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High strength and ductility in a rare-earth
free magnesium alloy processed by rotary
swaging and flash annealing
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Magnesium (Mg) is the lightest structural metal. It is promising for aerospace applications if its
mechanical properties can be improved at a reasonable cost, without using expensive alloying
elements or time-consuming processing routes. Here, we develop a rare-earth free Mg-Al-Ca alloy,
processed through rotary swaging followed by flash annealing. The resulting alloy exhibits superior
strength and ductility, surpassing nearly all reported rare-earth free magnesium alloys. Nanosized Al-
Ca precipitates and clusters, formed largely during rotary swaging and flash annealing, significantly
strengthen the alloy. Deformation twinning is suppressed, necessitating the formation of more <c + a>
dislocations to accommodate the severe plastic strain induced by rotary swaging. These <c + a>
dislocations are retained during flash annealing due to the high climb energy barrier and pinning by
those nanosized Al-Ca precipitates and clusters. This retention of <c + a> dislocations contributes to
high ductility and provides forest hardening, further increasing strength. This study offers a simple
strategy for designing and fabricating high-performance magnesium alloys.

Magnesium (Mg), with a density of 1.74 g/cm?, is an appealing structural
material for aerospace applications where weight reduction is critical .
However, its low strength and limited ductility must be addressed to meet
the stringent requirement of the aerospace industry”.

One significant factor contributing to low strength of Mg is the
exceptionally low critical resolved shear stress (CRSS) for basal <a> dis-
location slip and {1012} deformation twinning, typically around 1~ 10
MPa™". This low CRSS causes Mg to yield under minimal applied loads. A
commonly used strengthening method is age hardening, which involves
generating precipitates through prolonged heating. These precipitates
impede dislocation glide and twinning’~*, thereby increasing yield strength.
However, this approach often compromises ductility, as the precipitates can
introduce stress concentrations, serving as crack nucleation sites and leading
to premature fracture'*""”. Additionally, the extended duration required for
age hardening increases production costs.

Regarding to the low ductility, one major reason is the difficulty of
plastic deformation along the crystallographic <c> direction, which requires

dislocation glide on pyramidal planes with <c + a> Burgers vectors'*™**. Due
to the large CRSS, the nucleation and activation of pyramidal <c + a> dis-
locations are more challenging compared to basal <a> dislocations. As a
result, Mg often lacks sufficient <c 4 a> dislocations to accommodate
plastic strain, particularly along the hard <c> axis strain. Various
metallurgical strategies have been developed to enhance plastic strain
capability along the <c> axis by promoting <c + a> dislocation activity.
One approach is reducing grain or precipitate size'>'>*, which increases
strength and generates the high stress needed to facilitate the formation
of more pyramidal <c + a> dislocations. Alloying with appropriate rare
earth (RE) elements has also been found to promote the nucleation® ™’
and cross-slip'*** of <c + a> dislocations, thereby improving ductility™".
However, RE alloying can be prohibitively expensive for civil applica-
tions. Alternatively, severe plastic deformation (SPD) processes, such as
equal-channel angular pressing (ECAP)”, rotary swaging (RS)***, and
multi-directional forging (MDF)”, have also been employed to promote
<c + a> dislocation activity by introducing high stresses that encourage
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Fig. 1 | High strength and ductility achieved in AX61 through rotary swaging and
flash annealing. a Engineering stress-strain curves of as-extruded (green solid line),
rotary swaged (blue solid line), conventionally annealed (purple dashed line), and
flash annealed (red solid line) AX61. AX61-FA exhibited substantially higher
strength and elongation than AX61-EX and AX61-CA. b Engineering stress-strain

curves of as-extruded (green solid line), rotary swaged (blue solid line), and flash
annealed (red solid line) AZ31. AZ31-FA was almost similar as AZ31-EX in strength
and ductility. ¢ UTS and tensile elongation of AX61-FA compared with other rare-
earth-free Mg alloys under various processing conditions (References of these data
points are listed in the Supplementary Fig. 5).

<c + a> dislocation formation. However, these methods often introduce
excessive defects, ultimately reducing ductility and leading to premature
failure”"*,

In this study, we present an alternative approach to simultaneously
enhance the strength and ductility of Mg through a specially designed
rare-earth free Mg-Al-Ca alloying system, combined with rotary swaging
and flash annealing. The RS process promotes the formation of a sig-
nificant amount of <c 4 a> dislocations under high processing stresses.
Following this, a brief 10-second FA is applied to rapidly eliminate
defects while retaining the <c 4 a> dislocations. These dislocations per-
sist due to their high climb energy barrier in the Mg-Al-Ca system and
the limited time available for them to climb and annihilate at grain
boundaries. During rotary swaging and flash annealing, nanosized Al-Ca
precipitates and clusters form, acting as obstacles to <c + a> dislocation
climb, further aiding in the retention of these dislocations. These <c + a>
dislocations are then ready to glide during subsequent deformation,
significantly improving ductility”’. Basal <a> dislocations are pinned by
the <c + a> dislocations through forest hardening and by the nanosized
Al-Ca precipitates and clusters, which collectively enhance the material’s
strength. This combination of mechanisms ensures that the designed
rare-earth-free Mg alloy exhibits a superior balance of strength and
ductility.

