\

Yesl materials MBPI|
e w 7
Article

Effects of Heat Treatment on Microstructure and Mechanical
Properties of Weldable Al-Mg-Zn-Sc Alloy with High Strength

and Ductility

Long Jiang 1-234, Zhifeng Zhang >**, Yuelong Bai 1> and Weimin Mao 2

check for
updates

Citation: Jiang, L.; Zhang, Z.; Bai, Y.;
Mao, W. Effects of Heat Treatment on
Microstructure and Mechanical
Properties of Weldable AlI-Mg—-Zn-Sc
Alloy with High Strength and
Ductility. Materials 2023, 16, 5435.
https://doi.org/10.3390/
mal6155435

Academic Editor: Gregory

N. Haidemenopoulos

Received: 27 June 2023
Revised: 24 July 2023
Accepted: 29 July 2023
Published: 3 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

National Engineering Research Center for Non-Ferrous Metal Composites, China GRINM Group Co., Ltd.,
Beijing 100088, China; b20190171@xs.ustb.edu.cn (L.J.); baiyuelong@grinm.com (Y.B.)

School of Materials Science and Engineering, University of Science and Technology Beijing,

Beijing 100083, China; mao_wm®@ustb.edu.cn

3 Grinm Metal Composites Technology Co., Ltd., Beijing 100088, China

4 General Research Institute for Nonferrous Metals, Beijing 100088, China

*  Correspondence: zhangzf@grinm.com; Tel.: +86-13522900206

Abstract: A weldable Al-Mg-7Zn-Sc alloy was produced using vacuum induction melting and
an argon-protected casting method to achieve high strength and ductility, and the effects of heat
treatment on the microstructure evolution and mechanical properties of Al-Mg-Zn-Sc alloys were
comparatively investigated. The results reveal that fine equiaxed grains with an average grain
size of 40 um in an as-cast Al-Mg-Zn-Sc alloy change little after heat treatments, bringing about a
grain-boundary strengthening of 46.1 MPa. The coarse T-Mg3,(Al, Zn)49 phases at grain boundaries
are completely dissolved into the matrix through solid-solution treatment, and T-Mgz,(Al, Zn)49 with
diameters ranging from 10 to 25 nm and Al3Sc with diameters ranging from 5 to 20 nm gradually
precipitate during the artificial aging process. The Mg solid solubility is 4.67% in the as-cast Al-Mg-
Zn-Sc alloy, and it increased to 5.33% after solid-solution treatment and dramatically decreased to
4.15% after post-aging treatment. The contributions of solid-solution strengthening to as-cast, post-
solid-solution and post-aging Al-Mg—-Zn-Sc alloys are 78.2 MPa, 85.4 MPa and 72.3 MPa, respectively.
The precipitation strengthening of the post-aging alloy is 49.7 MPa, which is an increase of 21% in
comparison to that of both as-cast and post-solid-solution alloys. The alloy achieves an optimal
tensile strength of 355.3 MPa, yield strength of 175 MPa and elongation of 22% after undergoing
solid-solution treatment.

Keywords: Al-Mg-Zn-Sc alloys; microstructure evolution; mechanical properties; heat treatments

1. Introduction

5xxx Al-Mg alloys provide a high degree of weldability and corrosion resistance with
a medium level of strength due to their high Mg content [1-3]. However, Al-Mg alloys
with high Mg content tend to form 3-AlsMg, phases, resulting in the deterioration of
mechanical properties [4]. Moreover, nonbeneficial kinetics impede precipitation hardening
by 3-AlsMg,, which renders Al-Mg alloys non-heat-treatable [5]. For the traditional Al-Mg
alloys, the inability to strengthen through heat treatment poses a significant challenge for
their widespread application. Thus, it is necessary to develop new strategies to solve the
above problems and improve the mechanical properties of Al-Mg alloys.

Some attempts have been made to eliminate dendrites, refine grains and introduce
secondary phases in order to enhance the mechanical properties of Al-Mg alloys [6]. In ad-
dition to the conventional strategy of optimizing casting process parameters [7-9], adding
alloy elements for boosting the precipitation hardening of Al-Mg alloys is a promising at-
tempt to enhance their mechanical properties. Ratchev et al. [10] found that adding Cu was
sufficient to induce rapid hardening due to the formation of the precursor to the S-Al,CuMg
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phase but at the expense of the poor corrosion resistance of such alloys [11]. Zn-modified
Al-Mg alloys lead to the formation of the T-Mgsy(Al, Zn)49 phases, which exhibit improved
corrosion resistance and increased strength caused by precipitation hardening [12,13], in
spite of the trade-off between precipitation and solid-solution strengthening. Newer grades
of 5xxx alloys have additions of Sc to improve mechanical properties. Taendl et al. [14]
demonstrated that an effective aging treatment can induce the diffusion of Sc into the
alloy to form Al3Sc nanoprecipitates and thus harden the alloy during a controlled heat
treatment. While Al3Sc precipitates are more likely to occur along grain boundaries, the
inhomogeneous distribution of the secondary phases has a significant impact on strength
and ductility [15].

