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a b s t r a c t 

Using aberration-corrected scanning transmission electron microscopy, the interface between η1 - 

precipitates and Al matrix in the aged Al–2.12Zn–1.71Mg (at.%) alloy has been investigated. Atomic- 

resolution X-ray dispersive spectroscopy mapping reveals the occurrence of co-segregation of Mg and Zn 

atoms in the {002} α habit plane of the η1 (MgZn 2 ) precipitates. Site-specific Mg atoms segregate outside 

the concave of an outermost zig-zag Zn-rich layer of the η1 habit plane. Zn segregation surround the seg- 

regated Mg atomic columns was also observed. Hybrid molecular dynamics (MD) and Monte Carlo (MC) 

atomistic simulations with the accuracy of density functional theory indicate the site-specific segregation 

is energetically favourable. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Alloys based on the Al–Zn–Mg systems may develop high

trength upon aging due to precipitation hardening. The precipita-

ion sequence of this ternary system has been reported as follows:

uper-saturated solid solution (SSSS) → GP zones (GP I and GP

I) → η′ phase → η phase (MgZn 2 ). The η phase is known as

14 Laves phase with the space group of P6 3 /mmc [1] . 12 types

 η1 - η12 ) of η phase with different orientation relationships and

orphologies have been reported [2–4] , including rods ( η5 - η7 ) or

lates ( η2 - η4 ) on {111} α habit plane and rods ( η9 ) or plates ( η1 ) on

001} α habit plane. The formation of η-type precipitates on {111} α
abit plane from metastable η′ precipitates has been reported [5] .

owever, the nucleation conditions or growth mechanisms of η-

ype precipitates on {001} α habit plane have not been fully stud-

ed. Recently, Bendo et al. [6] have reported a HAADF-STEM image

f η1 phase obtained along the [ 1 ̄2 10 ] η1 
direction that reveals an

nteresting zig-zag stacking structure at the η1 /Al interface parallel

ith {111} α habit plane. However, the chemical composition and

he structure of this interface are not clear. Moreover, identifying

g columns in the Al matrix using the Z-contrast high-angle annu-

ar dark-field scanning transmission electron microscopy (HAADF-

TEM) technique is challenging because the Z-contrast is roughly
∗ Corresponding authors. 
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roportional to the square of Z (atomic numbers of atoms). How-

ver, if atomic-resolution energy-dispersive X-ray spectrometry 

EDXS) mapping technique is used, in combination with atomic-

esolution HAADF-STEM imaging, to obtain the information along

 0 0 01 ] η1 
and [ 1 ̄2 10 ] η1 

directions, site-specific segregation of Mg 

nd Zn atoms in this interface could be revealed and established.

uch findings may be useful to the understanding of the growth

echanism of η-type precipitates with the {001} α habit plane. 

Cast ingots with a nominal composition of Al-2.12 at.%Zn-

.71at.%Mg (or Al-5 wt.%Zn-1.5 wt.%Mg) were prepared. Small

amples cut from the ingots were homogenized at 460 °C for 24 h,

ollowed by water quenching to room temperature and cold-rolling

o sheets of 0.5 mm thickness. The sheets were solution treated

t 460 °C for 1 h and then artificially aged at 150 °C for 50 h. Thin

oils for HAADF-STEM and EDXS observations were prepared by

echanical grinding and ion-beam milling. The sample was milled

sing Gatan PIPS 695 at −70 °C. The ion beam energy and angle

ere initially 5 keV and 6 °, but reduced to 2 keV and 2 °, once

 small hole forms, to trim the sample for 30 min. HAADF-STEM

nd EDXS were performed in a Cs-corrected FEI Titan G 

2 60–300

hemiSTEM operated at 300 kV and 120 kV, respectively. 300 kV

as used for the acquisition of HAADF-STEM images, and 120 kV

or EDXS-STEM maps. The HAADF-STEM images were Fourier fil-

ered with a circular aperture encompassing all visible spots in the

ourier transform pattern in Digital Micrograph software. Besides,

hey were appropriately adjusted for brightness and contrast in the
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Fig. 1. (a, b) Atomic-resolution HAADF-STEM images of a η1 precipitate plate viewed along [110] α . The inserts at the bottom left corner in (a) and (b) are FFT patterns of 

image (a) and (b) respectively. Red and green circles represent Mg and Zn atoms respectively. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 
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same software. For atomic-resolution EDXS maps, they were just

appropriately adjusted for brightness, contrast and gamma value in

Esprit software, without any other adjustments. HAADF-STEM im-

age simulation was performed with μSTEM software package [7] .

