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Adding alloying elements to improve the performances or the manufacturing processes of Al-Mg-Si alloys
has long been a serious issue in developing advanced automotive aluminum materials. The Zn element,
among those promising ones, has demonstrated positive alloying effects on Al-Mg-Si alloys. However,
the atomic-scale roles of Zn in an age-hardened Al-Mg-Si-Zn alloy have not been adequately understood.
Using atomic-resolution electron microscopy, here we report the precise locations of Zn elements in
all hardening precipitates involved and their alloying mechanism at the atomic scale when alloying the

ﬁ-yl\‘;lvg-rgf;lloy alloy. Our results show that Zn atoms enter all the major hardening phases to occupy specific featured
7n addition atomic sites of the original elements, e.g. the Si1 and Mg2 sites in the [3’-2 phase, and modify their crystal
Precipitate structures, interfacial structures and morphologies in characteristic manners. It is revealed that for the

Electron microscopy 3’-phase, Zn atoms occupy unique atomic sites, whereas for other phases, they demonstrate similar

behaviors as other additive alloying elements such as Ag and Cu do.
© 2021 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

The heat-treatable Al-Mg-Si alloys are widely used in many
industrial applications since they have advantageous properties:
high strength-to-weight ratio, good formability and corrosion
resistance [1,2]. The alloy’s properties directly depend on nano-
sized metastable precipitates formed with different crystal
structures, sizes, number densities and volume fractions in the
Al-matrix [3-5]. Therefore, considerable effort has gone into under-
standing the precipitation sequence as well as the precipitate
crystal structures in the alloys. The precipitation sequence of
Al-Mg-Si alloys is commonly described as [6,7]: supersaturated
solid solution (SSSS)— atomic clusters — GP zones — " — 3’
(/B’/U1/U2) — B. The needle-like monoclinic B"-precipitates and
their early-precursors, mostly formed in peak-aged conditions, are
considered as the most effective hardening precipitates in Al-Mg-
Si alloys [8-10]. The needle-like hexagonal 3’-phase usually forms
upon over-aging and sometimes is accompanied by precipitation
of the B’, U1 and U2 phases [11-15]. The B’-phase actually has two
possible structures which may coexist in the same alloy [16], one is
that with space group P65/m and composition MggSis [11], and the
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other is called 3’-2 structure with space group P-62 m and compo-
sition MggSis [16]. According to the above precipitation sequence,
conventionally GP zone and 3" are known as the early-stage hard-
ening precipitate phases, whereas 8’ and B’/U1/U2 are considered
as the late-stage hardening precipitate phases.

However, our recent studies have demonstrated that the phases
formed in some Al-Mg-Si alloys are closely related to the compo-
sition of the alloy and the thermo-mechanical processes applied
[17-19]. For example, 8’ forms directly without the formation of
Bduring artificial aging at 180 °C in a lean alloy with solute con-
tent (Mg + Si) < 1 wt.% [17]. Moreover, when Cu is added into the
alloy, another well-known hardening phase, called Q' (with space
group P63/m and composition Al;Cuy; MggSi7)[20], may also appear
in addition to the above mentioned phases.

Improving the performances or the manufacturing processes
of Al-Mg-Si alloys by adding alloying elements has long been
seriousissues in developing advanced automotive aluminum mate-
rials. Among the alloying elements, Zn has been demonstrated to
have a positive effect on the age-hardening response of Al-Mg-Si
alloys and therefore has received much attention in recent years
[21-23]. Although some studies reported that Zn addition to Al-Mg-
Si alloys caused the formation of extra precipitates in the Al-Zn-Mg
alloy system [23,24], most of recent investigations have shown
that Zn atoms only influence formation of the precipitates previ-
ously known in the Al-Mg-Si(-Cu) alloy system [21,25,26]. The Zn
addition leads to a finer and denser distribution of needle-shaped
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precipitates, resulting in improved peak hardness [26]. In an effort
to ascertain the role of Zn in the precipitate structures, researchers
have employed high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) and demonstrated that
Zn can induce the formation of composite precipitates contain-
ing Bdand other known phases in the Al-Mg-Si(-Cu) system [22].
HAADF-STEM imaging in association with first-principles calcula-
tions has indicated that Zn occupies the so-called Si3 sites in the
[B=phase structure with a partial occupation [27]. Nevertheless, the
impact of Zn on the (3’-type phases has not been clarified, which is
a noteworthy issue since under circumstances these phases can be
the main hardening phases of Al-Mg-Si alloys [17-19]. In fact, in the
studies of the alloying effect of Ag addition to the Al-Mg-Si alloys,
it has been reported that Ag atoms can modify the 3’-2 structure in
different manners [28,29].