The precipitation of Mg-rich nanoprecipitates in Al-Mg alloys has been manipulated
for the strengthening of Cu/Zn-modified Al-Mg alloys by means of appropriate heat
treatments [16,17]. However, these high-Mg nanoprecipitates are obtained at the cost of a
large proportion of solute Mg atoms in the x—Al matrix, and such age-strengthened Al-Mg
alloys exhibit a reduced ductility [18]. In order to achieve an enhanced combination of
strength and ductility, a high-Mg Al-Mg-Zn-Sc alloy was designed in our study, which
simultaneously includes high yield strength and elongation. However, so far little work
has been done about the detailed information of strength contribution and microstructure
evolution of this AI-Mg-Zn-Sc alloy in different heat treatments. It is also important to
clarify the hedging relationship between solid-solution strengthening and precipitation
strengthening.

The aim of this study is to investigate the microstructure evolution and mechanical
properties of the Al-Mg—Zn-Sc alloys under solid-solution treatment and solution-aging
treatment. The Mg solid solubility at different heat treatments is quantitatively calculated
by X-ray diffractometer (XRD); dual-nanoprecipitation phases of Al3Sc and T-Mgs,(Al,
Zn)yy after post-aging are analyzed by transmission electron microscope (TEM); and a
quantitative elaboration on the strengthening mechanism is discussed.

2. Experimental Section

The experimental Al-Mg-Zn-Sc alloy used in this work was prepared by melting
in a vacuum and casting in a steel mold under the protection of argon. The chemical
compositions of the studied alloy are listed in Table 1.

Table 1. Chemical compositions of the studied Al-Mg-Zn-Sc alloy (wt.%).

Elements Mg Zn Sc Mn Cr Ti Fe Si Al
Al-Mg-7Zn-Sc 5.45 1.49 0.40 0.152 0.062 0.103 0.022  0.008 Bal.

In this study, two sets of heat treatment experiments were conducted on the as-cast
Al-Mg-Zn-Sc alloy, and the schematic diagrams of the heat treatment procedures are
shown in Figure 1. Both samples were solid-solution treated with an air furnace at 495 °C
for 50 min and then quenched to room temperature in water. A uniform supersaturated
solid solution was obtained in this step. One of the quenched samples was artificially aged
at 120 °C for 48 h. For clarity, the as-cast sample is called “AC”, the solid-solution-treatment
sample is called “ST” and the artificial-aging sample is called “AA”.

Microstructural characterization was performed using optical microscopy (OM Ax-
iovert 200 MAT ZEISS), scanning electron microscopy (SEM JSM. 7001F) equipped with
energy dispersive spectroscopy (EDS) and a transmission electron microscope (TEM Tecnal
G2 F20 S-TWIN). X-ray diffraction (XRD D8 ADVANCE) was performed to identify the
phase types at a scan step of 0.5° /min. Tensile specimens of 35 mm gauge length and 5 mm
diameter were machined from the ingot along the casting direction. Tensile tests were
performed on the CS5-4100 electronic universal material testing machine with a strain rate
of 15 x 1073 s,
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Figure 1. Schematic diagrams of two heat treatments for Al-Mg-Zn-Sc alloy: (a) ST sample;
(b) ST + AA sample.

3. Results
3.1. Microstructure Evolution

The microstructure of the Al-Mg—Zn-Sc alloy after different heat treatments is shown
in Figure 2. Fine and equiaxed grains are found in all AI-Mg-Zn-Sc alloy samples under
various conditions. The average grain size is approximately 40 pm. The microstructural
evolution during heat treatment is shown in Figure 2d—f. As shown in the OM image of
Figure 2d, the as-cast microstructure of the Al-Mg—Zn-Sc alloy is composed of «-Al phases,
a large fraction of grain boundary (GB) phases and a small fraction of second phases. After
solid-solution treatment, the coarse GB phases and discontinuous GB phases are almost
totally solubilized into the matrix, promoting the dispersion of the clusterlike second phases
into the granular second phases in high-temperature solid-solution treatment, as shown
in Figure 2e [19]. As for ST + AA samples, the nanophases progressively precipitated
during the artificial aging process (TEM images of Figure 5). However, this process caused
a reprecipitation and coarsening of GB phases, as well as an increasing tendency of the
granular second phases to form clusterlike second phases, as shown in Figure 2f.

Figure 2. Microstructure of AI-Mg—Zn-Sc alloy: (a,d) AC sample; (b,e) ST sample; and (c,f) ST + AA
sample.