The sample thickness used for STEM image simulation is 30 nm,

which was obtained experimentally from the foil using position av-

erage convergent beam electron diffraction (PACBED) patterns. The

large misfit (~9.09%) along 〈 1 ̄2 10 〉 η1 
// 〈 110 〉 α makes it impossible to

build small supercells ( < 500 atoms) for routine density functional

theory (DFT) calculations. Instead, a deep potential molecular

dynamics method was adopted which can achieve the accuracy

of Quantum Mechanics in such simulations [8 , 9] . A potential was

built by training a deep neural network model with 362,992 DFT

calculated configurations (32–236 atoms per configuration, la-

belled with energies and forces) [8 , 9] . These configurations include

binary and ternary intermetallic, single elemental structures (face-

centred cubic (FCC), body-centred cubic (BCC) and hexagonal close

pack (HCP)) and solute segregation around defects (stacking faults,

dislocations and grain boundaries) in FCC Al. DFT calculations were

carried out using Vienna ab initio Simulation Package (VASP) with
eneralised-gradient-approximation (GGA) method and Perdew-

urke-Enzerhof (PBE) parameterization [10–13] . After-training

alidation suggested that the root-mean-square errors of the

rained deep neural network potential were 4 meV/atom (energy)

nd 800 meV/nm relative to DFT calculated data sets. Such accu-

acies were good enough for deep neural network based potentials

nd should give predication comparable to typical DFT calculations

uncertainty ~ 5 meV/atom) [14 , 15] . Using this method, the energy

f a supercell with 2364 atoms was calculated. Such large supercell

uarantees the mismatch between 20 layers of (110) α plane and 11

ayers of ( 11 ̄2 0 ) η plane to ~ 0. Supercells with different interfacial

tructures (different solute segregation patterns) were relaxed us-

ng the conjugate gradient method (energy tolerance: 10 −10 , force

olerance: 10 −8 ). Hybrid molecular dynamics (MD), 2 fs per step,

nd Monte Carlo (MC), 1 step per 100 MD steps, atomistic sim-

lations were performed using the large-scale atomic/molecular

assively parallel simulator (LAMMPS) software package [16] . The

imulation is expected to reach a thermodynamic equilibrium

tate when no MC swaps are successful in 10,0 0 0 consecutive MC

teps. 
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Fig. 2. (a, b, f, g) HAADF-STEM images of η1 /Al habit plane interface (c–e) EDXS mapping of the area in (b). (h-j) EDXS mapping of the area in (g). (c, h) Zn map, (d, i) Mg 

map, (e, j) Zn and Mg map. 

 

a  

a  

o  

t  

s  

b  

[  

d

b  

o  

I  

fi  

w  

a  

a  

e  

r  

c  

o  

s

 

p  

F  

η  

o  

s  

c  

I  

i  

c  

c  

t  

H  

Z  

w  

(  

i  

a  

t  

(  

v  

a  

E  

i  

t  

F

 

p  

s  

s  

r  

[  

l  

A  

M  
Fig. 1 a shows an atomic-resolution HAADF-STEM image of

 plate-like precipitate viewed along [110] α . The distribution of

tomic columns within the precipitate is consistent with that

f the η1 reported in previous studies [2 , 6] . The habit plane of

his precipitate is parallel to {002} α , and its orientation relation-

hip is such that ( 10 ̄1 0 ) η1 
// ( 002 ) α; [ 1 ̄2 10 ] η1 

// [ 110 ] α , as indicated

y the FFT pattern in Fig. 1 a. For this orientation relationship,

 0 0 01 ] η1 
is parallel to [ 1 ̄1 0 ] α . Therefore, it is also possible to

etect η1 precipitates with their [ 0 0 01 ] η1 
parallel to the 〈 110 〉 α

eam direction. Examination of precipitates indicated that such an

rientation indeed exists, and an example is provided in Fig. 1 b.

nspection of the arrangement of atoms in the image further con-

rms the structure and orientation relationship being consistent

ith those of η1 . Assuming that the lattice parameter of α-Al is

 α = 0 . 405 nm , lattice parameters of η phase were measured to be

 η1 
= 0 . 521 nm and c η1 

= 0 . 859 nm . The measured lattice param-

ters are close to those ( a = 0 . 5221(3) nm , c = 0 . 8567(6) nm )

eported by Komura [1] . The misfit along [ 1 ̄2 10 ] η1 
// [ 110 ] α is cal-

ulated to be [ d ( 110 ) α
− d ( 1 ̄2 10 ) η1 

] / d ( 110 ) α
= 9 . 09% . The experimental

bservations made in the present study, Fig. 1 a and b, confirm the

tructure model proposed by Komura [1] . 