In the present work, atomic-resolution HAADF-STEM char-
acterization and first-principles calculations were employed to
investigate the Zn alloying effect on the Al-Mg-Si alloy, with focus-
ing on how Zn atoms would modify the microstructures of all
hardening phases, especially on the ’-phase and its associated
composite precipitates. Our study shows that for the [3’-phase, Zn
atoms occupy unique atomic sites, whereas for other phases, they
demonstrate similar behaviors as other additive alloying elements
such as Ag and Cu do.

2. Experimental and computational procedures

Two alloys with chemical compositions of Al-0.48Mg-1.03Si
(wt.%) (Zn-free) and Al-0.48Mg-0.99Si-2.98 Zn (wt.%) (Zn-
containing) were used in the present work. The as-cast alloys were
homogenized at 500 °C for 10 h, and hot- and cold-rolled to 1 mm
thick sheets. After that, these sheets were solution heat treated at
565 °C for 0.5 h and then quenched in cold water to room temper-
ature. Finally, they were aged at 180 °C for different times in an oil
bath.

Vickers hardness was measured with a load of 4.9 N and a dwell
time of 10 s. The hardness values were the average values of at
least 5 indentations. Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) observations were carried out with a
FEI Tecnai F20 TEM operated at 200 KV. HAADF-STEM imaging was
performed using an aberration-corrected FEI Titan Cubed Themis
G2 operated at 300 kV. All microstructure images were taken along
a <100>4; zone axis. The TEM/STEM specimens were prepared by
electro-polishing using a Tenupol 5 machine (Struers) with an elec-
trolyte of 1/3 HNO3 in methanol at a temperature between -25 °C
and-35 °C. In order to reduce the effect of contamination, all speci-
mens were cleaned before HAADF-STEM observation using a Model
950 plasma cleaner (Gatan).

The first-principles calculations were performed using density
functional theory (DFT) [30,31], which was implemented in the
Vienna Ab initio Simulation Package (VASP) [32,33] with projector-
augmented wave (PAW) potential [34,35]. The generalized gradient
approximation (GGA) with the exchange-correlation function of
Perdewe-Burkee-Ernzerhof (PBE) [36] was employed. Convergence
tests indicated that 350 eV was sufficient cut-off energy for the
PAW potential to achieve high precision in the current system. K-
points sampling was carefully selected to ensure convergence in
the order of a few meV atom~!. The formation enthalpy of pre-
cipitate structures was calculated according to Ref. [37], which is
proportional by inversion to the stability of the structures. The for-
mation enthalpy of an AlyMgySi;Zny,, phase with respect to the solid
solution is defined as:

AHss (AlyMg,Si;Zny) = H (AlMg,Si;Zny )

—xH (Alfcc> —yH (Mgs“b) —zH (SiS”b) —mH (ZnS”b) (1)
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Fig. 1. Age-hardening curves of the two investigated alloys aged at 180 °C for dif-
ferent time.

where x, y, z and m are the atomic fractions (x +y +z+m=1).
The H(AlxMg,,Si;Zny,) is the total energy of AlyMgySi;Zn;; phase per
atom. H(Mgs'P), H(Sis"P) and H(Zns!P) are the enthalpies of Mg, Si
and Zn atoms on substitutional sites in the Al-matrix, respectively.
The enthalpy H(Mgs"?) is calculated by employing 3 x 3 x 3 fcc Al
supercells consisting of 108 atoms with a k-mesh of 11 x 11 x 11.

H (Mg*®) = H (Al 0;Mg) — o7

mH(Alms) (2)

An analogous formula is valid for H(Si*P) and H(Znstb).