Results

Simultaneous enhancement of strength and ductility in AX61
alloy through RS + FA processing

Tensile tests were conducted on the AX61 alloy in its as-extruded (EX),
rotary swaged (RS), and flash annealed (FA) conditions. Parallel control
experiments were performed on the commercial Mg-Al-Zn alloy (AZ31) to
assess the effects of processing methods and alloying elements on the
mechanical properties. The results are presented in Fig. 1 and Table 1. It

Table 1| Tensile properties of AX61 and AZ31 under different
processing routes

YS (MPa) UTS (MPa) Elongation (%)

AX61-EX 158 277 19.0
AX61-RS 386 394 5.0

AX61-FA 253 363 27.3
AX61-CA 203 298 14.7
AZ31-EX 194 255 14.7
AZ31-RS 350 359 7.5

AZ31-FA 196 270 12.6
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shows that after rotary swaging (RS), the yield strength of both alloys
increased significantly, while elongation was substantially reduced, which is
a common outcome of SPD processes that introduce a large number of
defects detrimental to ductility. Notably, the YS of AX61 increased from
158 MPa (EX) to 386 MPa (RS), representing a gain of 228 MPa. In com-
parison, the YS of AZ31 increased from 194 MPa (EX) to 350 MPa (RS),
with a smaller gain of 156 MPa. The greater strengthening effect observed in
AX61 suggests that more defects were generated in AX61 during RS than
in AZ31.

Following RS, flash annealing was applied to both alloys. The tensile
stress-strain curves indicate that the strength and ductility of AZ31 degraded
to nearly the same level as in its as-extruded condition (AZ31-EX), sug-
gesting that most of the defects introduced during RS were likely eliminated
during FA. In stark contrast, AX61 exhibited simultaneous improvement in
strength and ductility after FA (AX61-FA). To assess the efficacy of the flash
annealing, conventional annealing (CA) was additionally performed on the
rotary-swaged AX61 alloy in a salt bath. As shown in Fig. 1 and Table 1, both
the yield strength and tensile elongation of AX61-CA were much lower than
those of AX61-FA. The combination of ultimate tensile strength (UTS) and
elongation in AX61-FA surpasses that of almost all other rare-earth-free
(RE-free) Mg wrought alloys, including those processed by methods such as
MDF, ECAP, or friction stir processing (FSP) (Fig. 1¢). This outstanding
tensile performance of AX61-FA can be attributed to the unique micro-
structure developed during the FA process, as discussed in the following
sections.

Generation of numerous < ¢ + a> dislocations in AX61 after

RS -+ FA processing

A significant level of lattice distortion was observed in AX61-RS by electron
backscatter diffraction (EBSD), as shown in Fig. 2a. The mean kernel
average misorientation (KAM), which quantifies the extent of lattice dis-
tortion, reached 2.36°. In contrast, AZ31 exhibited less severe lattice dis-
tortion after RS (AZ31-RS), with a mean KAM value of 1.89°. Notably,
numerous deformation twins were present in AZ31-RS (Fig. 2b). These
results suggest that the severe plastic strain induced by RS in AX61 was
primarily accommodated by dislocations, while in AZ31, both deformation
twins and dislocations played a role.

After FA, the mean KAM in both AX61 and AZ31 substantially
decreased (Fig. 2¢, d), indicating the lattice distortions caused by rotary
swaging were largely recovered. Deformation twins in AZ31-FA also dis-
appeared. Surprisingly, many <c + a> dislocations were identified in AX61-
FA by TEM (Fig. 2e), while AZ31-FA was almost free of <c + a> disloca-
tions (Fig. 2f).

