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ABSTRACT
High-temperature solid-solution is indispensable for bake-hardenable diluteMgalloys, which gener-
ally induces grain coarsening. Herein, we report extraordinary thermal stability in a bake-hardenable
diluteMg-1.61Zn-0.57Mn-0.54Ca-0.46Al (wt.%, ZMXA2110) alloy,maintaining fine-grained structure
at 450 °C. The thermal stability is stemmed from the Zener pinning effect of dense fine (∼ 15.0 nm)
core–shell β-Mn particles and co-segregation of Zn and Ca at grain boundaries. The fine-grained
(∼ 3.2 μm) dilute alloy exhibits high room-temperature formability in solid-solution condition with
an Index Erichsen value of ∼ 6.0mm, and impressive yield strength of ∼ 293MPa with an evident
increment of ∼ 60MPa by bake-hardening treatment.

IMPACT STATEMENT
By achieving extraordinary fine-grain thermal stability under high-temperature solid-solution treat-
ment, appreciable bake-hardenability alongwith fine-grained structure are obtained simultaneously
to ensure the development of dilute Mg alloys with high strength.
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1. Introduction

Recently, dilute Ca-containing magnesium (Mg) alloy
sheets have been gaining extensive attention because
of high room-temperature formability and moderate
strength [1–4]. However, it is still a great challenge to
achieve high yield strength in dilute Mg alloys while
maintaining good room-temperature formability, leading
to insufficient service performance as compared to 6xxx
aluminum (Al) alloys [5–8]. Excitingly, bake-hardening
(BH) treatment, usually performed in Al alloys and
steels, was proved to further increase the flow stress
from ∼198MPa to ∼238MPa in a room-temperature
formable Mg-1.3Al-0.8Zn-0.7Mn-0.5Ca (wt. %) alloy
sheet, which was ascribed to co-segregation of Al,
Zn, and Ca at dislocations along with co-clustering of
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these solutes [9]. Nevertheless, since bake-hardenability
strongly depends on the dissolved degree of solutes in
matrix, high-temperature solid-solution (T4) treatment
is indispensable, which inevitably induces grain coars-
ening (from ∼3–5 [10] to ∼10–50μm). The fine-
grain strengthening would lose ∼50–90MPa in Mg
alloys (taking the Hall-Petch coefficient as 205MPa
μm0.5 [11,12]), which can be hardly compensated by
the limited BH response. In other words, stabilizing a
fine-grained structure and meanwhile achieving a sig-
nificant BH effect would be an efficient alternative to
strengthening dilute Mg alloys. Accordingly, high ther-
mal stability of the fine-grained structure is urgently
required under high-temperature T4 treatment, e.g.
450∼500 °C.

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
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Recent studies revealed that the enhanced thermal sta-
bility ofMg alloys relied on solute segregation at the grain
boundary (GB), which could slow down grain migration
by reducing GB energy and/or exerting dragging pres-
sure. A successful example was reported in a Mg-6Zn-
0.5Zr-0.2Ca (wt. %) alloy [13], wherein co-segregation
of Zn and Ca at GBs was demonstrated to enhance ther-
mal stability of grain structure at 400 °C. Nevertheless,
when the temperature reaches 450 °C, the driving pres-
sure on GBs exceeds a critical threshold, and thus GBs
could break through the segregated solute atmosphere
andmigrate rapidly, leading to grain instability [14]. Sec-
ond phase pinning is another effective way to improve
thermal stability. There exist some reliable intermetallics,
e.g. Al3Sc, to retain the fine-grained structure of Al alloys
at 450 °C [15,16], while it is rarely reported in dilute
Mg alloys to achieve comparable thermal stability. More
strategies of stabilizing fine-grained structure should be
proposed in dilute heat-treatable Mg alloys, with the goal
of attaining high performance.

In this study, we found extraordinary thermal sta-
bility of fine-grained structure in a bake-hardenable
Mg-1.61Zn-0.57Mn-0.54Ca-0.46Al (wt. %, ZMXA2110)
alloy under T4 treatment at 450 °C, retaining a fine-
grained structure of ≤3.4μm up to 30min. The dilute
alloy exhibits satisfactory room-temperature formability
(Index Erichsen ∼6.0mm) in T4 condition (10min) and
appreciable yield strength (∼293MPa) after BH treat-
ment. The present work may shed new insight into the
development of strong and formable Mg alloy sheets in
dilute composition.