It is worth mentioning that although the zero-vibration energy
also contributes to the formation enthalpy of the precipitate phase,
its contribution is small compared with other contributions, as has
been demonstrated in previous work [38], and is therefore negligi-
ble in the calculations.

3. Results and discussion
3.1. Hardness measurements

Fig. 1 shows the age-hardening curves of the Zn-free and Zn-
containing alloys aged at 180 °C. The hardness evolutions of these
two alloys are similar, i.e., the hardness increases rapidly to a max-
imum value and then decreases gradually with increasing aging
time. Compared with the Zn-free alloy, the Zn-containing alloy dis-
plays an overall higher hardness during the whole aging process.
Apparently, Zn addition can enhance the age-hardening response
of Al-Mg-Si alloys.

3.2. TEM and HRTEM observations

Four samples marked with blue circles in Fig. 1 were selected
for TEM and HRTEM observations. Fig. 2(a) and (b) show the overall
precipitate microstructures in the Zn-free and Zn-containing alloys
at the peak-aged stage, respectively. In the Zn-free alloy, needle-
like precipitates are uniformly dispersed in the Al-matrix with an
average length of about 18 nm (Fig. 2(a)). In the Zn-containing
alloy, itis interesting to see that apart from needle-like precipitates,
there exists a small portion of lath-like precipitates in the matrix
(as indicated by white arrows in Fig. 2(b)). The average length of
the needle-like precipitates is about 9 nm, which is much smaller
than that of the precipitates formed in the Zn-free alloy. With the
aging time extending to 36 h (over-aged), the precipitates in both
alloys become much coarser. Comparing the Zn-containing alloy
with the Zn-free alloy, the needle-like precipitates formed in the
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Fig. 2. TEM bright-field images of the two alloys peak-aged (a, b) and over-aged (c, d) at 180 °C. (a, c) Zn-free alloy, (b, d) Zn-containing alloy.

former alloy have the average length of 25 nm (Fig. 2(d)), which
are much finer than those formed in the latter alloy (with an aver-
age length of 45 nm) (Fig. 2(c)). The lath-like precipitates can be
observed in the Zn-containing alloy, as marked by white arrows in
Fig. 2(d).

Conventional HRTEM observation shows that most of the
precipitates formed in the Zn-free alloy under peak-aging and
over-aging conditions are the [3=precipitates [8], as proved by the
HRTEM images and corresponding fast Fourier-transform (FFT) pat-
terns shown in Fig. 3. The lath-like precipitates formed in the
Zn-containing alloy were found to have the same lattice structure as
the Q’-phase [20], whose atomic structure can be deduced from the
results shown in the next section. For the needle-like precipitates in
the Zn-containing alloy, most of them have disordered structures in
normal HRTEM imaging and are hardly to be identified. The detailed
atomic structures of these precipitates will be revealed in the next
section.

It has previously been demonstrated [22,26] that Zn addition
to Al-Mg-Si alloys can result in a finer and denser distribution
of needle-like precipitates. In the Zn-containing alloy studied
in the present work, Zn element is observed to not only influ-
ence microstructure of the needle-like precipitates, but also
induce the formation of the lath-like Q’-type precipitates. The
above observed microstructure change should be responsible
for the enhanced age-hardening response in the Zn-added alloy
(Fig. 1).

3.3. HAADF-STEM characterization for Zn-containing alloy

Atomic-resolution HAADF-STEM examinations on hundreds of
the precipitates in the Zn-containing alloy under peak-aged and
over-aged conditions revealed that the needle-like precipitates
have quite complicated structures. Representative needle-like pre-
cipitates for the peak-aged and over-aged conditions are presented
in Figs. 5 and 6, respectively. For the sake of convenience in ana-
lyzing the images, Fig. 4 gives a schematic drawing of the unit
cells of encountered known phases. Note that the structure por-
tion(s) enclosed by circles, hexagons, triangles and triangle-like
hexagon represent the characteristic sub-unit(s) of 3; U2, Q’, and
-2, respectively. The sub-unit of Bwas referred to as “low density
cylinder” (LDC) in previous Ref. [37]. Owing to the high resolu-
tion of the Z-contrast images, all atomic columns can be resolved
in the structures. Zn columns appear as the much brighter dots
because Zn has a much higher atomic number (Z = 30) than the
other three elements (Z = 14 for Si, 13 for Al, and 12 for Mg)
[39]. The structure models for all the HAADF-STEM images were
based on the Z-contrast information, inter-atomic distances and
local similarities with known phase structures in the Al-Mg-Si(-
Cu) alloy system. It should be noted that all the atomic columns
identified as Zn-containing ones are represented as Zn columns in
the structure models, and in this paper no attempt is made to clar-
ify the levels of Zn occupancy in those columns. For the peak-aged
condition (Fig. 5), composite precipitates are dominant and only
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Fig. 3. HRTEM images of the typical precipitates formed in the Zn-free alloy after peak-aging (a) and over-aging (b) at 180 °C. The inset in each image is the corresponding