Abundant < ¢ + a> dislocation activity in AX61-FA during tensile
loading

Based on the EBSD-measured grain orientations, slip trace analysis was
performed on an AX61-FA sample after 4% tensile strain. Slip traces of
pyramidal II <c + a> slip (ie. {1122} <1123>) were identified, with two
examples shown in Fig. 3a, b. A statistical analysis covering 117 grains
(Fig. 3c) indicates that basal <a> slip accounts for approximately 56% of the
total activated slip modes, while non-basal slip modes, including prismatic
<a>,pyramidal I <a >, and pyramidal IT <c + a> slip, constitute about 44%
(Fig. 3d). Notably, pyramidal IT <c + a> slip represents 6.8% of all observed
slip lines. Figure 3e, f display TEM images of <c + a> dislocations in AX61-
FA, confirming their extensive activation. In contrast, slip trace analyses on
AX61-EX (176 grains) and AZ31-EX (75 grains) show that basal slip is the
predominant mode, comprising up to 85% and 89% of the total slip modes
in these two samples (Fig. 3d). Pyramidal II <c + a> slip accounts for only
2.9% in AX61-EX and is almost nonexistent in AZ31-EX.

Precipitates and atomistic clusters in AX61-FA

The YS of AX61-FA is significantly higher than that of AX61-EX and AX61-
CA. According to EBSD analysis (Supplementary Fig. 1), AX61-EX, AX61-
CA, and AX61-FA exhibit similar texture; average grain sizes of AX61-EX

and AX61-CA are even smaller than that of AX61-FA. Therefore, the high
strength in AX61-FA must be attributed to finer microstructural features.

Figure 4a shows the X-ray diffraction line profiles of AX61 at different
conditions. Al,Ca peaks are identified in all four samples. According to TEM
observations, AX61-FA contains many Al,Ca nanosized precipitates
(Fig. 4b and Supplementary Fig. 2), while Al,Ca in AX61-EX and AX61-CA
often exist as coarse particles. The nanosized Al,Ca precipitates can effec-
tively inhibit dislocations (Fig. 4c) and so offer strengthening.

In addition to forming Al,Ca precipitates, Al and Ca atoms can also
form clusters in Mg lattice. According to recent studies***, Al-Ca atomistic
clusters were found in Mg-Al-Ca-Mn alloys, and these clusters can enhance
the CRSS by 16 ~ 46 MPa for different slip systems. To explore the existence
of Al-Ca atomistic clusters in AX61-FA, we analyze the evolution of the
diffraction profiles with strain in AX61-FA from the in situ synchrotron
X-ray diffraction experiment, as shown in the inset of Fig. 4d. In general, all
diffraction peaks of Mg broaden with increasing strain. Figure 4d shows the
full width at half maximum (FWHM) for the {1012} peak at different tensile
strains. Before the tensile test, the FWHM| (7, of AX61-RS is much higher
than that of AX61-FA due to the higher defects density in AX61-RS.
FWHM{, (1, of AX61-FA at 3% strain was almost same as that of AX61-RS
at 0 strain, despite AX61-FA having a much lower flow stress at 3% strain
(296 MPa) compared to the YS of AX61-RS (386 MPa). This suggests that
the peak broadening in AX61-FA is influenced by factors beyond disloca-
tions alone. It is known that clusters of solute atoms can make lattice dis-
tortion locally, leading to a nonuniform distribution of crystal plane
distance. So the additional diffraction peak broadening in AX61-FA can be
attributed to the existence of Al-Ca atomistic clusters.

Discussion

The rotary swaging + flash annealing process substantially enhances the
strength and ductility of AX61, but it proves almost ineffective for AZ31. To
understand the underlying mechanism, we first examine the differences in
microstructure evolution between these two alloys under the same pro-
cessing conditions.

Rotary swaging is a process involving high speed and multi-directional
strains, which induces a high density of dislocations, especially <c + a>
dislocations™. The major difference between AX61-RS and AZ31-RS is that
the latter contains many deformation twins, while the former does not. To
understand this difference, molecular dynamics (MD) simulations were
conducted to calculate the critical stress for twin boundary migration in
models with nominal compositions of Mg-3Al-1Zn and Mg-6Al-1Ca (both
in wt.%), as illustrated in Fig. 5a, b. During the shear deformation, twin
boundary migrates along the z direction, facilitated by the motion of
twinning dislocations (Supplementary Fig. 3). As shown in Fig. 5c, the
critical stress for twin boundary migration was higher in AX61 than in
AZ31, suggesting that deformation twins are more difficult to grow in AX61.
This finding aligns with the observation of fewer deformation twins in AX61
(Fig. 2a). During flash annealing, the deformation twins in AZ31 quickly
disappeared (Fig. 2d), resulting in a microstructure and tensile stress-strain
curve for AZ31-FA that closely resemble those of AZ31-EX (Fig. 1b).

