Acta Metallurgica Sinica (English Letters) (2023) 36:495-506
https://doi.org/10.1007/540195-022-01491-7

=

Check for
updates

Impacts of Microalloying Elements on the Hardening 8"-Phase
in Automotive AIMgSi Alloys

Zhaoqun Chen’ - Yuxiang Lai' - Linghong Liu? - Ziran Liu? - Jianghua Chen'

Received: 24 April 2022 / Revised: 28 July 2022 / Accepted: 5 September 2022 / Published online: 3 December 2022
© The Chinese Society for Metals (CSM) and Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Microalloying elements play a crucial role in mechanical properties and phase stability of metallic alloys. In this work, we
employ first-principles calculations and atomic-scale high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) to find promising microalloying elements that will improve the stability and properties of 5"/Al interface
and f" phase in Al-Mg-Si alloys. First, we define a substitution energy for evaluating the stability of " phase and f"/Al
interface with microalloying elements doped. Then, experiments of HAADF-STEM imaging are carried out to verify the
calculational results. Next, using the most stable structures doped with microalloying elements, the mechanical properties
of the A" bulk and the #"/Al interface were calculated and analyzed. At last, we have figured out the effects of all considered
microalloying elements and obtained a rule that the stable occupancy of solute atoms is related to their own radius and the
radius of Mg, Si, and Al. These findings will provide some theoretical basis for future microalloying strategies of Al-Mg-Si
alloys.
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1 Introduction

Al-Mg-Si alloys have been widely applied in aerospace, avi-
ation, and automobiles due to their high strength-to-weight
ratio, excellent corrosion resistance and formability, and low
cost [1-3]. The strengthening of Al-Mg-Si alloys is achieved
mainly by a large number of dispersed nano-sized precipi-
tates formed during aging process, which can effectively
impede the dislocation movement. The crystal structure,
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size, number density, and volume fraction of the precipi-
tates have significant effects on the mechanical properties
of the alloys. The well-accepted precipitation sequence of
Al-Mg-Si alloys is described as [4—6]: supersaturated solid
solution (SSSS) — clusters — GP zones/pre-f" — " — f'
(/B'/U1/U2) — B.

The " phase, mostly formed at the peak-aging condition,
is the most effective hardening phase in Al-Mg-Si alloys.
The monoclinic #" has lattice parameters of a=1.516 nm,
b=0.405 nm, ¢c=0.674 nm, f=105.3° [7]. The orientation
relationships between " and the Al-matrix are [230],, //
[100] 4., [001]4, /7 [010] 4., and [3 10]4, // [001] 4 [7, 8].
The composition of " was first determined as MgsSig by
dynamic electron diffraction [9]. Recent atom probe tomog-
raphy and energy-dispersive X-ray spectroscopy studies sug-
gested that the " phase contains some Al [10-13]. First-
principles calculations indicated that MgsAl,Si, is the most
likely #" composition among the Mgs_Sis (Al (0<x <5,
0<y<6) compositions [12]. Hence, the composition of 3"
is still a subject of controversy.

Adding microalloying elements is an efficient method
to enhance the mechanical properties of AlI-Mg-Si
alloys. Available experimental studies have shown
that the improvement of properties by the addition of
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microalloying elements is mostly related to microstruc-
ture changes of the " phase [14-24]. High-angle annu-
lar dark-field scanning transmission electron microscopy
(HAADF-STEM) studies on the effect of Cu addition on
the precipitation of Al-Mg-Si alloys have shown that Cu
can enter the " phase and replace the Al atoms [14]. The
effect of Zn on the structure of the " phase is similar to
that of Cu, i.e., Zn atoms also occupy the Al sites of the "
phase [15-17]. Atomic-scale HAADF-STEM characteri-
zation of the precipitates of Al-Mg-Si-Ge alloys revealed
that Ge atoms can occupy the Sil and Si2 sites, usually
the Si2 site of the " phase [18, 19]. Moreover, Cu, Zn,
and Ge atoms can also segregate at the $"/Al interface [16,
17, 19, 20]. It was also found that the addition of Cu, Zn,
and Ge to Al-Mg-Si alloy can effectively refine the size
of the " phase and increase its number density through
entering the " phase, thereby increasing the strength of
the alloy [16, 18, 21]. Compared with Cu, Zn, and Ge,
Ag can segregate at the #"/Al interface but does not enter
the " phase [22, 23]. Recently, we have reported that the
addition of Sc makes disordered " precipitate in the peak-
aged Al-Mg-Si alloys, and Sc atoms are located at the
precipitate/matrix interface and in the disordered regions,
but they do not occupy the atomic sites of the " phase
[24]. Although the effect of microalloying element addi-
tion on the f" structure and the properties of Al-Mg-Si
alloys has received much attention, the types of microal-
loying elements involved in previous studies have been
limited. Moreover, there have been no systematic com-
parisons of the impacts of different microalloying elements