Figure 3 depicts the SEM and TEM images of the as-cast Al-Mg—-Zn-Sc alloy. Four
phases with different contrasts are observed in a backscattered electrons (BSE) image of
the AC alloy, as shown in Figure 3a. According to the EDS mapping results, Mg and Zn
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are deposited at grain boundaries, and Al is slightly depleted, which implies that the GB
phases are Al-Mg-Zn phases. In the bright-white phase marked with “spectrum 2” shown
in Figure 3a, which is an Fe-rich and Mn-rich phase, the Fe element can be derived from the
raw materials to form Alg(Fe, Mn) phases [20]. The gray phases marked with “spectrum
3” and “spectrum 4” are viewed as Al-Sc-Ti phases due to the overlap of the distribution
of Sc and Ti elements, as displayed in Figure 3a. The Al-Mg-Zn phases are confirmed
to be T-Mgs,(Al, Zn)49 phases in combination with the TEM analysis in Figure 3b. The T
phase shows a semicontinuous irregular block morphology with narrow dimension size
less than 2 pm in the bright-field (BF) TEM image. Figure 3c presents a high-angle annular
dark-field (HAADF) image of a micron-size tetragonal primary phase. As can be seen from
the selected area electron diffraction (SAED) pattern, the primary phase exhibits an L12
ordered superlattice of Al3Sc diffraction spots with the central grain oriented parallel to the
axis of the [112] zone. Ti can replace up to the Sc to form Als(Sc, Ti) phases while retaining
the L12 structure [21]. There are fine and spherical precipitates with a size of 5-20 nm
distributed in the x—Al matrix in the dark-field (DF) TEM image, as shown in Figure 3d.
While performing fast Fourier transform (FFT) on the high-resolution transmission electron
microscopy (HRTEM) image, it can be seen that the diffraction spots of Al3Sc are located
in the 1/2 (200) 1 and (022) o] positions. Meanwhile, the Al3Sc phase and the a—Al matrix
have the orientation relations of [011]aj3sc/ /[011] A

Figure 3. SEM and TEM images of as-cast (AC) Al-Mg-Zn-Sc alloy: (a) BSE image and corresponding
EDS mapping; (b) BF-TEM image and SAD pattern of T-Mgs(Al, Zn)49 phase; (c) HAADF image and
SAED pattern of Al3(Sc, Ti) phase; and (d) DF-TEM, BF-TEM and HRTEM images and corresponding
FFT of nano-Al3Sc particles.

SEM and TEM characterizations of the solid-solution-treated Al-Mg-Zn-Sc alloy
are shown in Figure 4. As can be seen in Figure 4a, there are no obvious Al-Mg-Zn
phases to be observed in the BSE image. This demonstrates that Mg and Zn atoms are
dissolved into the x—Al matrix after solid-solution treatment. Based on the results of EDS
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analysis, the Alg(Fe, Mn) phases with less content did not disappear in the ST alloy, since
the solid-solution temperature is much lower than the dissolution temperature of Alg(Fe,
Mn) [22]. Figure 4b revealed these tetragonal primary Al;(Sc, Ti) phases distributed along
the Al grain boundaries, which are similar to those in the AC sample (Figure 3a). The
Al3Sc decomposition is limited at high solid-solution temperature, but this can inhibit the
coarsening of nanoscale Al3Sc precipitates, as shown in Figure 4c [19].

Grain boundary \

¥

Figure 4. SEM and TEM images of solid-solution-treatment (ST) Al-Mg-Zn-Sc alloy: (a) BSE image
and corresponding EDS mapping; (b) BF-TEM image (red arrows for Al3(Sc, Ti) phases and green
arrows for nano AlzSc phases) and SAED pattern of Al(Sc, Ti) phase; and (c) BF-TEM image and
SAED pattern of nano-Al3Sc particles.

Figure 5a shows that the BSE image of the micron-scale second phase of the AlI-Mg—
Zn-Sc alloy after artificial aging is similar to that of the ST sample, as characterized by SEM.
However, the volume fraction and dispersion of precipitates increased significantly after
aging, as shown in Figure 5b. Meanwhile, the nanoscale phase shows two morphologies,
beanlike (shown by green arrow) and squarelike (shown by red arrow), respectively. By
analyzing the diffraction spots of the FFT in Figure 5e, the tiny beanlike precipitates were
identified as Al3Sc phases. As shown in Figure 5g—i, new squarelike precipitated phases
after the aging process were indexed as T-Mgs,(Al, Zn)s9 phases using high-resolution
transmission electron microscopy (HRTEM), fast Fourier transform (FFT) and inverse fast
Fourier transform (IFFT). The above results show that the dual-nanoprecipitation of the
Al-Mg-Zn-Sc alloy can be induced after artificial aging treatment. The nanoprecipitations
included T-Mg3z>(Al, Zn)49 10-25 nm in diameter and Al3Sc 5-20 nm in diameter, as shown
in Figure 5b,c.
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Figure 5. SEM and TEM images of artificially aged (AA) Al-Mg-Zn-Sc alloy: (a) BSE image of two
phases (beanlike and squarelike phases are shown by green arrows and red arrows, respectively), and
corresponding EDS mapping; (b) BF-TEM image of two types of nanoparticles (green box for beanlike
phase and red box for squarelike phase); (c) high magnification nanoparticles in (b); (d) HRTEM
images of nano-Al3Sc particles; (e) corresponding FFT of (d); (f) corresponding IFFT image of (d) after
applying Bragg filter to Al3Sc FFT spots; (g) HRTEM images of nano-T-Mgsy(Al, Zn),g particles;
(h) corresponding FFT of (g); and (i) corresponding IFFT image of (g) after applying Bragg filter to
FFT spots.