FFT pattern.
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Fig.4. Legend representing the structure models in Figs. 5 and 6 and schematic drawing of the unit cell of 3y U2, Q and 3’-2. The characteristic sub-unit(s) of the four phases
are marked by dashed-line circles, solid-line hexagons, double-solid-line triangles and dashed-line triangle-like hexagon, respectively.

a small portion of pure =precipitates (a typical one is shown in
Fig. 5(a)) is observed among the needle-like precipitates. A simi-
lar phenomenon was reported in a previous study [22]. After 36 h
aging (Fig. 6), it is seen that almost all of the needle-like precipi-
tates become composite precipitates. It is worth mentioning that
the fraction of each phase in the composite precipitates for both
aging conditions varies from one precipitate to another. In addition,
the overall structural feature of the composite precipitates in the
over-aged condition is similar to that in the peak-aged condition,
though the cross-sections of the former show a modest coarsening
relative to those of the latter. The following observations can be
made from Figs. 5 and 6.

e The contrast of Al columns in the vicinity of the precipitate inter-
faces with the matrix tends to be stronger than that of the normal
Al columns. This strongly indicates that Zn atoms segregate at the
precipitate/matrix interfaces by replacing Al atoms in the matrix,
which is consistent with previous work [[22]].

e For the composite precipitate shown in Fig. 5(c), sub-units of
B(LDC), U2, B’ and Q' coexist within the precipitate, lacking long-
range periodicity of the four phases. In the upper left part of the
precipitate, one unit cell of the Q’-phase is observed. A strik-
ing feature is that all of the phases involved have some atomic

108

columns replaced (partly or totally) by Zn. We refer to the four
Zn-containing phases as BZn, U2Zn, 3'Zn and Q'Zn, respectively.
The precipitate shown in Fig. 6(a) consists of three structures. In
the left part of the precipitate, unit cells of 3Zn can be identified.
Unit cells of U2Zn connect to the unit

cells of BZn. In the right part of the precipitate, sub-units of 3’Zn
are observed. For the precipitate shown in Fig. 6(c), unit cells and
sub-units of U2Zn, $’Zn and Q'Zn are clearly seen.

The BZn phase is formed by Zn atoms replacing the Si3 atoms
in the Biinit cell, which has the same structure as the fZn phase
reported in Ref. [[27]]. For the U2Zn phase, Zn atoms are assumed
to be incorporated at the Al sites in the U2 unit cell. In fact, these
sites are locally identical to the Si3 sites in the B=phase, as the
Bédnd U2 phases show close structural similarities (see Fig. 4).
The Q’Zn phase has the same structure as the Q’-phase formed in
Al-Mg-Si-Cu alloys [[20]], except for the Cu atoms are replaced by
Zn atoms. Note that the unit cell of the lath-like Q’-precipitates
formed in the Zn-containing alloy is isostructural with the Q'Zn
unit cell.

The 3’Zn phase is formed by Zn atoms replacing the Si1 and Mg2
atoms in the ’-2 unit cell. Moreover, the Si1 and Mg2 columns
have comparable intensities with the brightest Zn columns at the
precipitate/matrix interfaces. If these brightest Zn columns are
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Fig. 5. Atomic-resolution HAADF-STEM images of 3"z,-precipitate (a) and "zn/U2zq/B’zn/Q’zn composite precipitate (c) formed in the Zn-containing alloy peak-aged at 180
°C. (b) and (d) are suggested structure models for the images (a) and (c), respectively. See legend in Fig. 4.

assumed to contain Zn with full occupancy (based on the assump-
tion that Zn, having a similar atomic radius with Al, can easily
replace Al), it gives a sufficient reason to consider full Zn occu-
pancy at the Si1 and Mg2 sites. This generates a 3'z, composition
as Mg3SizZng.