on the structure or properties of the " phase. It has been
demonstrated that first-principles calculations provide an
efficient approach for establishing precipitate energetics
and for evaluating their mechanical properties [25-29].
In the present work, using first-principles calculations and
atomic-resolution HAADF-STEM, influences of a variety
of microalloying elements on the stability and properties of
p"/Al interface and " phase were investigated. We define a
substitution energy for calculating the energy difference of
/" phase and p"/Al interface with microalloying elements
doped. Then, experiments of HAADF-STEM imaging are
carried out to verify the calculational results. Using the most
stable structures doped with microalloying elements, the
mechanical properties of the " bulk and the #"/Al interface
were evaluated and analyzed. Our results provide scientific
data for developing new Al-Mg—Si alloys with microalloy-
ing elements, as well as to further understanding the rela-
tionship between material structure and its performance.

2 Methodology
2.1 Calculation Details

The #" unit cell model and two types of #"/Al interface mod-
els were built for the first-principles calculations, as shown
in Fig. 1. The interface normal to [001],; was not consid-
ered in this work due to the high interfacial energy [30]. For
the considered interface structures, a sandwich supercell of
Al/p"/Al consisting of two 7-layer Al slabs and a " slab was

Interface

[310],//[001],.

Fig. 1 Structure models for the first-principles calculations of this work: a " unit cell model, b §"/Al interface model along [230],,, ¢ A"/Al

interface model along [3 10],,
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Fig.2 Supercells used for calculating the substitution energy of one solute atom X at the Sil site in the $"/Al interface along [3 10] 5 @ Super-

: 1
cell for calculating E Al Mg, -Sip, X

used after convergence tests. The 34 microalloying elements
studied in this paper are divided into three categories accord-
ing to their properties: (1) elements that strongly bound to
vacancies (Type I) [31], including Ag, Cd, Pt, Na, Ca, In, Pb,
Ge, Sb, Sn, and Zn; (2) elements that bind strongly to Mg or
Si (Type II) [31], including Zr, Ti, V, Mn, Fe, Co, Nb, and
Cu; (3) rare earth elements (Type III), including Sc, La, Ce,
Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb. Note
that the three types of elements may overlap each other. For
example, the third type of the rare earth element Sc can bind
strongly to Si, while this property belongs to the second type
of elements.

To investigate the effect of microalloying elements on
the stability of " bulk and $"/Al interface, the substitution
energy of each microalloying element was calculated by
replacing different atomic sites in two types of "/Al inter-
face models (Fig. 1b and c) with microalloying elements.
The atomic sites in the $"/Al interface structure models are
divided into two categories: #" interfacial sites and " bulk
sites. The sites in the two nearest layers of the $"/Al inter-
face were named as iAll, iAl2, etc., while other sites, Mgl,
Mg2, Mg3, Sil, Si2, and Al, were referred to the " bulk
sites.

All the first-principles calculations in this paper were car-
ried out on the Vienna Ab initio Simulation Package (VASP)
code [32, 33]. The valence electrons were described using
the generalized gradient approximation (GGA) with the
exchange—correlation function of Perdew, Burke, and Ernz-
erhof (PBE) [34]. The interaction between ions and core
electrons was described by the projector augmented wave
(PAW) method [32]. Convergence tests indicated that a cut-
off energy of 400 eV was sufficient to ensure convergence
of energy within 1x 107> eV/atom. The Brillouin-zone grid-
ding was performed using the Monkhorst—Pack method [35],
and the k-point meshes are 3 x9 X7 for the §"/Al interface
structure models and 3 x 11 X7 for the #" unit cell model.