Figs. 2 a and b show HAADF-STEM images of the η1 /Al habit

lane interface along [ 1 ̄2 10 ] η1 
// [ 110 ] α , similar to that shown in

ig. 1 a. A zig-zag layer comprising Zn-rich columns separates the

1 phase from the adjacent Al matrix phase. The layer immediate

utside this zig-zag layer (labelled by solid white line in Fig. 2 a)

hows different brightness from both η1 and matrix phases, indi-

ating the possible presence of solute segregation at this interface.
n this layer, columns out of the concave (marked by white circles

n Fig. 2 b) of the zig-zag layer show lower brightness, and the two

olumns (marked by orange circles in Fig. 2 b) between two adja-

ent white circles have higher brightness, than that of columns in

he Al matrix. Because the brightness of an atomic column in a

AADF-STEM image is approximately proportional to the square of

, the brighter columns indicate an enrichment in Zn ( Z Zn = 30) ,

hile the darker columns indicate a possible enrichment in Mg

 Z Mg = 12) compared with those in the Al matrix ( Z Al = 13) . Since

t is difficult to distinguish Mg and Al in HAADF-STEM images,

tomic-resolution EDXS mapping was used to examine the iden-

ity of the segregated solutes. Fig. 2 c and e show Zn, Mg and

Zn + Mg) EDXS maps of the interface layer. These maps clearly re-

eal that Mg atoms segregate to the sites marked by white circles

nd that Zn atoms segregate to the sites marked by orange circles.

DXS mapping along an orthogonal orientation of the precipitate,

.e. [ 0 0 01 ] η1 
, Fig. 2 g–j, confirms such site-specific segregation in

his layer. Moreover, columns labelled by the solid orange line in

ig. 2 g, seem to be rich in Zn atoms, Fig. 2 h. 

The phenomenon of solute segregation at interfaces between

recipitates and their surrounding matrix has been observed in

ome aluminium and magnesium alloys [17–27] . Mg and Ag atoms

egregate to the �/Al interface in aged Al–Cu–Mg–Ag alloys, which

educed the misfit strain and stabilizes the �/Al interface structure

17] . Ag atoms segregate to θ ′ /Al interface in aged Al–Cu–Ag alloys,

owering the chemical component of the interfacial energy [21] .

g atoms segregate to interphase boundaries of Mg 17 Al 12 in aged

g–7Al–2Sn–0.7Ag (wt.%) alloys, and this is correlated with re-
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Fig. 3. (a) Enlarged HAADF-STEM image of the η1 /Al habit plane interface viewed along [ 1210 ] η1 
// [ 110 ] α . Green and white circles indicate Zn and Mg atomic columns, 

respectively. (b) The intensity profile of the solid orange line from the centre of atomic column A to the centre of atomic column B in image (a). (c) The intensity profile of 

the solid orange line from the centre of atomic column A to the centre of atomic column C in image (a). (d) The intensity profile of the solid orange line from the centre of 

atomic column B to the centre of atomic column D in image (a). (e) 3D schematic model of the atomic structure of the η1 /Al interface. Blue, green and red spheres represent 

Al, Zn and Mg, respectively. (f-g) Simulated [ 1210 ] η1 
and [ 0 0 01 ] η1 

HAADF-STEM images, respectively. Insets in (f) and (g) are experimental images. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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fined precipitates and increased number density of the precipitates

[26] . 