3.2. Characterization of the Solid Solubility

XRD patterns of the Al-Mg-Zn-Sc alloy after various heat treatments are seen in
Figure 6. The reflections (111), (200), (220), (311) and (222) of the aluminum appeared in
the XRD pattern. The obvious offset to smaller diffraction angles of the XRD diffraction
peaks is noticed for all AlI-Mg—-Zn-Sc alloy samples with respect to the pure aluminum.
The offset of diffraction peaks is due to the variation in the lattice constant of the aluminum
caused by the solid solution of Mg in the matrix a—Al [23]. The literature shows that for
each 1 at% increase in the solid solution of Mg in Al the lattice constant of Al increases by
4.6 x 10~% nm [24]. The results of the lattice constant and solid solubility calculation of the
studied Al-Mg—(Zn-Sc) alloy by XRD analysis are given in Table 2. The solid solubility of
AC, ST and ST + AA samples were 4.67%, 5.33% and 4.15%, respectively. The Al-Mg—-Zn-Sc
alloy after solid-solution alloy has the largest solid solubility, which increases by 12.4%
compared to the as-cast alloy and by 22.1% compared to the post-aging alloy.

As-cast Al-Mg-Zn-Sc alloy As-cast Al-Mg-Zn-Sc alloy

! 1
! 1
| Al-Mg-Zn-Sc alloy after solution+artificial aging | Al-Mg-Zn-Sc alloy after solution+artificial aging
| 1
! ]
- 1 _ 1
= ' ) 2 1
8 \ Al-Mg-Zn-Sc alloy after solution treatment S . ~— Al-Mg-Zn-Sc alloy after solution treatment
2 ' = !
2 g\
5 A JN 5 !
£ = |
1
1

111)Al
Al Aluminum o = Aluminum
(200)Al (311)Al (200)Al
(Zi))/-‘«l ) (222)A1 : /e\
1 1 1 1 1 1 L 1 L L L 1 1 1
20 30 40 50 60 70 80 90 38 39 40 41 42 43 44 45 46
20(°) 20(°)
(a) (b)

Figure 6. XRD patterns of the studied AlI-Mg-Zn-Sc alloy after various heat treatments: (a) 2 0
(20°-90°) and (b) 2 6 (38°—46°).
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Engineering stress(MPa)

Table 2. The results of the lattice constant and solid solubility calculation of the studied

Al-Mg—(Zn-Sc) alloy by XRD analysis.

Crystal Indices . .
Sample Lattice Parameter/nm Solid SOlublllty/ %
(111) (200)
d 0.23379 0.20247
Pure aluminum a 0.40494 0.40494 /
Average value of a 0.40494
d 0.23513 0.20343
AC a 0.40726 0.40692 4.67
Average value of a 0.40709
d 0.23529 0.20362
ST a 0.40753 0.40724 5.33
Average value of a 0.40739
d 0.23495 0.20337
ST + AA a 0.40694 0.40675 415
Average value of a 0.40685

3.3. Mechanical Properties

Figure 7a illustrates the engineering stress—strain curves of the Al-Mg-Zn-Sc alloy
studied after different heat treatments. The corresponding strengths and elongations are
shown in Figure 7b. The strength and elongation of the alloy after solid-solution treatment
are both significantly higher than those of the alloy as-cast and after aging. In comparison
to the AC sample, the tensile strength of ST is 355.3 MPa, which is a 6.9% increase. ST
provides an increase of 10.3 MPa and achieves a yield strength of 175 MPa, while the
elongation increases from 15.5% to 22%. After the artificial aging treatment, the ST + AA
sample exhibits a weakening response compared to the ST sample. In particular, the yield
strength is reduced by 7.6% compared to that of the ST sample. Additionally, ST + AA has
the lowest yield strength, with a reduction of 13.3 MPa and 3 MPa compared to that of ST

and AC, respectively.
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Figure 7. Mechanical properties of the studied Al-Mg—Zn-Sc alloys: (a) the engineering stress—strain

curves and (b) mechanical properties.

4. Discussion

In this study, the Al-Mg—Zn-Sc alloy was obtained by metal mold casting. It exhibits
fine equiaxed grains (Figure 2a), multiple dispersed phases of Al3Sc (Figure 3d) and high
Mg solid solubility (Table 2) in as-cast Al-Mg—Zn-Sc alloy. These beneficial effects together
enhance the mechanical properties of the Al-Mg-Zn-Sc alloy (Figure 7). Meanwhile,
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primary Al3(Sc, Ti) phases act as heterogeneous nuclei of the matrix during the solidification
process and strongly refine the grains (Figure 2c). Moreover, the formation of micron
T-Mgs,(Al, Zn)s9 phases along the grain boundaries dramatically enhance the corrosion
resistance [25]. The expectation of microstructure evolution during heat treatment is plotted
in Figure 8. After solid-solution treatment, the coarsening of the T-Mgs»(Al, Zn)49 phases at
the grain boundaries dissolve into x—Al matrix, leading to the supersaturated solid solution
(SSSS) of Mg, as seen in Figure 4a. According to the previous studies of Al-Mg—-Zn alloy, it
was confirmed that the supersaturated vacancies are attached to Mg atoms rather than Zn
atoms after water quenching owing to the stronger Mg-to-vacancy binding energy [5]. In
addition, Mg atoms are 12% larger than Al atoms, whereas Zn atoms are smaller by 2.8% in
size; therefore, the solid-solution effect mainly comes from the solid solubility of Mg atoms
in Al [26]. The dissolution of primary Als(Sc, Ti) phases and nano-AlsSc precipitates are
limited by the fact that the solid-solution temperature is much lower than the dissolution
temperature of Al3(Sc, Ti) and Al3Sc phases (Figure 3a) [27]. When artificial aging is
performed on the quenched sample, there is almost no strengthening effect compared to
the as-cast alloy (Figure 7b). Affirmatively, some Al3Sc phases were precipitated from the
o—Al matrix of as-cast AlI-Mg—-Zn-Sc with oversaturated Sc under the aging condition
of 120 °C/48 h. However, overaging also leads to the aggregation and growth of the
Al3Sc phases, as shown in Figure 8. According to the study of precipitation behavior in
Zn-modified Al-Mg alloy at aging, there exists a precipitation sequence described as SSSS
— GP-zone — T' — T-Mgsp(Al, Zn)gg [27]. Consequently, the precipitation of nanoscaled
T phase improved the age-hardening behavior of Al-Mg—Zn alloys [13]. As analyzed in
Figure 5b,c, the average volume fraction of nano-T-Mgs,(Al, Zn)yg is 0.1%, causing only
a small contribution to the precipitation hardening effect (Figure 7b). According to the
analysis above, the strength and elongation of the AlI-Mg-Zn-Sc alloy can be improved
by proper solid-solution treatment (Figure 7), while in the aging treatment of the alloy,
there is a contradictory strengthening effect with increased precipitation strengthening and
reduced solid-solution strengthening (Table 2).