with X located at matrix Al, b the same supercell of a with X and Sil exchanged

The substitution energy (E,;,) of the microalloying ele-
ment X is defined as the energy required for a solute X dis-
solved in the Al-matrix replacing a site at the $"/Al interface
or in the " bulk [36, 37]. As an example, the E,, of element
X at the Sil site in the f"/Al interface along [3 10],; was
defined as:

1

—F2 _
Ean=E}\1 Me,ssipx ~ EalMe,ssi,x (H
1 . .
where E Al Me,5Si X 1S the total energy of the supercell with

one solute atom X dissolving in the Al-matrix (Fig. 2a).

/2\152Mg155ilzx is the total energy of the same supercell as
Fig. 2a with X and Sil exchanged, as shown in Fig. 2b. A
negative substitution energy means relative stable structure
with the addition of element X, i.e., an energetically favora-
ble substitution with X.

To study the effect of microalloying elements on the
adhesion of the "/Al interface, the §"/Al interface models
with and without microalloying elements occupying their
favorable atomic sites were built to calculate the adhesion
energy. The work of adhesion (W,,) for the #"/Al interface is
defined as the reversible work needed to separate the inter-
face into two free surfaces [38, 39]:

Waa = (Eai + Epy — Egyyan) /A )

where E,, and " are the total energies of the relaxed, iso-

lated Al and " slabs in the same supercell when one of
the slabs is retained and the other is replaced by a vacuum,
respectively. #"/Al is the total energy of the "/Al interfacial
supercell. A is the area of the interface §"/Al.

The elastic properties can be derived from the elastic stiff-
ness constants C;; and the elastic compliance constants S;
[40—42], where [Sl-j] is the inverse matrix of [Cij] [43]. There
are nine independent elastic stiffness constants (Cyy, Cyy,
C33, Cyy, Css, Co, Cpp, Cy3, and Cy3) in the f" monoclinic
structure. Hill [42] proposed that the modulus obtained from
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the Voigt and Reuss approximations is usually the upper and 9B,,Gy

lower limits of the actual effective modulus, respectively. - 3By + Gy ®
Within the Voigt—Reuss—Hill approximation, the expressions
of the bulk modulus (B), shear modulus (G), Young's modu-

3By — 2G
lus (E), and Poisson's ratio (v) are as follows: H H

YT 2GBy + Gy (19)

By = |(C;; +Cy+C33) +2(Cp + C13+ C 9,
v [( H 2 33) ( 12 B > )] / ) where By, and By, are the bulk modulus calculated using the

Gy = [(C1 + Cp + C33) = (Cia 4 Ci3 + C3) +3(Cyy + Css + Ce4)| /15, “4)
By = [ ( Sy + Sy + S33) 42 ( Sy + S5 + S23)]_l, (5) Voigt and Reuss approximations, rf:spectivel).f. Gy and Gy
are the shear modulus calculated using the Voigt and Reuss

Gr = 15/[4(S); + Sy + S33) —4(S15 + Sy3 + Sp3) +3(Sas + Ss5 + See) |- (6)
B — 1 ( B +B ) 7 approximations, respectively. B reflects a material's ability
H™ o7V R/ 0 to resist compression deformation, G reflects its ability to

resist shear strain, and E reflects its ability to resist the nor-
mal strain. Generally, the greater the G and E of a material,
the greater the stiffness of the material. The ratio of B to
G (B/G) and v can be used as a criterion for determining
the brittleness and ductility of materials. According to the

Gy = 5(Gy + Gy). (8)
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Fig.3 Substitution energies of Type I microalloying elements at the 5"/Al interface along [5 10] o
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Pugh criterion [44], when B/G > 1.75, a material behaves
in a ductile manner; otherwise, the material is brittle. v is
known as the transverse deformation coefficient. The larger
the transverse deformation coefficient of a material, the bet-
ter the ductility of the material [45].

