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Abstract: Magnesium alloys are important lightweight structural materials in engineering
applications. However, conventional single-phase hexagonal close-packed (HCP) magnesium alloys
exhibit poor plastic deformability and insufficient strength at room temperature, which limits their
widespread application. In contrast, Mg-Sc alloys with a dual-phase structure (HCP + BCC)
demonstrate significantly improved plastic deformability at room temperature compared to single-
phase HCP magnesium alloys. In this work, the deformation behavior of dual-phase Mg-19.2 at.% Sc
alloy was investigated, revealing its deformation characteristics and multiscale strengthening
mechanisms. With increasing heat treatment temperature, the volume fraction of the [ phase
gradually increased. When the (3 phase fraction reached 80%, the alloy exhibited the optimal
combination of strength and plasticity (ultimate tensile strength: 329 MPa, elongation: 20.5 %).
Microstructural analysis reveals that the plastic incompatibility between a/f phases results in
significant heterogeneous deformation-induced (HDI) strengthening. The unique bimodal grain size
distribution, with the average grain size of the a phase significantly smaller than that of the  phase,
further amplified the HDI strengthening contribution by enhancing the "hard phase harder, soft
phase softer" heterostructure effect. This study provides new theoretical guidance for designing high-
performance dual-phase magnesium alloys from the perspective of multiphase interface engineering.
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1. Introduction

Magnesium alloys possess characteristics such as lightweight, high strength, excellent electrical
conductivity, and thermal conductivity, making them highly promising materials in aerospace,
defense, and other high-end applications[1-3]. However, the HCP crystal structure of magnesium
alloys results in strong anisotropy and poor cold workability, which significantly limits their practical
applications[4,5]. In 2016, Ogawa et al.[6] discovered that B-type Mg-20.5 at.% Sc alloy exhibits a
shape memory effect in space environments, with its parent phase being a BCC structure. The bcc
structure features 12 independent slip systems, endowing the alloy with excellent plasticity[7].
Studies have shown that the microstructure and mechanical properties of Mg-Sc alloys can be
effectively tuned through heat treatment[8-12]. Ando et al.[8,9] reported that 3-Mg-16.8 at.% Sc alloy
and dual-phase Mg-20.5 at.% Sc alloy exhibited pronounced age hardening due to the formation of
needle-like o phases in the 3 phase during low-temperature aging. Ogawa et al.[10] further
demonstrated that heat treatment temperature significantly affects the phase fraction and grain size
in Mg-20 at.% Sc alloy, achieving superior mechanical properties in dual-phase Mg-Sc alloys.
Therefore, investigating the microstructural evolution of dual-phase Mg-Sc alloys during heat

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202503.0566.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 March 2025 d0i:10.20944/preprints202503.0566.v1

2 of 9

treatment and its influence on mechanical properties is of great significance for optimizing the heat
treatment process of Mg-Sc alloys.

In recent years, the rational design and introduction of heterogeneous structures in materials
have become an effective strategy to overcome the strength-ductility trade-off in metallic
materials[13-15]. In heterogeneous structured materials, coarse-grained/soft phases and fine-
grained/hard phases form distinct "soft" and "hard" regions, respectively. During plastic deformation,
these heterogeneous regions induce non-uniform deformation, resulting in the heterogeneous
deformation-induced (HDI) strengthening effect while maintaining good ductility. For example,
Wang et al.[16] obtained a heterogeneous structure with alternating coarse-grained (CG) and fine-
grained (FG) layers in a Mg-9Al-1Zn-1Sn alloy through simple rolling and precisely controlled
annealing processes, achieving excellent mechanical properties with a yield strength of 251 MPa,
ultimate tensile strength of 393 MPa, and elongation of 23 %. Regarding Mg-Sc alloys, their inherent
dual-phase components provide a natural advantage for optimizing mechanical properties through
heterogeneous structure design. Therefore, regulating the microstructure of Mg-Sc alloys through
heat treatment to achieve a favorable strength-ductility synergy is of paramount importance for
developing high-performance Mg-Sc alloys.