T-Mgs;(Al, Zn)

20tﬂ|

Micron Al;(Sc, Ti) Mg Nano Al;Sc Zn Nano T-Mg;,(Al, Zn)y

Figure 8. Schematic diagram of microstructure evolution of studied Al-Mg-Zn-Sc alloy after various
heat treatments.

To elucidate the effectiveness of the heat treatment, the strengthening contributions
coming from grain boundaries, solid soluble atoms and precipitates are quantified in the
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Al-Mg-Zn-Sc alloy. As shown in Figure 8, the yield strength (c7) of the studied Al-Mg-
Zn-Sc alloy can be calculated from grain boundary strengthening (cgp), solid-solution
strengthening (0ss) and precipitation strengthening (o).
Since all the Al-Mg-Zn-Sc alloys show an almost identical average grain size of
40 um (Figure 2), the change in grain boundary strengthening should be insignificant.
Grain boundary strengthening arising from Alz(Sc, Ti) heterogeneous nucleation points is
thought to be equivalent before and after heat treatment. The relationship between ogp and
the average grain size (d) of the alloys is in accordance with the Hall-Petch equation [13],
as described below:
ogg =00+ kd 2 1)

where 0y (19.2 MPa) is the lattice intrinsic resistance to dislocation motion [28]. k is a coeffi-
cient representing relative grain boundary strengthening contribution (0.17 MPa-m®) [29].
d is the average size of the grains taken as 40 pm. The increase in yield strength due to
grain boundary strengthening is thus calculated to be approximately 46.1 MPa.

Of all the strengthening factors, solid-solution strengthening is considered to be the
most important strengthening mechanism governing the overall strength of Al-Mg-Zn-Sc
alloys. The solid solubility of Mg in the Al-Mg—-Zn-Sc alloy changed significantly both
before and after heat treatment (as detailed in Table 2). This increase in yield strength can
be roughly calculated by the following equation relating the number of solute atoms to the
increase in strength [30]:

0ss = H CX/{g 2)

where H and n are material related constants with values of 25-28 MPa (wt% Mg) ™" and
2/3, respectively [31,32]. C denotes the number of solute atoms of Mg (wt%). As a result,
the o values for the as-cast, post-solid solution and post-aging Al-Mg-Zn-Sc alloys are
78.2 MPa, 85.4 MPa and 72.3 MPa.

In our study, precipitation enhancement included the contributions from different
types of precipitation. The volume fraction of AlsSc precipitates is 0.28% for both as-cast
and post-solid solution Al-Mg-Zn-Sc alloy, as observed in Figures 3d and 4c, suggesting
that both have the same precipitation-intensifying effect. Additionally, given the significant
amounts of AlsSc (volume fraction of 0.15%) and T-Mgs,(Al, Zn)49 (volume fraction of 0.1%)
in the post-aging Al-Mg-Zn-Sc alloy, it is essential to account for the contribution of dual
precipitation strengthening in the Al-Mg-Zn-Sc alloy. The contribution of the Al3Sc and
T-Mgsp(Al, Zn)49 phases to the total strength can be calculated using the Ashby—Orowan
equation [33]:
0.4Gb ln(%)

A 1—v
where 7 is the mean radius of the precipitate. M = 3.06 is the Taylor factor [34]. v is the
Poisson’s ratio of this alloy (0.32). G is the shear modulus (about 26.9 GPa [35]). b is the
Burgers vector of Al (0.286 nm). A is the precipitate edge spacing, which can be calculated
by the following equation (the volume fraction (f)) [34]:

A:r(m)l/z W

The calculation results show that the contribution of the precipitation strengthening
was around 41.1 MPa, 41.1 MPa and 49.7 MPa for the as-cast, post-solid-solution and
post-aging Al-Mg-Zn-Sc alloys, respectively. The Al-Mg-Zn-Sc alloy demonstrates a less
significant contribution of precipitation strengthening through the aging treatment.