2.2 Experimental

To check the occupation of Zn and Sc in the " bulk and at
the $"/Al interface, the precipitate microstructures of two
alloys with chemical compositions of Al-0.48 Mg-0.99Si-
2.98Zn (Wt%) and Al-1.4 Mg-0.5Si-0.2Sc (wt%) were char-
acterized. The ingots were homogenized at 500 °C for 10 h,
hot- and cold-rolled to 1-mm-thick sheets, solution treated
at 565 °C for 30 min, water quenched to room temperature,
and immediately aged in an oil bath at 180 °C. Atomic-
scale HAADF-STEM characterization was performed on an
aberration-corrected FEI Titan Cubed Themis G2 transmis-
sion electron microscope (TEM) at 300 kV with the electron
beam parallel to the < 100> ,; directions. TEM specimens
were prepared by twin-jet electro-polishing using a Stru-
ers Tenupol 5 machine with an electrolyte of 1/3 HNOj; in
methanol at a temperature of about — 30 °C.

3 Results and Discussion
3.1 Stability of 8" Bulk and B"/Al Interface
3.1.1 First-Principles Calculations

Figure 3 shows the calculated substitution energies with
Type I microalloying elements at the "/Al interface along
[3 10],,. First, for the interfacial sites, Ag, Cd, Pt, In, Sn,
Pb, Sb, and Zn have negative and lowest substitution ener-
gies at the All site, indicating that the All site is the most
preferential site of these elements. Nevertheless, Na, Ca, and
Ge exhibit the strongest preference for the interfacial Mg3,
Mg2, and Sil sites, respectively. Then, for the " bulk sites,
the most preferential sites for Ag, Cd, Pb, Sb, Zn, Na, Ca,
and Ge are the Al, Al, Mg3, Si2, Al, Mg3, Mg2, and Si2
sites, respectively. However, the substitution energies of Pt,
In, and Sn at all the " bulk sites are positive, implying that
these three elements have no preference for entering the §"
bulk. Finally, comparing the substitution energies of each
microalloying element at the interface with those in the "
bulk, Ag, Cd, Pt, In, Sn, and Pb have the lowest substitu-
tion energies at the interfacial All site, indicating that the
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Fig.4 Substitution energies of Type II microalloying elements at the "/Al interface along [g 10] 4,
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interfacial All site is preferred for these elements over their
preferential " bulk sites. In contrast, Sb, Zn, Na, Ca, and
Ge have the lowest substitution energies at the sites of 4"
bulk, which means that these elements are more inclined
to enter the " phase. According to the classical nucleation
theory, the growth of precipitates is governed by the diffu-
sion of solute atoms from the precipitate/matrix interfaces
into the precipitates. Additionally, the substitution energies
of Sb, Zn, Na, Ca, and Ge at the most preferential interfa-
cial sites are only somewhat higher than the corresponding
substitution energies at the most preferential " bulk sites.
Therefore, the segregations of Sb, Zn, Na, Ca, and Ge at the
p"/Al interface are presumed.

Figure 4 shows the substitution energies of Type II micro-
alloying elements at the "/Al interface along [3 10],,.
Among the interfacial sites, the Al sites are the most pref-
erential sites for all of the Type II microalloying elements.
For the " bulk sites, the Mg2, Al, and Al sites are the most
preferred for Zr, Co, and Cu, respectively, but Ti, V, Mn, Fe,
and Nb have no preference for entering the " bulk due to
their positive substitution energies at all the " bulk sites. Zr,
Ti, V, Mn, Fe, Co, and Nb prefer to the interfacial Al sites

rather than " bulk sites. Nevertheless, Cu prefers to the Al
site in the " bulk and Al2 site in the "/Al interface.

The substitution energies of rare earth (Type III) micro-
alloying elements at the "/Al interface along [3 10],, are
shown in Fig. 5. Among the interfacial sites, the Mg?2 site is
the most preferential site for all of the rare earth elements,
while among the " bulk sites, the Mg?2 site is the most pre-
ferred substitution site for all the rare earth elements. When
the substitution energies at the interface are compared to
those in the g" bulk, Sc, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd,
Tb, Dy, and Ho prefer the interfacial Mg2 site rather than
the Mg2 site in the " bulk. On the contrary, Er, Tm, and Yb
prefer the Mg?2 site in the " bulk than the interfacial Mg2
site. These three elements are also expected to segregate to
the interfacial Mg?2 site.