In the absence of sufficient deformation twins, the AX61 alloy must
generate a higher density of <c 4 a> dislocations to accommodate strain
along <c> axis. A significant portion of these <c+ a> dislocations are
retained after flash annealing, while most <a> dislocations are eliminated
(Fig. 2e). To understand the retaining of <c + a> dislocations, MD simu-
lations were used to calculate the energy barriers for the climb of <a> and
<c + a> dislocations in Mg lattice (Fig. 5d, e), revealing a significantly higher
barrier for the latter (Fig. 5f). This explains the increased presence of <c + a>
dislocations after flash annealing. These <c+ a> dislocations are then
primed for glide during subsequent deformation, thereby enhancing duc-
tility. Additionally, they contribute to forest hardening, further strength-
ening AX61-FA.

The formation of nanosized Al,Ca precipitates significantly con-
tributes to the high strength in AX61-FA. Figure 6a shows the equilibrium
phase fraction as a function of temperature for the AX61 alloy based on
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Fig. 2 | Microstructure characterization for AX61-RS, AZ31-RS, AX61-FA, and
AZ31-FA. a EBSD inverse pole figure (IPF) map and KAM map of AX61-RS. In
the IPF map, grains in red color have their <0001> axis being close to the

extrusion direction, while grains in blue or green colors have their <0001> axis
being nearly perpendicular to the extrusion direction. Large lattice distortion is
observed, suggesting a high density of dislocations. b IPF map and KAM map
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of AZ31-RS. Deformation twins are prolific in the sample. ¢, d IPF map and
KAM map of AX61-FA and AZ31-FA. e, f Two beam bright field TEM images
of AX61-FA and AZ31-FA, taken along the [2110] axis under g = (0002)
condition. AX61-FA contained many <c 4 a> dislocations, while AZ31-FA was
free of <c + a> dislocations.
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Fig. 3 | Analysis of dislocation activity in AX61-FA after 4% total tensile strain.
a, b An example of slip trace analysis showing pyramidal II slip lines in two grains,
which were attributed to <c 4 a> slip. ¢ Slip trace analysis of more grains from a

larger area, where different line colors represent different slip planes (i.e. blue lines:
basal planes; orange lines: prismatic planes; green lines: pyramidal I planes; red lines:
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pyramidal IT planes). d Statistics of the identified slip activities in AX61-FA, AX61-
EX,and AZ31-EX. e,f Two beam bright field TEM images of a AX61-FA sample after
4% tensile strain, taken along the [2110] axis under g = (0002) condition. Many
<c + a> dislocations show zig-zag morphology, suggesting cross-slip.

thermodynamics calculation. Up to 500 °C, Al,Ca is an equilibrium phase in
AX61. Therefore, Al,Ca particles are expected to exist after homogenization
(at450 °C) and extrusion (at 250 °C), as well as after rotary swaging and flash
annealing. Mg, ,Al,, was unstable above 300 °C, so it was effectively elimi-
nated during homogenization. During rotary swaging, temperature in the
rod was likely to increase, so a small amount of Mg, ,Al;, could form again,
which explains the presence of Mg;,Al;, peaks in AX61-RS. According to
finite element method (FEM) simulation, the temperature rapidly rises to
about 450 °C during induction heating (Fig. 6b), causing the above Mg;,Al,,
to re-dissolve into Mg matrix. The increased Al content in the Mg matrix
could lead to the nucleation of Al,Ca nano-precipitates in AX61-FA. The

temperature increase of the sample during conventional annealing is much
slower (Fig. 6b), so Mg;,Al;, could form in the AX61-CA sample. Al,Ca
nano-precipitates have a much better strengthening capability than
Mg;;Al,, and the latter often causes fracture during deformation, which
can explain why AX61-FA exhibits higher strength and ductility than AX61-
CA. These Al,Ca nano-precipitates not only strengthen the material, but
also act as obstacles to dislocation climb, aiding the retention of <c + a>
dislocations during flash annealing.

In addition to Al,Ca nano-precipitates, Al-Ca clusters were also likely
to form during flash annealing. Thermodynamics calculations reveal that
the mixing enthalpy of the Al-Ca pair is highly negative”. In a previous
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annealing. b, ¢ Bright field TEM images of an AX61-FA sample after 4% tensile
strain, showing the interaction between <c + a> dislocations and Al,Ca precipitates.
d FWHM of the {1012} peak at different tensile strains in AX61-RS (blue circles) and
AX61-FA (red triangles).

study” of an Mg-1.3A1-0.3Ca-0.5Mn (wt.%) alloy extruded at 275°C,
homogenized at 500 °C for 10 min, followed by water quenching and a
subsequent aging at 200 °C for 0.5h, a high density of Al-Ca Guinier-
Preston (G.P.) zones were identified by 3D atom probe tomography (APT).
It is estimated these Al-Ca G.P. zones increase the CRSS of basal slip by
16 £ MPa and the CRSS of prismatic slip by 46 + MPa. In our case, flash
annealing was performed at 450 °C for 10s in a microstructure full of
dislocations. It is possible for some Al-Ca clusters to form, and these clusters
offer a moderate strengthening.