To establish the precise distribution of solute atoms in the η1 /Al

interface, an enlarged HAADF-STEM image ( Fig. 3 a) of the interface,

viewed along [ 1 ̄2 10 ] η1 
// [ 001 ] α , was carefully analysed. There are

three distinguishable atomic columns observed outside the con-

cave of the zig-zag Zn-rich layer, as labelled by white circles in

Fig. 3 a. To accurately establish the positions of these columns, the

intensity profile between two nearby columns at the interface is

shown in Fig. 3 b. Furthermore, the intensity profile of Mg-rich

columns inside the η1 phase is shown in Fig. 3 c. Two distinguish-

able low-intensity peaks having similar intensity are observed in

Fig. 3 b, and their separation distance is ~0.19 nm, which is simi-

lar to the separation distance of Mg-rich columns in the η1 phase

shown in Fig. 3 c. Based on these analyses, it is proposed that these

three atomic columns marked by white circles in Fig. 3 a are rich

in Mg atoms. In addition, the intensity profile of the line drawn

from a Mg-column at the η1 /Al matrix interface to an adjacent

Al-column in the aluminium matrix is shown in Fig. 3 d. It shows

that the intensity of the Mg-column is approximately half of the

intensity of the nearby Al-column. This is because the Mg atom
oncentration in the Mg-column is less dense (approximately half

n number density) than Al atom concentration in the Al-column.

 3D model of this interface structure built based on the exper-

mental observations is shown in Fig. 3 e. Fig. 3 f–g are simulated

AADF-STEM images of the η1 /Al interface viewed along [ 1 ̄2 10 ] η1 

nd [ 0 0 01 ] η1 
, which fit well with experimental observations. 

To further understand the segregation of solutes in the η1 /Al in-

erface, a further examination was made of the energetic stability

f Mg and Zn atoms segregated at the η1 /Al interface. The forma-

ion energy, E f , of this interface was calculated using the following

quation: 

 f = E T − N ηE η −
∑ 

i 

N i E i 

here E T is the calculated total energy of the supercell, N η is the

umber of unit cells of η1 phase in the supercell, E η is the for-

ation energy of a unit cell η1 phase, E i ( i = Al, Zn or Mg) is the

ormation energy of an Al, Mg or Zn atom in its ground state struc-

ures, and N i is the number of atoms of each element included in

he supercell, excluding atoms in the η1 phase. Three models were

uilt for comparison, as shown in Fig. 4 a. Model I was proposed by
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Fig. 4. (a) Calculated formation energies of three structures of the η1 /Al habit plane 

interface. (b) Hybrid Monte Carlo and molecular dynamics (MC and MD) simulation 

showing segregation of Zn atoms to the η1 /Al interface. Left diagram represents 

model II (marked by the frame in (a)), which is the initial stage of the simulation; 

Right diagram represents model III, which is the thermodynamic equilibrium state 

reached in the hybrid MC and MD simulation. 
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[

endo et al. [6] . Based on our experimental results, we proposed

odel II and model III. There is no Zn or Mg segregation in the

1 /Al interface in model I, which has the highest formation energy

f the interface. In model II, the Al atoms outside the concave of

he zig-zag Zn-rich layer in model I are changed to three columns

f Mg, and the interface formation energy is lower than that of

odel I. In model III, Zn atoms have substituted Al atoms near the

g atoms it the interface in model II, and the resultant interface is

he most energetically favored among the three models. Therefore,

he site-specific solute segregation observed in the present work

s energetically driven. The Zn segregation in the η1 /Al interface

as further supported by a hybrid MC and MD simulation. The

nitial structure of the η1 /Al interface for the hybrid MC and MD

imulation is shown on the left part of Fig. 4 b, where Zn atoms

andomly substitute Al atoms in the Al matrix and form Al-Zn ran-

om solid solution. After the thermodynamic equilibrium state is

eached, most of Zn atoms diffuse to the four atomic columns, in-

icated by orange arrows in Fig. 4 b. This simulation suggests that

he segregation of Zn atoms to these four atomic columns is ener-

etically favourable. 

In summary, co-segregation of Mg and Zn atoms occurs in the

1 /Al interface that is parallel to the {002} α habit plane of η1 pre-
ipitate. The outmost layer of η1 phase is a zig-zag Zn-rich layer,

ollowed by two atomic layers comprising segregated Mg and Zn

toms. The segregated Mg atoms locate at the inner layer adja-

ent to the concave of the zig-zag layer, while the segregated Zn

toms locate at both layers adjacent to the segregated Mg atoms.

nergy calculations with the accuracy of density functional theory,

nd simulations made by hybrid MC and MD, suggest that these

egregations are energetically favoured. 
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