2. Experimental Methods

The Mg-Sc alloy with a nominal composition of Mg-19.2 at.% Sc was fabricated from 99.99 %
pure Mg and Sc in a vacuum induction furnace under an argon atmosphere. To achieve a
homogeneous composition, the ingot was remelted four times and then slowly cooled within the
furnace. The resulting ingot, with a thickness of 15 mm, was hot-rolled at 650 °C to reduce its
thickness to 3 mm. Subsequently, repeated cycles of cold rolling and annealing at 600 °C for 15
minutes were applied until the sheet thickness was further reduced to 2 mm, with both hot and cold
rolling conducted along the same rolling direction. The thin sheets were then cut into pieces and
annealed at 500 °C, 550 °C, and 600 °C for 30 minutes before being water quenched, alloys with
different proportions of hcp/bce dual phases. The crystal structure was characterized by X-ray
diffraction (XRD) using Cu K-a radiation on a Regaku Ultima, with a scan speed of 2 ¢/min over a
20°-80° range. In addition, the microstructure was examined by electron backscatter diffraction
(EBSD) using a field emission scanning electron microscope. Tensile tests were performed at room
temperature with an initial strain rate of 10~ s71, using specimens with a gauge length of 10 mm and
a width of 3 mm.

3. Results

As shown in Figure 1, for the sample annealed at 550°C, the diffraction peaks are predominantly
from the a phase, accompanied by several diffraction peaks of the 3 phase. With the increase in
annealing temperature, the proportion of the (3 phase significantly increases based on the relative
intensity of the diffraction peaks. When the sample annealed at 600°C, the diffraction peak intensity
of the 3 phase increased dramatically, indicating a microstructure predominantly composed of the 3
phase. X-ray diffraction analysis indicates that elevating the annealing temperature effectively
accelerates the transformation of the a phase into the (3 phase, as evidenced by the enhanced
diffraction intensity of the (3 phase.
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Figure 1. XRD patterns of Mg-19.2 at.% Sc samples annealed at 500 °C, 550 °C and 600 °C for 30 min.

Figure 2 displays the room temperature tensile engineering stress-strain curves, and
comprehensive summaries of the detailed mechanical property values is presented in Table 1. The
Mg-19.2 at.% Sc alloy annealed at 600 °C for 30 minutes exhibits a high ultimate tensile strength (329
MPa) and an excellent fracture elongation (20.5 %). Interestingly, the elongation of the alloy gradually
increases with the rising annealing temperature, while the yield strength remains nearly unchanged,
which contradicts the conventional strength-ductility trade-off theory of alloys. Therefore, the
underlying microstructural mechanisms responsible for the improved ductility without yield
strength degradation in the 600 °C annealed sample require further investigation.
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Figure 2. Room temperature tensile engineering stress-strain curves of the Mg-19.2 at.% Sc samples nnealed at
500 °C, 550 °C and 600 °C for 30 min.

Table 1. Yield strength (YS), ultimate tensile strength (UTS) and elongation (EL) of the Mg-19.2 at.% Sc samples
nnealed at 500 °C, 550 °C and 600 °C for 30 min.

Annealing temperature
(°C)

500 308.6 350 12.7

550 289.3 335 16.1

YS (MPa) UTS (MPa) EL (%)
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To investigate the microstructural evolution during the annealing process, BSE image analysis
was performed on Mg-19.2 at.% Sc alloy annealed at 500 °C, 550 °C, and 600 °C for 30 minutes, as
shown in Figure 3(a)-(f). The dark regions represent the a phase, while the bright regions indicate the
p phase. Figure 3(a) displays the a single-phase microstructure of the sample annealed at 500°C, and
Figure 3(d) shows a magnified view where a small amount of 3 phase is observed within the a phase.
Figures 3(b) and (c) present the a + 3 dual-phase microstructures of the samples annealed at 550 °C
and 600 °C, respectively. However, the volume fraction of the 3 phase at 600 °C is significantly lower
than that at 550 °C. As the annealing temperature increases, the volume fraction of the ( phase
increases, which is consistent with the XRD results.