The YS of AX61-FA is 95 MPa higher than that of AX61-EX. Table 2
summarizes the estimated contribution of individual strengthening
mechanisms. The Orowan strengthening by nanosized ALCa precipitates,
Agy,, is estimated to be ~ 30 MPa (Supplementary Note 1). The retained
<c + a> dislocations in AX61-FA providea forest hardening (Ad ). From
TEM images (Supplementary Fig. 4), the density of <c + a> dislocations in
AX61-FA is approximately 1.05x 10" m™. Using the Taylor Equation
(Supplementary Note 2), Ay, is estimated to be 25 MPa. The grain sizes
of AX61-FA and AX61-EX are 18 pm and 15 pm, respectively. Using the
Hall-Patch coefficient of 200 MPa-(um)"* in the literature™”, the con-
tribution of grain size strengthening (Ag,,) is —5 MPa. Finally, the con-
tribution of Al-Ca cluster strengthening (Ao ., is estimated to be 45 MPa
to account for the YS difference between AX61-EX and AX61-FA.

Figure 7 summarizes the microstructure evolution in AX61 during
rotary swaging and flash annealing. During extrusion, micro-sized Al,Ca
precipitates formed in AX61. After rotary swaging, both <a> and <c 4+ a>
dislocations are introduced. Following flash annealing, the retained <c + a>
dislocations, along with Al,Ca nano-precipitates and Al-Ca clusters, con-
tribute to the alloy’s exceptional tensile properties. Given that AX61 con-
tains no rare earth elements and the rotary swaging + flash annealing
process can be completed in a relatively short time, this work offers a

promising Mg alloy for consideration in the aerospace industry. The alloy
design strategy could also be applied to other metal systems.

Methods

Materials fabrication and tensile test

To prepare the alloy with nominal composition of Mg-6Al-1Ca (wt.%),
commercial pure Mg, pure Al, and a Mg-30Ca(wt.%) master alloy were
melted and casted. The actual alloy composition was determined using
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
analyzer (Perkin-Elmer, Plasma 400) as Mg-5.8A1-0.76Ca (wt.%). After
homogenization at 450 °C for 24 h, the alloy was extruded at 250 °C into
rods with a diameter of 20.6 mm. The extrusion ratio was 16:1. A four-die
rotary swaging machine was employed to refine the microstructure of the
extruded rods of AX61 and AZ31 alloys. During the swaging process,
four dies symmetrically surrounded the rod’s circumference. These dies
rotated at high speed performing high-frequency, short-range radial
strokes. This intense mechanical working reduced the initial rod dia-
meter from 20.6 mm to 18.8 mm, imposing an equivalent strain (¢) of
18.3% on the alloys. Samples from the radial center of the rod were
extracted for this study.

Some of the rotary swaged rods were flash annealed using a high-
frequency inductive heating instrument (SPG-20, Shenzhen Shuangping
Power Technology Co. Ltd.) in a coil with a diameter of 80 mm. The
frequency of the alternating electromagnetic field was 540 kHz. An
infrared thermal imager (MAG42, Shanghai Magnity Technologies Co.
Ltd.) was employed to record instantaneous temperature of the sample
during inductive heating. After 10 s of inductive heating, the rods were
water quenched. Conventional annealing in a salt bath was conducted for
comparison. An Al,Oj; crucible filled with NaCl powder was preheated at
450°C for 30 min, then some rotary swaged AX61 samples were
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immersed into the NaCl powder for 10s and subsequently water
quenched.

Dog-bone-shaped tensile specimens with gauge dimensions of 15 mm
(length) x 4 mm (width) x 1.5 mm (thickness) were extracted from the as-
extruded, rotary swaged, and flash annealed rods. The tensile axis was
aligned parallel to the extrusion direction. Tensile tests were performed
using a ZwickRoell instrument (2100 TEW) at a constant strain rate of
1x107%s7".

FEM simulation of flash annealing and conventional annealing
Finite element method (FEM) simulation was performed using COMSOL
Multiphysics. For flash annealing, a Mg rod was placed at the center of a
7-layer copper coil subject to an alternating electromagnetic field with the
frequency of 540 kHz. For conventional annealing, a Mg rod was placed in a
NaCl media at 450 °C for 10s. The temperature evolution of the two Mg
rods were computed based on Faraday’s Law of induction and Fourier’s Law
of heat conduction, respectively.