The effects of microalloying elements on the stability of
/" bulk and f"/Al interface are consistent for both interface
structure models, except for Na. The substitution energies of
three types of microalloying elements at the interfacial sites
of the structure model of $"/Al interface along [230],, are
displayed in Fig. 6. Na prefers to occupy the Mg3 site in the
f" bulk and to the "/Al interfaces in both interface models,

g i
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S o o =
W (] W —]
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Fig.5 Substitution energies of Type III microalloying elements at the 5"/Al interface along [5 10]
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but the most preferred segregation site differs for the two
interfaces (the interfacial Mg3 site for the interface along
[3 10],; and the interfacial Mg2 site for the interface along
[230],)). This difference could be caused by the calculation
errors. As shown in Figs. 3 and 6a, the substitution energy of
Na at the interfacial Mg2 site and that at the interfacial Mg3
site are quite close in both interface models. The substitution
energies of microalloying elements in the " bulk exhibit
similar trends as those of the " bulk sites in the interface
models (Fig. 7). The most preferential " bulk site for each
microalloying element is the same for the three structure
models.

According to our calculation results (Figs. 3-7), cer-
tain rules exist between the type of atom substituted by the
microalloying element X and the atomic radius of X (Ry). By
their atomic radius [46], the microalloying elements studied
in this study are divided into three categories: (1) elements
with Ry> Ry, (1.60 A), including Sc, La, Ce, Pr, Nd, Pm,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Na, and Ca. Such ele-
ments tend to occupy the Mg sites. (2) Elements with R,
(1.43 10\) <RX§RMg, including Ag, Cd, In, Sn, Zr, Ti, and

(@) 20f =22 > s
- ——Cd —e—Pb
= —A—Pt ——Ge
1.5F
.g . —v—Na ——Sb
; —4—Ca —9—Zn e
© 10
>
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=
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Atomic site

3.0

Nb. Such elements tend to occupy the Al or Mg sites. (3)
Elements with Rg; (1.18 A) <Ry <R, including Zn, Cu,
Pt, Ge, V, Mn, Fe, and Co tend to occupy the Si or Al sites.
However, in the case of Sb, the above criteria are not met. Sb
has a slightly larger radius than Mg, but it prefers the Si site,
indicating that, besides atomic radius, there are other factors
that determine the influence of microalloying elements on
precipitate structures, which will be explained in Sect. 3.2.2.

3.1.2 Experimental Verification

The substitution energy calculation results have shown that
all the microalloying elements studied exhibit a preference
for segregating at specific positions at the "/Al interface.
Previous experimental studies have reported the segregation
of Ge, Zn, Cu, Ag, and Sc at the #"/Al interface [16, 19, 20,
22, 24], which is consistent with the calculations of the pre-
sent work. Our calculations have also shown that only some
of the microalloying elements have strong tendency to enter
the " bulk. Experimental studies have demonstrated that
Ge, Zn, and Cu occupy the Si2, Al, and Al sites of the 3"
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Fig. 6 Substitution energies of three types of microalloying elements at the $"/Al interface along [230],;: a Type I elements, b Type II elements,

¢ Type III elements
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phase, respectively [15, 19, 20], which is in good agreement
with the calculations of the present study. In the case of Zn,
for example, the atomic-resolution HAADF-STEM image of
the p" precipitate formed in the Zn-added Al-Mg-Si alloy, as
presented in Fig. 8a, clearly shows that Zn atoms occupy the
Al site of the f" structure (indicated by the orange dashed
ellipses) and segregate at the interfacial Al sites of the 5"/
Al interfaces along [230],, and [3 10],, (indicated by the
blue arrows) [17]. Er, Tm, Yb, Na, Ca, and Sb, in addition
to the three elements that have been experimentally verified
[15, 19, 20], are also predicted to enter the " bulk, with Er,
Tm, Yb, and Ca most preferring the Mg2 site, Na the Mg3
site, and Sb the Si2 site of the " structure. Elements with
a significant tendency to substitute certain atomic sites in
the " bulk are expected to facilitate the formation of the
" precipitate and hence have a beneficial effect on the age
hardening potential of Al-Mg-Si alloys.