2. Materials andmethods

The ZMXA2110 alloy was prepared by melting in an
electric resistance furnace and casting in the water-
chilled copper mold with the cavity dimension of
60mm×75mm×6mm. The as-cast slabs were sub-
jected to a multi-stage homogenization treatment (330
°C/60min+ 400 °C/60min+ 450 °C/120min), followed
by water quenching. Afterward, the slabs were machined
into samples with a thickness of ∼5mm and rolled at
300∼325 °C by 5 passes to a final thickness of ∼0.8mm,
with ∼30% reduction per pass. The rolled sheets were
T4-treated at 450 °C for 10, 30, 60, and 120min, respec-
tively. Tensile specimens with a gauge length of 10mm
and a width of 4mm were cut along the rolling direction
(RD). To simulate the BH process, the T4-treated speci-
mens were tensile stretched to the strain of ∼2%, then
unloaded and aged at 200 °C for 30min. The discrep-
ancy between the flow stress at unloading point and the
yield strength (YS) after the BH process is defined as the
BH response, i.e. bake-hardenability [9]. To obtain a high

BH response, the temperature of BH treatment was opti-
mized to be 200 °C, which is in the range of industrial
applications, i.e. 150–200 °C [17].

Uniaxial tensile tests were conducted using an AGS-
100 kN testing machine at a strain rate of 1×10−3

s−1. To measure the Index Erichsen (I.E.) value, Erich-
sen cupping tests were performed on circular samples
at room temperature with a hemispherical punch in
a diameter of 20mm. The sample diameter is 50mm,
and Vaseline along with Teflon film are used for lubri-
cation. The punch speed and blank-holder force are
0.1mm s−1 and 80 kN, respectively. At least three sam-
ples were tested to ensure reproducibility of the tensile
and cupping test results. The microstructure character-
izations were carried out by a Schottky field emission
microscope (Zeiss, Sigma 500) equipped with an elec-
tron backscatter diffraction (EBSD) detector (Oxford
instruments, Symmetry), transmission electron micro-
scopes (TEM, JEM-2100F and JEM-F200) operating at
200 kV and three-dimensional atom probe tomography
(3DAPT). TransmissionKikuchi diffraction (TKD) anal-
yses were performed on the TEM sample by using Sigma
500 equipment. Thin foils for TEM analyses were pre-
pared bymechanical grinding to a thickness of ∼80μm,
twin-jet electropolishing for perforation, and ion-milling
using a Gatan 691 Precision Ion Polishing System (PIPS)
with liquid nitrogen cooling. TheAPT specimenwas pre-
pared using the two-stage electro-polishing method and
performed on a LEAP 4000X Si under ultraviolet laser
pulse mode at a pulse energy of 60 pJ and a pulse rate of
200Hz.

3. Results and discussion

3.1. Mechanical properties

Figure 1a shows tensile curves of the ZMXA2110 alloy
sheets after T4 (10min) and BH treatment, respectively.
TheT4-treated sample exhibits a YS of ∼234MPa and an
ultimate tensile strength (UTS) of ∼288MPa, alongwith
an elongation to failure (EL) of ∼21%. TheErichsen cup-
ping test indicates that the T4-treated sample possesses
a high I.E. value of ∼6.0mm (inserted in Figure 1a).
Interestingly, the flow stress increases significantly by
∼60MPa after a short BH treatment, leading to an appre-
ciable YS of ∼293MPa, even comparable to that of con-
ventional 6xxx Al alloys. Figure 1b summarizes the YS
and I.E. value of various Mg alloy sheets [2,4,9,18,19].
After BH treatment, the ZMXA2110 alloy shows superior
strength-formability synergy to the vast majority of other
Mg alloy sheets (Figure 1b). Furthermore, among theMg
alloys with I.E. values exceeding 5mm, the ZMXA2110
alloy presents a significantly higher YS.
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Figure 1. (a) Tensile curves of the ZMXA2110 alloy sheets after T4 treatment at 450 °C for 10min and BH treatment, along with the
Erichsen cupping test result. (b) The YS and I.E. value of various Mg alloy sheets. (c) The EBSD inverse pole figure (IPF) map and (d)
corresponding pole figures of the ZMXA2110 alloy after T4 treatment at 450 °C for 10min.