The above observations have clearly shown that Zn atoms can
enter all the hardening phases involved to occupy specific fea-
tured atomic sites of the original elements and modify their crystal
structures, interfacial structures and morphologies in characteristic
manners. Another interesting phenomenon is that the single-phase
['zn-precipitates and the single-phase U2z,-precipitates do not
existin the Al-Mg-Si-Zn alloy. Instead, they either coexist with 3"z,
or with Q’z, to form multiphase composite precipitates. Comparing
the role of Zn with that of other additive alloying elements such as
Ag and Cu in the precipitate structures in the Al-Mg-Si(-Cu) alloy
system, it is interesting to note that for the 3", U2 and Q' phases, Zn
atoms occupy similar atomic sites as Ag and Cu do [20,27,29,40],
whereas for the [3’-phase, they occupy unique atomic sites.

The HAADF-STEM results in association with the TEM results
have demonstrated that the precipitates formed in the Zn-free alloy
are the most effective hardening [3=precipitates, while the precip-
itates formed in the Zn-containing alloy mainly are the relatively
finer composite precipitates. A better age-hardening response is
observed for the latter alloy relative to the former alloy, suggesting

that the composite precipitates are capable of effectively harden-
ing the alloys, though the late-stage phase structures (i.e., 'z, and
U2z, ) are frequently present in these precipitates.

3.4. First-principles study of stability of B’-type phases

In this section, we utilize first-principles calculations to under-
stand the effect of Zn on the 3’-phase and the difference between
the effect of Zn and that of Ag on this phase. The formation
enthalpies (AH) of Zn-containing (3’-2 phase structures with dif-
ferent atomic sites replaced by Zn were calculated and the results
are shown in Fig. 7. The AH of Zn-free 3’-2 phase is also given
for comparison. It can be seen that the three unit cells formed by
Zn replacing each of the Si1, Si2 and Mg2 sites have lower AH
while the one formed by Zn replacing the Mg1 site has significantly
higher AH than the (3’-2 unit cell. This indicates that the Si1, Si2
and Mg2 sites are the energetically-preferred sites for Zn substitu-
tion in the 3’-2 unit cell. We further calculated the AH of unit cells
formed by Zn replacing two of the energetically-preferred sites. The
results demonstrate that the unit cell formed by Zn replacing the
Si1 and Mg2 sites (i.e., the 'z, phase observed in this paper) has
the lowest AH among all the considered Zn-containing structures
(Fig. 7), implying that the formation of this structure is energeti-
cally favorable, which corresponds well to the experimental results
(Figs. 5(c)and 6).

109



N.N.Jiaoetal.

Journal of Materials Science & Technology 70 (2021) 105-112

(d) [ NoX NoX NoX No¥ )

ol NeN NoN Noll NoN NoN NoX Noll NoN NeN No
@::60@000.085;@000§:wso.oasi>

Fig. 6. Atomic-resolution HAADF-STEM images of 3"zn/U224/B’zn (a) and U2z, /B'z0/Q'zn () composite precipitates formed in the Zn-containing alloy over-aged at 180 °C for
36 h. (b) and (d) are suggested structure models for the images (a) and (c), respectively. See legend in Fig. 4.

Table 1
Comparison between the crystal structure of 'z, and ’ag unit cells.

B'Zn

B'ag [28]

a=b=0.690 nm, c =0.405 nm
P-62 m (hexagonal)

Lattice parameters
Space group

a=b=0.690 nm, c =0.405 nm
P-62 m (hexagonal)

Mg; Alg SizAg
Occ. Atom X y z Occ.
1 Ag 0 0 0 1
1 Si 1/3 2/3 1/2 1
1 Mg 0.4 0.4 0 1
1 Al 0.74 0.74 1/2 1

Composition Mgs3SizZng
Atomic position Atom X y z
Zn1 0 0 0
Si 13 2/3 12
Mg 0.4 0.4 0
Zn2 0.74 0.74 1/2
-0.04
- A
E -0.08-
5
E -0.12
>
2
2 016 A
T
1)
§ -0.20f A A
£ A A
S -0.24 A A
w
_0.28 1 1 1 1 1 1 1 1
None  Si1 Si2 Mg1 Mg2 Si1+Mg2 Si2+Mg2 Sit+Si2

Sites replaced by Zn

Fig. 7. The formation enthalpies of (-2 unit cells with different atomic sites
replaced by Zn.