Our previous work [24] demonstrated that, despite the
fact that Sc atoms cannot enter the " structure, Sc-con-
taining disordered regions connecting to the " structure
frequently occur in the f" precipitates formed in Sc-added

@),

—m—Ag —¢—Ca ——Ge

=
>
T

Substitution energy (eV/atom)

Mgl Mg2 Mg3 Sil Si2 Al

Atomic site

Al-Mg-Si alloys due to the strong binding between Sc and
Si atoms [31]. Upon further aging, the disordered " pre-
cipitates gradually evolve into the f"-related composite
precipitates (Fig. 8b), rather than the f' precipitates, thus
improving the thermal stability of the alloys. Considering
this phenomenon, adding elements that cannot enter the "
bulk and strongly bind to Si or Mg, such as Sc and Zr, to
Al-Mg-Si alloys is predicted to enhance the thermal stabil-
ity of the alloys.

3.2 Mechanical Properties of " Phase and "/Al
Interface

3.2.1 Adhesion of 8"/Al Interface

Figure 9 shows the calculated W, values for the "/Al inter-
face along [3 10],, with microalloying elements occupying
their most preferential atomic sites. The W, for this inter-
face without microalloying elements with a value of 2.516 J/
m? is also given for comparison. The W, increases when
Pt, Zr, Ti, V, Mn, Fe, Co, Nb, and Cu occupy the interfacial

(b)
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Substitution energy (eV/atom)
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Fig.7 Substitution energies of three types of microalloying elements in the 5" bulk: a Type I elements, b Type II elements, ¢ Type III elements
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Al sites, as shown in Fig. 9a, indicating that the segregation
of these elements to the f"/Al interface can increase the
adhesion of the interface. The segregation of Ag and Zn to
the interfacial Al sites shows a negligible effect on the inter-
face’s adhesion, but the segregation of Cd, In, Sn, Pb, and Sb
to the interfacial Al sites reduces the interface’s adhesion.
For the microalloying elements with a strong preference for
the interfacial Si or Mg sites, only the Ge segregation at the
/"/Al interface can enhance the adhesion of the interface
(see Fig. 9b). As shown in Fig. 9c, for the microalloying
elements with a strong tendency to enter the " bulk, the
occupation of Ge and Sb in the " bulk increases the adhe-
sion of the $"/Al interface, whereas the occupation of Na,
Ca, Er, Tm, and YD in the " bulk decreases it. The occu-
pation of Zn and Cu in the " bulk has little impact on the
interfacial adhesion.

Given that the microalloying elements occupy their most
preferred " bulk sites and #"/Al interfacial sites, it is inter-
esting to find that (1) solute substitution at the Si sites (in
the cases of Ge and Sb) increases the adhesion of the f"/Al
interface; (2) solute substitution at the Mg sites decreases the
adhesion of the interface; (3) the effect of solute substitution
at the Al sites on the interface’s adhesion depends on the
type of microalloying elements, i.e., the substitution of Pt
and Type II microalloying elements at the Al sites improves
the interface’s adhesion, while the substitution of the other
microalloying elements at the Al sites decreases or does not
appreciably change the interface’s adhesion.
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3.2.2 Elastic Properties of 8" Phase

The results of the calculation in Sect. 3.1.1 have demon-
strated that Er, Tm, Yb, Ge, Na, Ca, Sb, Zn, and Cu have a
strong preference for the #" bulk interior. The elastic prop-
erties of the " phase before and after the above elements
occupy their most preferential #" bulk sites were estimated
using the A" unit cell model (Fig. 1a) to investigate how
these elements affect the elastic properties of the f" phase.
Table 1 shows the elastic stiffness constants of the " phase
without microalloying elements and those in the literature
[47], which are comparable. The elastic stiffness constants of
a stable crystal must satisfy the Born criterion, a mechanical
stability criterion [48, 49]. This criterion specifies differ-
ent restrictions on the elastic stiffness constants for different
crystal structures. Except for the Sb-doped " phase (see
Table 1), the computed elastic stiffness constants show that
all of the " phases satisfy the Born criterion, indicating
their mechanical stability. Although the Sb incorporation
into the f" bulk is energetically favorable (Sect. 3.1.1), it
makes the " phase mechanically unstable, so it is impos-
sible for Sb to enter " phase forming a stable structure.
Hence, the Sb-doped " phase is ignored in the calculations
of elastic properties.

