolution high angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
imaging technique was used to examine the distribution of Cu atoms
in the habit plane of lath-like β´, C and QP2 precipitates with α-Al ma-
trix, and the feature of Cu segregation was analyzed and discussed.

Two alloys with different Cu contents were used for the present
study. Table 1 shows the compositions of the two investigated Al-Mg-
Si-Cu alloys (alloy A and alloy B). These alloys were cast, scalped, ho-
mogenized at 560 °C, and then hot and cold rolled to 1mm thick sheets.
Then cold rolled alloys were solution heat treated at 570 °C for 20 min,
water quenched and isothermally aged at 170 °C for 3 weeks to obtain
the over-aged microstructure. The HAADF-STEM imaging was

performed using a spherical aberration probe corrected FEI Titan G2
60–300 TEM, with a Schottky field emitter operated at 300 kV. The
probe diameter was 0.08 nm and the collection angle of the HAADF de-
tector was in the range of 45–150 mrad. All HAADF-STEM images
shown in this work were taken along the [001]Al direction, correspond-
ing to the precipitate's cross-section. To reduce noise, all the HAADF-
STEM images were Fourier filtered with an aperture encompassing all
the visible spots in the Fourier transform. Energy dispersive X-ray spec-
trometry (EDS) data collection in STEM mode uses the 15 mrad collec-
tion angle and a spot size 7. The TEM specimens were prepared by
electro polishingusing a Struers TenuPol-5machinewith the electrolyte
consisted of 1/3 HNO3 in methanol at a temperature between −28 °C
and− 30 °C. Geometric phase analysis (GPA) was used to obtain strain
fields by applying a cosine mask to [200]Al and [020]Al Fourier spots
which provide an accurate way to determine the strain field around
phases in α-Al matrix. The theoretical density functional theory (DFT)
based studies employed Vanderbilt ultrasoft pseudopotentials as imple-
mented in the planewave (PW) based code Vienna Ab initio Simulation
Package (VASP), with the Perdew–Wang generalized gradient approxi-
mation (GGA) for the exchange–correlation energy. All calculations
were performed with an energy cut-off of 450 eV and k-point grid of 7
× 7 × 5. For total energy calculations, the electronic relaxation was
stopped when the energy difference was less than 10−5 eV between
two consecutive iteration steps.

Fig. 1. (a) HAADF-STEM image of cross-section of the lath-like β´ phase, (b) and (c) are the enlarged HAADF-STEM image of the zone b and c marked in (a), respectively. (d) and (e) are
corresponding illustration schematic of (b) and (c), respectively. The unit cell of β´ phase is marked by red lines in (a). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 1
Compositions of the two investigated Al-Mg-Si-Cu alloys (wt%).

Mg Si Cu Fe Mn

Alloy A 1.11 0.67 0.01 0.15 0.06
Alloy B 1.11 0.67 0.5 0.15 0.06
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