Comparing the structure of the 3'z, phase with that of the §’g
phase reported in Ref. [28] (see Fig. 8 and Table 1), it is appar-
ent that Zn and Ag additions in Al-Mg-Si alloys change the [(3’-2
phase structure in different manners. The additions of these two
elements only lead to modification of the atom types at the Si1 and
Mg2 sites in the 3’-2 phase. In the case of Zn addition, both the Si1
and Mg?2 sites are replaced by Zn. While in the case of Ag addition,
the Si1 site is replaced by Ag, but the Mg2 site by Al rather than
by Ag. One question arises from the above observations: why does
Ag only replace the Si1 site, whereas Zn replaces both the Si1 and
Mg?2 sites? To answer the question, we again did first-principles
calculations. Two structure models according to the 'z, and B’ag
structures were considered: One is Mg3Si> X, cell built by atom X
(Zn or Ag) replacing the Si1 and Mg?2 sites in the (3’-2 phase. The
second one is Mg3Al3Si> X cell obtained by atom X replacing the
Si1 site and Al replacing the Mg2 site. The AH of the four possi-
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Fig. 8. Schematic drawing of the atomic structures of 3’z, and ’ag phases.

-0.14

Mg SiAg,

0a6  MasSi (B-2)

Mg,AlSi,Zn
-0.18 |
-0.20 | Mg Al Si,Ag (B',)

-0.22 -

-0.24 -

Formation enthalpy ( eV/atom )

Mg,Si,Zn, (B',,)

-0.26 L . L

Composition of unit cell

Fig. 9. Formation enthalpies of modified 3’-2 unit cells plotted as a function of
composition.

ble unit cells is shown in Fig. 9. From the black line in Fig. 9, it is
clear that Mg3Al3Si;Ag has lower AH than Mg;Si;Ag,, indicating
that the formation of the former structure is energetically favorable.
This is consistent with the experimental result [28]. Nevertheless,
the opposite trend appears for the Zn-containing structures that
Mg3SisZny has much lower AH than Mg3Al3Si;Zn (see the red line
in Fig. 9). Again, the first-principles calculation result matches well
with the experimental result that Zn replaces both the Si1 and Mg2
sites in (3’-2. Further investigation of the electronic structure and
bonding nature [41] of the 3z, and 3’a; phases may provide use-
ful information to understand the underlying mechanism for the
different modifications of the (3’-2 structure caused by different
additive alloying elements.

4. Conclusions

We have employed atomic-resolution HAADF-STEM and first-
principles calculations to investigate the atomic-scale roles of Zn
addition in alloying an age-hardened Al-Mg-Si-Zn alloy. From the
obtained results, the following can be concluded.

(1) Significant amount of Zn atoms can be added into the Al-
Mg-Si alloy and they can easily enter the bulk structures
of many known hardening phases at energetically favorable
atomic sites, forming Zn-containing ["zn, B'zn, U2z and Q'zy
phase structures. In addition, Zn atoms will modify the precipi-
tate morphologies and the interfaces between precipitates, and
between the precipitates and the Al-matrix.

(2) The single-phase 'z,-precipitates and the single-phase U2z,-
precipitates cannot be observed to exist. Upon formation, they
either coexist as the composite precipitates associated with
[3"zn, or associated with Q'zy.

Journal of Materials Science & Technology 70 (2021) 105-112

(3) Forthe 3’-phase, Zn atoms occupy unique atomic sites, whereas
for other phases, they occupy similar atomic sites as other addi-
tive alloying elements such as Ag and Cu do. In the modified
[3'zn-phase structure, Zn atoms will replace both Si-atoms and
Mg-atoms at specific sites of the original 3’-2 structure, chang-
ing the composition from MggSis to Mg3SizZng.
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