The calculated elastic properties of the nine #" phase struc-
tures are shown in Fig. 10 and Table 2. According to Fig. 10a
and b, the incorporation of Er, Tm, Yb, Na, Ca, Zn, and Cu
results in higher G and E values of the " phase, indicating
that these elements can increase the shear strain resistance
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Fig.8 Atomic-resolution HAADF-STEM images of Zn a and Sc b containing f" precipitates, taken from the Al-Mg-Si-Zn and Al-Mg-Si-Sc
alloys, respectively. The green circles and purple triangles indicate the characteristic sub-units of 8" and f', respectively. The blue and red arrows
indicate the distinct Zn and Sc atomic columns, respectively. The orange dashed ellipses in a indicate the Zn-containing Al sites of the " phase
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Table 1 Elastic stiffness

constants of the " phase and Phase “u € s Cu Css Cos ‘o Cis O

Sb-doped f" phase f" in Ref. [47] 108.97 89.63 9875 2635 27.51 3234 4936 43.08 57.50
A" in this work 10474 88.08 103.21 27.59 28.14 2449 4633 4731 47.00
Sb-doped " in this work ~ 89.22 9579 8831 24.63 27.03 1429 4156 5206 37.82

and stiffness of the " phase. However, the Ge incorporation
reduces the shear strain resistance and stiffness of the " phase.
As shown in Fig. 10c, when Er, Tm, Zn, and Cu are incorpo-
rated into the $" bulk, the B of the §" phase increases, which
means that the incorporation of these elements can enhance
the compression resistance of the " phase. In contrast, the
situation is opposite for Yb, Na, Ca, and Ge. From Fig. 10d,

@ Springer

the B/G values of all of the " structures are larger than 1.75,
indicating that they are ductile. Only the Ge incorporation
increases the B/G of the " phase, namely the ductility of
the " phase. On the contrary, the incorporation of Er, Tm,
Yb, Na, Ca, Zn, and Cu reduces the ductility of the #" phase.
The v (see Fig. 10e) shows the same trend as the B/G, again
demonstrating that only the incorporation of Ge enhances the
ductility of the " phase. In a brief summary, among the eight
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Fig. 10 Shear modulus G a, Young's modulus E b, bulk modulus B ¢, Pugh's rule B/G d, and Poisson's ratio v e of the " phase with microalloy-
ing elements occupying their most preferential " bulk sites

Table 2 Elastic properties of the #" phases with and without microal-

loying elements occupying their most preferential atomic sites

Phase

G(GPa)  E(GPa)  B(GPa) v

Mg,ALSi, 26.02 68.71 63.79 0.320
Mg,AlSi,Er 29.48 77.02 66.29 0.306
Mg,ALSi,Tm  29.15 76.34 66.83 0.310
Mg,AlLSi,Yb 29.96 7751 62.57 0.294
Mg,Al,Si,Na 26.73 69.97 61.07 0.309
Mg,Al,Si,Ca 28.85 74.88 61.77 0.298
Mg;AlSi,Ge 23.99 63.87 63.04 0.331
Mg;AlSi,Zn 26.89 70.89 65.00 0.318
Mg,AlSi,Cu 30.18 78.69 66.88 0.304

All microalloying elements investigated tend to segre-
gate at the #"/Al interface, whereas Zn, Cu, Ge, Er, Tm,
Yb, Na, and Ca prefer to enter the " bulk to occupy
certain atomic sites. Among them, the behaviors of Zn,
Cu, and Ge have been confirmed by atomic-resolution
transmission electron microscopy.

Segregation of Pt, Zr, Ti, V, Mn, Fe, Co, Nb, and Cu,
etc., sites at the f"/Al interface and Ge occupying Si
sites in the f" bulk or at the "/Al interface can increase
the interfacial bonding.

Regarding the influence of alloying elements on 3"
phase, Er, Tm, Yb, Na, Ca, Zn, and Cu can improve the
stiffness of " phase, while Ge can improve the ductility
of " phase instead.

microalloying elements that prefer the 5" bulk, Er, Tm, Yb,
Na, Ca, Zn, and Cu can improve the stiffness of the " phase,

Er, Tm, Zn, and Cu can improve the compression resistance of
the #" phase, and Ge can improve the ductility of the " phase.

4 Conclusions

Using first-principles calculations, we systematically
investigated the effects of microalloying elements on the
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