As shown in Figure 9, the strengthening contribution to the yield strength was calcu-
lated to be approximately 165.4 MPa, 172.6 MPa and 168.1 MPa for the as-cast, post-solid-
solution and post-aging Al-Mg-Zn-Sc alloys, respectively. After solid-solution treatment,
the significant strengthening of the Al-Mg-Zn-Sc alloy originates from solid-solution
strengthening. The strengthening contribution of solution Mg in the Al-Mg-Zn-Sc alloy

OOrowan = M

®)
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improves by 9.2% compared to the as-cast alloy. However, in the post-aging alloy, the
contribution of solid-solution strengthening decreased by 7.5% and the contribution of
precipitation strengthening increased by 21% compared to the as-cast alloy. There was a
difference between the theoretical calculations and experimental results for the post-aging
Al-Mg-Zn-Sc alloy. This calculation result is not a reflection of the age-hardening effect.
However, the calculation results show that there is a contradictory strengthening effect
with increased precipitation strengthening and reduced solid-solution strengthening in the
post-aging alloy, which is the same as the experimental results. In the case of Al-Mg-Zn-Sc
alloys, it is an appropriate way to improve the mechanical properties by increasing the
solid solution of Mg in the alloy.

240 - g,
220 | [ A
200 | o,
180 | B o

A A A
N A O
o O O
T T T

N

o

o
T

46.1

Strength (MPa)

L2

AC ST ST+AA

Figure 9. Comparison of calculated and experimental yield strength of Al-Mg-Zn-Sc alloy after
various heat treatments.

5. Conclusions

In this study, the microstructure evolution, mechanical properties, solid-solution effect
and aging behavior of AlI-Mg—Zn-Sc alloys produced by vacuum melting and argon-
protected casting were investigated. The strengthening mechanisms induced by the mi-
crostructure were elucidated. The main conclusions drawn are as follows.

(1) As-cast Al-Mg—Zn-Sc alloy has fine equiaxed grains 40 pm in size with a high Mg
solid solubility of 4.67% and large volume fraction of 0.15% Al3Sc nanoprecipitations.
The solid solubility of Mg is increased to 5.33% after solid-solution treatment and dra-
matically decreased to 4.15% after post-aging treatment, but a dual nanoprecipitation
including T-Mgsy(Al, Zn)49 with diameters of 10 to 25 nm and Al;Sc with diameters
of 5 to 20 nm is observed.

(2) The solid-solution strengthening contributions to the as-cast, post-solid-solution and
post-aging Al-Mg-Zn-Sc alloys are 78.2 MPa, 85.4 MPa and 72.3 MPa, respectively.
The precipitation strengthening of the post-aging alloy is 49.7 MPa, which is an
increase of 21% in comparison to that of both as-cast and post-solid-solution alloy.
The tensile strength of 355.3 MPa, yield strength of 175 MPa and elongation of 22%
for the alloy are optimally obtained after solid-solution treatment.

(3) Solid-solution strengthening is the main strengthening mechanism controlling the
ultimate strength of the Al-Mg-Zn-Sc alloys. Contradictory strengthening effects
exists in the post-aging alloy with increased precipitation strengthening and reduced
solid-solution strengthening. It is an effective way to improve the strengthening effect
by increasing the solid solution of Mg in the Al-Mg—Zn-Sc alloys.



Materials 2023, 16, 5435 12 of 13

Author Contributions: Conceptualization, L.J. and Z.Z.; methodology, L.J. and Z.Z.; formal analysis,
L.J.; investigation, L.J.; data curation, L.J.; writing—original draft preparation, L.J.; writing—review
and editing, L.J. and Z.Z.; supervision, Z.Z., Y.B. and W.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author (L.J.) upon reasonable request.

Acknowledgments: This work is supported by the National Engineering Research Center for Non-
ferrous Metal Composites and Grinm Metal Composites Technology Co., Ltd.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, W, Xin, Y.C.; Zhang, B.; Li, X.Y. Stress corrosion cracking resistant nanostructured Al-Mg alloy with low angle grain
boundaries. Acta Mater. 2022, 225, 117607. [CrossRef]

2. Xu, W,; Zhang, B.; Du, K;; Li, X.Y.; Lu, K. Thermally stable nanostructured Al-Mg alloy with relaxed grain boundaries. Acta Mater.
2022, 226, 117640. [CrossRef]

3. Krol, M,; Taniski, T.; Snopiniski, P.; Tomiczek, B. Structure and properties of aluminium-magnesium casting alloys after heat
treatment. J. Therm. Anal. Calorim. 2017, 127, 299-308. [CrossRef]

4. Wang, Y.; Gao, M.; Yang, B.; Zhao, E.; Liu, F; Guan, R. Microstructural evolution and mechanical property of Al-Mg-Mn alloys
with various solidification cooling rates—ScienceDirect. Mater. Charact. 2021, 184, 111709. [CrossRef]

5. Liu, S;; Wang, J.; Li, F. Effect of Zr addition and heat treatment on microstructure and mechanical properties of Al-Zn-Mg-Cu
alloy. Heat Treat. Met 2018, 43, 27-30.