Microstructure characterization and in-situ testing

Scanning electron microscopy (SEM) and electron back-scattered diffrac-
tion (EBSD) were performed using a MIRA3 instrument (Tescan, Czech
Republic). The EBSD data were analyzed using TSL OIM™ software
(EDAX Inc., USA). Further characterizations was performed using trans-
mission electron microscopy (TEM) in a Talos F200X G2 instrument
(FEL USA).

In-situ synchrotron X-ray diffraction experiments were conducted at
Beamline P21.2 of the Deutsches Elektronen-Synchrotron (DESY), Ger-
many. The X-ray energy was 52 keV, equivalent to a wavelength of 0.2386 A.
The beam size was 150 x 150 um”. Diffraction signals were recorded using a
Varex XRD4343CT detector (2880 x 2880 pixels). The detector geometry

Table 2 | Contribution of different strengthening mechanisms
in AX61-FA compared to AX61-EX

parameters were calibrated using a CeO, standard sample. Flat dog-bone
shaped tensile specimens with gauge dimensions of 4 mm (length) x 1 mm
(width) x 1 mm (thickness) were extracted from the rods, with the tensile
axis being parallel to the extrusion direction. The in-situ tensile test was
conducted at a nominal strain rate of 1.0 x 107> s}, with diffraction patterns
recorded intermittently.

Molecular dynamics (MD) simulations

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
package was utilized for MD simulations®. The modified embedded atom
method (MEAM) interatomic potentials for Mg-Al-Zn and Mg-Al-Ca alloys
were employed"'. Periodic boundary conditions (PBC) were applied along
the x and y axes. Prior to shear deformation, molecular static calculations
using the conjugate gradient method were performed for energy mini-
mization to achieve equilibrium configurations. Subsequently, the samples
were relaxed for 10 ps under the Nosé-Hoover isobaric-isothermal (NPT)
ensemble at 300 K. Shear deformations were executed using the NPT
ensemble, with the top atoms subjected to prescribed shear displacement,
while the bottom atoms remained fixed (thickness = 1 nm). The applied
shear strain rate, j, was set at 2 x 10*s™", with a timestep of 1 fs for all MD
simulations.

The energy barriers for the climb of <a> and <c + a> dislocations were
investigated using molecular static calculations. The <a> and <c + a> dis-
locations dipoles were constructed in Mg by applying the corresponding
Volterra’s displacement field in the case of isotropic elastic medium to satisfy
the PBC in all three axes*. For <a> dislocations, the simulation cell axes x, s
and z were aligned along, (1100), (1120) and (0001) respectively. For
<c + a> dislocations, the x, y, and z axes of the simulation cell were aligned
along (58133), (1123) and (7704), respectively. The dimensions iny and z
axes were 30 nm, while the x axis dimension corresponded to one unit of the
direction vector for both models. A slice of atoms with the width of one
Burger vector was removed from the slip plane to generate vacancies for
both models to assist dislocation climb. The calculated energy barrier
represents the energy per unit length along the x axis.

All atomic configurations were visualized using OVITO", with atoms

Adys Adgs Atorest Adppt Adcluster colored according to the common neighbor analysis (CNA) method*:
(MPa) (MPa) (MPa) (MPa) (MPa) .
yellow, green, and cyan represent hep, bee, and fee atoms, respectively, and
AXBT-FA 95 -5 25 30 45 magenta denotes other structures.
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Fig. 7 | Schematics of the microstructure evolution in AX61 during rotary swaging and flash annealing. Rotary swaging induced a high density of dislocations. After flash
annealing, <c + a> dislocations were retained; Al,Ca nanoprecipitates and Al-Ca clusters formed.
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the corresponding authors upon reasonable request.

Received: 23 September 2024; Accepted: § January 2025;
Published online: 10 February 2025

References

1.

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

Luo, A. A. Magnesium casting technology for structural applications.
J. Magnes. Alloy. 1, 2-22 (2013).

Nie, J., Shin, K. & Zeng, Z. R. Microstructure, Deformation, and
Property of Wrought Magnesium Alloys. Metall. Mater. Trans. A. 51,
6045-6109 (2020).

Yang, Y. et al. Research advances of magnesium and magnesium
alloys worldwide in 2022. J. Magnes. Alloy. 11, 2611-2654 (2023).
Bai, J. et al. Applications of magnesium alloys for aerospace: A review.
J. Magnes. Alloy. 11, 3609-3619 (2023).

Akhtar, A. & Teghtsoonian, E. Solid solution strengthening of
magnesium single crystals—I alloying behaviour in basal slip. Acta
Metallurgica 17, 1339-1349 (1969).

Tehranchi, A., Yin, B. & Curtin, W. A. Solute strengthening of basal slip
in Mg alloys. Acta Mater. 151, 56-66 (2018).