Figure 1c presents that the ZMXA2110 alloy sheet
owns a fine-grained structure with a size of ∼3.2 μm
after T4 treatment at 450 °C for 10min. Meanwhile, the
corresponding pole figure reveals a weak texture with a
maximum pole intensity of 3.7 mrd (Figure 1d). Note
that the texture here exhibits a ‘quadruple’ characteris-
tic where basal poles are not merely tilted from nom-
inal direction (ND) to RD but also split to transverse
direction (TD). Similar textures were also reported in
several Mg-Al-Zn-Ca series alloys and are responsible
for good room-temperature formability [3,8,19]. How-
ever, such kind of texture may lead to the anisotropy
of strength, which exists in a few dilute Mg sheet
alloys. As shown in Figure S1 (in Supplemental Mate-
rial), the ZMXA2110 alloy sheet exhibits lower YS of
∼189MPa and ∼182MPa along 45° and TD, respec-
tively. Even though a smaller grain size is obtained com-
pared with typical Mg-Al-Zn-Ca series alloys (Table 1),
the ZMXA2110 alloy sheet shows relatively lower tensile
ductility. To uncover the reason of the inferior ductil-
ity, SEM analyses were performed before and after the
tensile test (Figure S2 in Supplemental Material). Inter-
metallic compounds Mg2Ca and β-Mn were detected to
distribute homogeneously in the ZMXA2110 alloys sam-
ple after T4 treatment at 450 °C for 10min. As shown in

Figure S2d–f, the cracking and cavitation of Mg2Ca par-
ticles are observed after the tensile test, which is seriously
detrimental to the ductility. Therefore, further optimiza-
tion of alloy chemistry is greatly encouraged for eliminat-
ingMg2Ca particles to enhance ductility and formability.

3.2. Thermal stability of the fine-grained structure

To assess the processing window of the T4 treatment, the
microstructure evolution and corresponding mechanical
properties of the samples treated at 450 °C from 30 to
120min were further investigated, as shown in Figure
2a–c and Table 1. Surprisingly, as the T4 treatment time
increases from 10 (Figure 1c) to 30min (Figure 2a),
the grain size remains nearly unchanged. While further
extending the time to 60 and 120min (Figure 2b and c),
the grains grow slowly to the size of ∼4.5 and ∼6.9μm,
respectively.

Moreover, during the grain stable stage (10–30min),
the YS of T4-treated and BH samples undergo minor
variation from ∼234 to ∼233MPa and ∼293 to
∼297MPa (Table 1), respectively. After T4 treatment
for 60min, although the YS of the T4-treated sample
decreases to ∼220MPa, the eventual YS only witnesses a
slight decline after BH treatment (∼289MPa) due to the
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Table 1. Tensile properties of ZMXA2110 and other Mg alloys (tensile directions are along RD unless otherwise specified).

BH/
State/ Grain Ageing

Heat Tensile Size TYS UTS response
Alloy (wt. %) treatment direction (μm) (MPa) (MPa) EL (%) (MPa) Reference

ZMXA2110 450 °C/ 10min T4 ∼ 3.2 234±2.7 288±1.2 21.1±0.7 60 This Work
BH 293±1.7 316±2.7 19.2±1.0

T4/45° 189±3.3 271±0.3 26.8±3.5 –
T4/TD 182±1.3 275±0.6 25.5±0.2

450 °C/ 30min T4 ∼ 3.4 233±3.3 291±0.9 21.0±2.1 61
BH 297±0.6 321±2.7 20.7±1.4

450 °C/ 60min T4 ∼ 4.5 220±2.1 278±0.5 20.1±0.4 64
BH 289±2.6 313±1.9 21.1±1.7

450 °C/ 120min T4 ∼ 6.9 196±1.6 280±5.2 21.7±0.9 65
BH 283±3.2 309±2.4 19.6±2.7

Mg-1.6Zn-0.5Ca-0.4Zr 450 °C/ 60min T4 ∼ 6.6 181±1 265±2 28.2±1.6 46 [6]
Aged 227±2 291±1 22.6±1.3

Mg-1.3Al-0.8Zn-0.7Mn-0.5Ca 450 °C/ 60min T4 ∼ 8.5 177 260 28.2 40 [9]
BH 238 272 26.3

Mg-1.6Zn-1.1Al-0.6Mn-0.4Ca 450 °C/ 60min T4 ∼ 8.6 170±1 268±2 26.5±1.1 40 [20]
Aged 210±2 282±2 30.1±2.2

Mg-1.2Zn-1.7Y-0.53Al-0.27Mn 450 °C/ 60min Annealed ∼ 14 – – – – [21]
Mg-4.2Y-3.4RE(2.3Nd)-0.45Zr (WE43) 450 °C/ 60min Annealed ∼ 18 141 240 21.9 – [22]
Mg-1.0Zn-0.45Ca-0.33Sn-0.2Mn 450 °C/ 60min Aged ∼ 30 163 – – – [7]
AZ31 450 °C/ 60min Annealed ∼ 54 – – – – [23]

Figure 2. EBSD IPF maps and inserted grain-size frequency distribution histograms of the ZMXA2110 alloy sheets after T4 treatment at
450 °C for (a) 30min, (b) 60min, and (c) 120min.

enhanced bake-hardenability (Table 1) and strain hard-
ening capacity. As the time further extends to 120min,
the YS of both T4 and BH samples decrease to ∼196 and
∼283MPa (Table 1), respectively. Tensile curves of sam-
ples after T4 treatment for different times are provided
in Figure S1. Compared with other Mg alloys, whether
medium rare-earth containing or dilute ones (Table 1),
the ZMXA2110 alloy sheet possesses excellent thermal
stability during T4 treatment and a wide processing win-
dow up to at least 30–60min.