6. Lee, B.H,; Kim, S.H,; Park, ] H.; Kim, HW.; Lee, J.C. Role of Mg in simultaneously improving the strength and ductility of Al-Mg
alloys. Mater. Sci. Eng. A 2016, 657, 115-122. [CrossRef]

7. He, T; Chen, W,; Wang, W.; Du, S.; Deng, S. Microstructure and hydrogen production of the rapidly solidified Al-Mg-Ga-In-Sn
alloy—ScienceDirect. J. Alloys Compd. 2020, 827, 154290. [CrossRef]

8.  Gancarz, T.; Dobosz, A.; Bogno, A.A.; Cempura, G.; Schell, N.; Chulist, R.; Henein, H. Characterization of rapidly solidified
Al-Mg-Sc alloys with Li addition. Mater. Charact. 2021, 178, 111290. [CrossRef]

9.  Zhang, Z.;Li, M,; Pan, D.; Su, H,; Du, X,; Li, P.; Wu, Y. Effect of Sc on microstructure and mechanical properties of as-cast Al-Mg
alloys. Mater. Des. 2015, 90, 1077-1084.

10. Ratchev, P; Verlinden, B.; De Smet, P.; Van Houtte, P. Precipitation hardening of anAl-4.2 wt% Mg-0.6 wt% Cu alloy. Acta Mater.
1998, 46, 3523-3533. [CrossRef]

11.  Engler, O.; Marioara, C.D.; Hentschel, T.; Brinkman, H.J. Influence of copper additions on materials properties and corrosion
behaviour of Al-Mg alloy sheet. J. Alloys Compd. 2017, 710, 650-662. [CrossRef]

12.  Meng, C.; Zhang, D.; Zhuang, L.; Zhang, J. Correlations between stress corrosion cracking, grain boundary precipitates and Zn
content of Al-Mg-Zn alloys. . Alloys Compd. 2016, 655, 178-187. [CrossRef]

13. Hou, S; Liu, P; Zhang, D.; Zhang, J.; Zhuang, L. Precipitation hardening behavior and microstructure evolution of
Al-5.1 Mg-0.15Cu alloy with 3.0Zn (wt%) addition. J. Mater. Sci. 2017, 53, 3846-3861. [CrossRef]

14. Téndl, J.; Orthacker, A.; Amenitsch, H.; Kothleitner, G.; Poletti, C. Influence of the degree of scandium supersaturation on the
precipitation kinetics of rapidly solidified Al-Mg-Sc-Zr alloys. Acta Mater. 2016, 117, 43-50. [CrossRef]

15. Algendy, A.Y;; Liu, K; Chen, X.G. Evolution of dispersoids during multistep heat treatments and their effect on rolling
performance in an Al-5% Mg-0.8% Mn alloy. Mater. Charact. 2021, 181, 111487. [CrossRef]

16. Stemper, L.; Tunes, M.A.; Dumitraschkewitz, P.; Mendez-Martin, F.; Tosone, R.; Marchand, D.; Curtin, W.A.; Uggowitzer, PJ.;
Pogatscher, S. Giant hardening response in AIMgZn(Cu) alloys. Acta Mater. 2021, 206, 116617. [CrossRef]

17.  Stemper, L.; Tunes, M.A.; Oberhauser, P.; Uggowitzer, PJ.; Pogatscher, S. Age-hardening response of AIMgZn alloys with Cu and
Ag additions. Acta Mater. 2020, 195, 541-554. [CrossRef]

18. Tang, H.-P.; Wang, Q.-D.; Luo, C,; Lei, C,; Liu, T.-W.; Li, Z.-Y,; Jiang, H.-Y.; Ding, W.-].; Fang, J.; Zhang, J.-W. Effects of aging
treatment on the precipitation behaviors and mechanical properties of Al-5.0Mg-3.0Zn-1.0Cu cast alloys. J. Alloys Compd. 2020,
842,155707. [CrossRef]

19. Daizen, W.; Chihiro, W.; Ryoichi, M.; Kazue, T. Ostwald ripening of Al3Sc particles in an Al-Mg-Sc alloy. Keikinzoku 2005, 55,
169-174.

20. Zhu, X.; Ji, S. The formation of Al6 (Fe, Mn) phase in die-cast Al-Mg alloys. IOP Conf. Ser. Mater. Sci. Eng. 2019, 529, 012011.

[CrossRef]


https://doi.org/10.1016/j.actamat.2021.117607
https://doi.org/10.1016/j.actamat.2022.117640
https://doi.org/10.1007/s10973-016-5845-4
https://doi.org/10.1016/j.matchar.2021.111709
https://doi.org/10.1016/j.msea.2016.01.089
https://doi.org/10.1016/j.jallcom.2020.154290
https://doi.org/10.1016/j.matchar.2021.111290
https://doi.org/10.1016/S1359-6454(98)00033-0
https://doi.org/10.1016/j.jallcom.2017.03.298
https://doi.org/10.1016/j.jallcom.2015.09.159
https://doi.org/10.1007/s10853-017-1811-1
https://doi.org/10.1016/j.actamat.2016.07.001
https://doi.org/10.1016/j.matchar.2021.111487
https://doi.org/10.1016/j.actamat.2020.116617
https://doi.org/10.1016/j.actamat.2020.05.066
https://doi.org/10.1016/j.jallcom.2020.155707
https://doi.org/10.1088/1757-899X/529/1/012011

Materials 2023, 16, 5435 13 of 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Van Dalen, M.E.; Dunand, D.C.; Seidman, D.N. Effects of Ti additions on the nanostructure and creep properties of precipitation-
strengthened Al-Sc alloys. Acta Mater. 2005, 53, 4225-4235. [CrossRef]