Nie, J. Precipitation and Hardening in Magnesium Alloys. Metall.
Mater. Trans. A. 43, 3891-3939 (2012).

Yan, C. et al. Evading strength-corrosion tradeoff in Mg alloys via
dense ultrafine twins. Nat. Commun. 12, (2021).

Wang, F. et al. Shearing brittle intermetallics enhances cryogenic
strength and ductility of steels. Science 384, 1017-1022 (2024).

dJin, Z.-Z. et al. Alloying design and microstructural control strategies
towards developing Mg alloys with enhanced ductility. J. Magnes.
Alloy. 10, 1191-1206 (2022).

Zubair, M. et al. Laves phases in Mg-Al-Ca alloys and their effect on
mechanical properties. Mater. Des. 225, 111470 (2023).

Chen, Y. et al. CALPHAD-guided design of Mg-Y-Al alloy with
improved strength and ductility via regulating the LPSO phase. Acta
Mater. 263, 119521 (2024).

Wu, Z. & Curtin, W. A. The origins of high hardening and low ductility in
magnesium. Nature 526, 62-67 (2015).

Wu, Z., Ahmad, R., Yin, B., Sandl6bes, S. & Curtin, W. A. Mechanistic
origin and prediction of enhanced ductility in magnesium alloys.
Science 359, 447-452 (2018).

Liu, B. Y. et al. Large plasticity in magnesium mediated by pyramidal
dislocations. Science 364, 73-75 (2019).

Ding, Z. et al. Origins and dissociation of pyramidal <c+a>
dislocations in magnesium and its alloys. Acta Mater. 146, 265-272
(2018).

Kim, K.-H., Jeon, J. B, Kim, N. J. & Lee, B.-J. Role of yttrium in
activation of <c+a> slip in magnesium: An atomistic approach. Scr.
Mater. 108, 104-108 (2015).

Luo, X. et al. Transitions in mechanical behavior and in deformation
mechanisms enhance the strength and ductility of Mg-3. Gd. Acta
Mater. 183, 398-407 (2020).

Wei, K. et al. Grain size effect on tensile properties and slip systems of
pure magnesium. Acta Mater. 206, 116604 (2021).

Zheng, R. et al. Change of Deformation Mechanisms Leading to High
Strength and Large Ductility in Mg-Zn-Zr-Ca Alloy with Fully
Recrystallized Ultrafine Grained Microstructures. Sci. Rep. 9, 11702
(2019).

Sandldbes, S., Zaefferer, S., Schestakow, I., Yi, S. & Gonzalez-
Martinez, R. On the role of non-basal deformation mechanisms for
the ductility of Mg and Mg-Y alloys. Acta Mater. 59, 429-439
(2011).

Sandlébes, S. et al. Ductility improvement of Mg alloys by solid
solution: Ab initio modeling, synthesis and mechanical properties.
Acta Mater. 70, 92-104 (2014).

23. Agnew, S. R., Capolungo, L. & Calhoun, C. A. Connections between
the basal I1 ‘growth’ fault and <c+a> dislocations. Acta Mater. 82,
255-265 (2015).

24. Ahmad, R., Yin, B., Wu, Z. & Curtin, W. A. Designing high ductility in
magnesium alloys. Acta Mater. 172, 161-184 (2019).

25. Ovri, H. et al. Mechanistic origin of the enhanced strength and ductility
in Mg-rare earth alloys. Acta Mater. 244, 118550 (2023).

26. Wu, J., Lu, S,, Tian, J. & Chiu, Y. L. In-situ TEM study of <c+a>
dislocations in Mg-Y alloys. Mater. Sci. Eng. A. 897, 146320 (2024).

27. Xu,B.etal. Microstructure and anisotropic mechanical behavior of the
high-strength and ductility AZ91 Mg alloy processed by hot extrusion
and multi-pass RD-ECAP. Mater. Sci. Eng. A. 780, 139191 (2020).

28. Chen, H. et al. Improvement of severe plastic deformation realized by
several passes rotary swaging in the microstructure and properties of
Mg-0.6Mn-0.5Al-0.5Zn-0.4Ca alloy. Mater. Sci. Eng. A. 865, 144629
(2023).

29. Cui, X. et al. High-strength Mg-6Li-3Al-0.4Ce alloy fabricated by
rotary swaging. Scr. Mater. 243, 115954 (2024).

30. Zhang, Z. et al. Achievement of high strength and good ductility in the
large-size AZ80 Mg alloy using a designed multi-directional forging
process and aging treatment. J. Mater. Process. Technol. 311,
117828 (2023).

31. Wan, Y. et al. Bulk nanocrystalline high-strength magnesium alloys
prepared via rotary swaging. Acta Mater. 200, 274-286 (2020).