3.3. Mechanism underlying the thermal stability of
fine-grained structure

To uncover the underlying mechanism responsible for
the excellent thermal stability, HAADF-STEM analyses
were performed on the samples after T4 treatment for 10
and 60min. As shown in Figure 3a, dense and homoge-
neously distributed intermetallic particles with an aver-
age size of ∼15.0 nm are present in the sample treated

for 10min. Using TKD and high-resolution transmission
electron microscopy (HRTEM) analyses, these particles
are confirmed to be β-Mn phases (Figure S3 in Supple-
mental Material). Clearly in Figure S4a (in Supplemental
Material), some particles are located at GBs, implying
the effectiveness of the β-Mn particles on pinning the
GBs. In addition, the Zn and Ca segregation at GBs was
also detected in the sample treated for 10min, as shown
in Figure 3b and c. Note that similar GB segregation
behavior was reported in multiple Mg-Zn-Ca(-Al) series
alloys [9,18,24,25]. With T4 treatment time extending to
60min, β-Mn particles could still impede the motion of
GBs effectively (Figure S4b and c), and the mean size of
these particles merely increases to ∼17.0 nm. The rea-
sons for such slow grain growth could be: (i) the driving
force for grain growth is still larger than the Zener pin-
ning force, and (ii) grain boundary mobility is relatively
high at T4 condition. Meanwhile, the distribution of β-
Mn particles surrounding GBs becomes quite heteroge-
neous, exhibiting the particle-free zone (PFZ) (Figure
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Figure 3. HAADF-STEM images of the ZMXA2110 alloy sheets after T4 treatment at 450 °C for (a, b) 10min and (d, e) 60min. The
corresponding EDS line scanning results of (c) L1 and (f ) L2 in (b) and (e).

Figure 4. HAADF-STEM and APT analyses of the ZMXA2110 alloy sheet after T4 treatment at 450 °C for 10min: (a) The atomic resolution
HAADF-STEM image and corresponding EDS (b–e) mapping and (f ) line scanning results; (g) APT maps of Al, Mn, Zn and Ca; (h) The 1D
compositional profile along yellow line in (g).

S4b) or sparse distribution (Figure S4c). Generally, as
the GB is considered as a high-diffusivity path, parti-
cles around GBs show more rapid coarsening kinetics
than those in grain interiors, which should be responsible
for the heterogeneous distribution. The similar heteroge-
neous coarsening of particles has been reported by Gao

et al. [26], and could also reasonably explain why the
grain coarsening occurs in the ZMXA2110 alloy after
T4 treatment for 60min. The GB segregation is exten-
sively observed (e.g. in Figure 3e and f), which suggests
that the GB segregation could impose dragging pres-
sure against the grain growth in the ZMXA2110 alloy
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Figure 5. EBSD IPFmaps of the ZMXA2110 alloy sheet after (a) T4 treatment at 450 °C for 10min and (b) subsequent 2% tensile stretching
(black and white arrows indicate {101̄2} tensile twins and {101̄1} compression twins, respectively). (c) The corresponding forescatter
electron image of the black dashed box showing slip traces. (d–i) TEM and APT analyses of the ZMXA2110 alloy sheet after BH treatment:
(d) HRTEM image, (e) the corresponding [1̄100] SAED pattern and (f ) highmagnification HRTEM image; (g) APTmaps of Zn, Ca and Al; (h)
The APTmap of Mg (dark blue atoms) and 1.0 at. % Ca iso-concentration surface; (i) The concentration proximity histogram of G.P. zones.

sheet [27]. Consequently, the thermal stability of the
ZMXA2110 alloy can be ascribed to the β-Mn particles
and GB co-segregation.