Li, Y.J.; Arnberg, L. Quantitative study on the precipitation behavior of dispersoids in DC-cast AA3003 alloy during heating and
homogenization. Acta Mater. 2003, 51, 3415-3428. [CrossRef]

Zha, M.; Zhang, H.-M.; Meng, X.-T;; Jia, H.-L; Jin, S.-B.; Sha, G.; Wang, H.-Y; Li, Y.-].; Roven, H.]. Stabilizing a severely deformed
Al-7Mg alloy with a multimodal grain structure via Mg solute segregation. J. Mater. Sci. Technol. 2021, 89, 141-149. [CrossRef]
Valiev, R.Z.; Enikeev, N.A.; Murashkin, M.Y.; Kazykhanov, V.U.; Sauvage, X. On the origin of extremely high strength of
ultrafine-grained Al alloys produced by severe plastic deformation. Scr. Mater. 2010, 63, 949-952. [CrossRef]

Meng, C.; Zhang, D.; Cui, H.; Zhuang, L.; Zhang, J. Mechanical properties, intergranular corrosion behavior and microstructure
of Zn modified Al-Mg alloys. J. Alloys Compd. 2014, 617, 925-932. [CrossRef]

Cao, C,; Zhang, D.; He, Z.; Zhuang, L.; Zhang, J. Enhanced and accelerated age hardening response of Al-5.2Mg-0.45Cu (wt%)
alloy with Zn addition. Mater. Sci. Eng. A 2016, 666, 34—42. [CrossRef]

Mondol, S.; Kumar, S.; Chattopadhyay, K. Effect of thermo-mechanical treatment on microstructure and tensile properties of
2219ScMg alloy. Mater. Sci. Eng. A 2019, 759, 583-593. [CrossRef]

Ryen, OJ.; Holmedal, B.; Nijs, O.; Nes, E.; Sjolander, E.; Ekstrom, H.E. Strengthening mechanisms in solid solution aluminum
alloys. Metall. Mater. Trans. A 2006, 37, 1999-2006. [CrossRef]

Pan, Y,; Zhang, D.; Liu, H.; Zhuang, L.; Zhang, J. Precipitation hardening and intergranular corrosion behavior of novel
Al-Mg-Zn(-Cu) alloys. J. Alloys Compd. 2021, 853, 157199. [CrossRef]

Wang, Y.; Yang, B.; Gao, M.; Zhao, E.; Guan, R. Microstructure evolution, mechanical property response and strengthening
mechanism induced by compositional effects in Al-6Mg alloys. Mater. Des. 2022, 220, 110849. [CrossRef]

Zhou, D.; Zhang, X.; Wang, H.; Li, Y; Sun, B.; Zhang, D. Influence of Mg on tensile deformation behavior of high Mg-content
Al-Mg alloys. Int. . Plast. 2022, 157, 103405. [CrossRef]

Shen, J.; Chen, B.; Wan, J.; Shen, J.; Li, J. Effect of annealing on microstructure and mechanical properties of an Al-Mg-Sc-Zr alloy.
Mater. Sci. Eng. A 2022, 838, 142821. [CrossRef]

Dong, B.; Xia, Y.; Cai, X,; Lin, S.; Fan, C. Addition of Sc in wire-based directed energy deposition of Al-Mg-Zn—-Cu alloy:
Microalloying to refine grains and improve mechanical properties. Addit. Manuf. 2023, 67, 103494. [CrossRef]

Baek, M.-S.; Shah, A.W.; Kim, Y.-K.; Kim, S.-K.; Kim, B.-H.; Lee, K.-A. Microstructures, tensile properties, and strengthening
mechanisms of novel Al-Mg alloys with high Mg content. J. Alloys Compd. 2023, 950, 169866. [CrossRef]

Ma, K.; Wen, H.; Hu, T.; Topping, T.D.; Isheim, D.; Seidman, D.N.; Lavernia, E.J.; Schoenung, ] M. Mechanical behavior and
strengthening mechanisms in ultrafine grain precipitation-strengthened aluminum alloy. Acta Mater. 2014, 62, 141-155. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.actamat.2005.05.022
https://doi.org/10.1016/S1359-6454(03)00160-5
https://doi.org/10.1016/j.jmst.2021.01.086
https://doi.org/10.1016/j.scriptamat.2010.07.014
https://doi.org/10.1016/j.jallcom.2014.08.099
https://doi.org/10.1016/j.msea.2016.04.022
https://doi.org/10.1016/j.msea.2019.05.084
https://doi.org/10.1007/s11661-006-0142-7
https://doi.org/10.1016/j.jallcom.2020.157199
https://doi.org/10.1016/j.matdes.2022.110849
https://doi.org/10.1016/j.ijplas.2022.103405
https://doi.org/10.1016/j.msea.2022.142821
https://doi.org/10.1016/j.addma.2023.103494
https://doi.org/10.1016/j.jallcom.2023.169866
https://doi.org/10.1016/j.actamat.2013.09.042

	Introduction 
	Experimental Section 
	Results 
	Microstructure Evolution 
	Characterization of the Solid Solubility 
	Mechanical Properties 

	Discussion 
	Conclusions 
	References