32. Yang, Y. et al. Achieving ultra-strong Magnesium-lithium alloys by
low-strain rotary swaging. Mater. Res. Lett. 9, 255-262 (2021).

33. Wu, Z. &Curtin, W. A. Mechanism and energetics of ‘c+a’ dislocation
cross-slip in hcp metals. Proc. Natl. Acad. Sci. USA. 113,
11137-11142 (2016).

34. Nakata, T. et al. Strong and ductile age-hardening Mg-Al-Ca-Mn alloy
that can be extruded as fast as aluminum alloys. Acta Mater. 130,
261-270 (2017).

35. Bhattacharyya, J. J. et al. Determining the strength of GP zones in Mg
alloy AXM10304, both parallel and perpendicular to the zone. Acta
Mater. 171, 231-239 (2019).

36. Xu, X.Y., Huang, C. P., Wang, H. Y., Li, Y. Z. & Huang, M. X. Rate-
dependent transition of dislocation mechanisms in a magnesium
alloy. Acta Mater. 263, 119474 (2024).

37. Takeuchi, A. & Inoue, A. Calculations of Mixing Enthalpy and
Mismatch Entropy for Ternary Amorphous Alloys. Mater. Trans. 41,
1372-1378 (2000).

38. Del Valle, J. A., Carrefio, F. & Ruano, O. A. Influence of texture and
grain size on work hardening and ductility in magnesium-based alloys
processed by ECAP and rolling. Acta Mater. 54, 4247-4259 (2006).

39. Zhu, G. et al. Grain-size effect on the deformation of Mg—-3AI-3Sn
alloy: Experiments and elastic-viscoplastic self-consistent modeling.
Int. J. Plast. 143, 103018 (2021).

40. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular
Dynamics. J. Comput. Phys. 117, 1-19 (1995).

41. Jang, H.-S., Seol, D. & Lee, B.-J. Modified embedded-atom method
interatomic potentials for Mg—-Al-Ca and Mg-Al-Zn ternary systems.
J. Magnes. Alloy. 9, 317-335 (2021).

42. Hirel, P. Atomsk: A tool for manipulating and converting atomic data
files. Comput. Phys. Commun. 197, 212-219 (2015).

43. Stukowski, A. Visualization and analysis of atomistic simulation data
with OVITO-the Open Visualization Tool. Model Simul. Mat. Sci. Eng.
18, 015012 (2010).

44. Honeycutt, J., Dana & Andersen, H. C. Molecular dynamics study of
melting and freezing of small Lennard-Jones clusters. J. Phys. Chem.
91, 4950-4963 (1987).

Acknowledgements

This work is financially supported by National Natural Science Foundation
of China (No. 52425101, U24A2036, U2241245, 52371121) and Shenzhen
Science and Technology Program (KJZD20231023092902005). We

Communications Materials | (2025)6:27


www.nature.com/commsmat

https://doi.org/10.1038/s43246-025-00736-z

Article

acknowledge DESY (Hamburg, Germany), a member of the Helmholtz
Association HGF, for the provision of experimental facilities. Parts of this
research were carried out at the PETRA lll beamline P21.2.

Author contributions

L.W., B.L.and H.W. conceived theidea. Y.F., LW., B.L., and H.W. wrote the
manuscript. Y.F., H.Z. and Y .X. prepared the alloys. Y.F. performed the
mechanical test and microstructure characterizations. Y.L. performed TEM
characterizations. G.Z. performed in situ synchrotron X-ray diffraction
experiments. H.G. conducted molecular dynamics simulations. X.Z. parti-
cipated in discussions and all authors contributed to the improvement of
the paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43246-025-00736-z.

Correspondence and requests for materials should be addressed to
Boyu Liu, Hao Wang or Leyun Wang.

Peer review information Communications Materials thanks Eunji Song and
the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Primary Handling Editor: John Plummer. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material
is notincluded in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

Communications Materials | (2025)6:27

10


https://doi.org/10.1038/s43246-025-00736-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsmat

	High strength and ductility in a rare-earth free magnesium alloy processed by rotary swaging and flash annealing
	Results
	Simultaneous enhancement of strength and ductility in AX61 alloy through RS + FA processing
	Generation of numerous &#x0003C; c + a&#x0003E; dislocations in AX61 after RS + FA processing
	Abundant &#x0003C; c + a&#x0003E; dislocation activity in AX61-FA during tensile loading
	Precipitates and atomistic clusters in AX61-FA

	Discussion
	Methods
	Materials fabrication and tensile test
	FEM simulation of flash annealing and conventional annealing
	Microstructure characterization and in-situ testing
	Molecular dynamics (MD) simulations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