3.4. Mechanism underlying the thermal stability of
β-Mn particles

Note that β-Mn particles in the ZMXA2110 alloy are
thermally stable at such a high temperature, which is
important for the grain stability. To reveal themechanism
underlying the thermal stability of β-Mn particles, an
inspection of solute distribution around β-Mn particles
would be necessary. Through high-magnification EDS
scanning andAPT analyses ofβ-Mnparticles,β-Mnpar-
ticles are observed with a core–shell structure, i.e. the
co-segregation of Zn and Ca at β-Mn/matrix interphase
boundaries (Figure 4). Solute segregation at interphase
boundary has been reported in various alloy systems,
e.g. Gd segregation at Zn2Zr/α-Mg interfaces [28] and

Sc segregation at Al2Cu/α-Al interfaces [29], which are
deemed to inhibit the coarsening of precipitates by alle-
viating strain, reducing interface energy and/or decel-
erating diffusion of atoms in precipitates. To verify the
effect of the interphase boundary segregation on sup-
pressing coarsening of β-Mn particles, we further pre-
pared a Mg-0.61Mn-0.49Al (wt. %, MA10) alloy under
the same fabrication route as that of the ZMXA2110 alloy.
Interestingly, the β-Mn particles of the MA10 alloy grow
from an average size of ∼21.6 to ∼28.0 nm as the T4
treatment time increases from 10 to 60min (Figure S5a
and b in Supplemental Material), which is larger than
that of the ZMXA2110 alloy (Figure S5c). Meanwhile,
the grain size of the MA10 alloy increases from ∼5.7
to ∼7.3 μm after T4 treatment at 450 °C from 10 to
60min (Figure S6 in Supplemental Material), which is
much larger than that of the ZMXA2110 alloy (from
∼3.2 to ∼4.5μm, Figure 1a and Figure 2a). As a result, it
is concluded that the core–shell structure can effectively
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suppress the coarsening of β-Mn particles and stabilize
fine grain structures in the ZMXA2110 alloy.

3.5. Origin of the significant BH response

TheT4-treatedZMXA2110 alloy sample (450 °C/10min)
is selected to further expound the underlying mech-
anism of the appreciable BH response. The quasi-in-
situ EBSD maps of the sample after T4 treatment for
10min and subsequent 2% tensile-stretching are shown
in Figure 5a and b, respectively. During tensile stretch-
ing, only a small number of {101̄2} tensile twins and
{101̄1} compression twins are observed (see black and
white arrows in Figure 5b), indicating that the dislocation
slip should be the dominant deformation mechanism.
Further slip trace analysis (Figure 5c) shows that the
2% tensile-stretching is dominated by the basal < a>

slip. After BH treatment, abundant precipitates lying on
the basal planes are observed in the microstructure, as
shown in Figure 5d. The continuous streaks in the SAED
(Figure 5e) and characteristics of the precipitates, i.e.
atomic column distance of ∼0.47 nm and monoatomic
layer structure (Figure 5f, similarly reported in Ref. [30]),
imply that these precipitates are Guinier Preston (G.P.)
zones. Assisted by APT analyses, G.P. zones are detected
to mainly contain Ca, Zn and Al (Figure 5i). Besides,
G.P. zones have a small diameter of ∼3.6 nm and high
number density of ∼9.6×1023 m−3 (Figure 5g and
h). The Zn-Ca and Al-Ca G.P. zones with similar size
and number density have also been reported in Mg-Al-
Ca-Mn [31,32] and Mg-Zn-Ca-Zr alloys [6], which are
responsible for the significant age-hardenability from 40
to 90MPa. Therefore, we could expect that dispersed
G.P. zones play an important role in strengthening the
ZMXA2110 alloy sheet after BH treatment. In addition,
the yield point phenomenonof the BH sample (Figure 1a)
suggests that solutes may segregate at the residual dislo-
cations during the BH process and hence participate in
strengthening, which has been reported by Bian et al. [9].

4. Conclusions

In summary, the ZMXA2110 alloy sheet owns extraor-
dinary high-temperature grain stability, retaining a fine-
grained structure with the size ≤3.4 μm under T4
treatment at 450 °C up to 30min. Even though extend-
ing the T4 treatment time to 60min, the grain sizemerely
witnesses a slight increment to ∼4.5 μm. The grain sta-
bility is associated with co-segregation of Zn and Ca at
GBs and the Zener pinning effect offered by a large num-
ber of thermally stable core–shell β-Mn particles in size
of ∼15.0 nm. The shell is enriched with segregated Zn
and Ca atoms, which is demonstrated to suppress the

coarsening of β-Mn particles. Benefiting from the excel-
lent grain stability, fine-grain strengthening and BH are
achieved simultaneously. The alloy sheet exhibits high
room-temperature formability (I.E. value ∼6.0mm) in
T4 condition (10min) and high YS of ∼293MPa after
BH treatment. Our finding could shed some light on the
development of dilute Mg alloy sheets with the excellent
synergy of room-temperature formability and strength.
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