Figure 3. BSE images of Mg-19.2 at.% Sc samples annealed at different temperatures: (a), (d) 500 °C; (b), (e) 550
°C; (c), (f) 600 °C.

To reveal the damage and fracture mechanisms, Figure 4 shows the typical fracture
morphologies of the Mg-19.2 at.% Sc alloy annealed at different temperatures. The fracture surface of
the Mg-19.2 at.% Sc alloy annealed at 500°C mainly exhibits intergranular fracture and quasi-cleavage
fracture. For the alloy annealed at 550 °C, the quasi-cleavage fracture region decreases, while dimple
fracture regions begin to appear. When the annealing temperature reaches 600 °C, the fracture surface
is predominantly composed of ductile dimples, with an increased number of dimples, smaller sizes,
and greater depths.
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Figure 4. Fractography of Mg-19.2 at.% Sc samples annealed at different temperatures after the tensile fracture:
(@), (d) 500 °C; (b), (e) 550 °C; (c), (f) 600 °C.

Figure 5 presents the Inverse Pole Figure (IPF) maps of the alloy, illustrating the texture
orientations of the a and {3 grains. For the sample annealed at 500°C, distinct differences in the texture
orientations of the o and {3 grains are observed. The texture proportion of 3 grains along the <111>
direction is significantly higher than that along other directions, while the a grains exhibit a more
diverse range of texture orientations.Further analysis of the texture orientation changes of a and 3
grains at different temperatures reveals that with increasing temperature, the texture proportion of 8
grains along the <111> direction gradually decreases, while the texture proportion along the <001>
direction gradually increases. In contrast, the texture proportion of a grains along the <-12-10>
direction significantly increases. However, overall, the Mg-19.2 at.% Sc alloy still exhibits a multi-
orientation texture distribution at different temperatures, consistent with previous studies[17,18],
indicating that its texture has a limited impact on the mechanical properties.
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Figure 5. IPF map of Mg-19.2 at.% Sc alloy with different annealing temperatures: (a), (b) 500 °C; (c), (d) 550 °C;
(e), (f) 600 °C.

To further reveal the microscopic mechanisms behind the high strength and plasticity of the
alloy after annealing at 600 °C, EBSD tests were conducted to investigate the evolution of the a and 3
phases and their corresponding grain sizes, as shown in Figure 6. The green regions represent the «
phase, while the red regions represent the 3 phase. With increasing annealing temperature, the
volume fraction of the (3 phase increases, which is consistent with the XRD and BSE results. As shown
in Table 1, the volume fractions of the 3 phase in the samples annealed at 500 °C, 550 °C, and 600 °C
are 5.2 %, 34.7 %, and 80 %, respectively. Compared to the a phase with a HCP structure, which
possesses limited slip systems at room temperature, the 3 phase with a BCC structure exhibits 12
independent slip systems. Therefore, the elongation of the alloy increases with the increasing volume
fraction of the 3 phase.
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Figure 6. Phase maps, statistical histograms and distribution curves of Mg-19.2 at.% Sc samples at different
temperatures: (a), (d) 500 °C; (b), (e) 550 °C; (c), (f) 600 °C.

After annealing at 500 °C and 550 °C, the average grain size of the alloy remains below 10 pm.
However, after annealing at 600 °C, the average grain size of the HCP phase is 5.9 um, while the grain
size of the BCC phase significantly increases to 30.1 um, as shown in Table 2. Notably, the grain size
distribution of the HCP and BCC phases at 600°C exhibits a bimodal structure, where smaller HCP
grains are uniformly distributed around the larger BCC grain boundaries, forming a "soft + hard"
dual-phase heterogeneous structure. During tensile deformation, dislocation slip is first activated in
the soft BCC phase regions, while the hard HCP phase regions remain in the elastic state. Due to the
difference in mechanical behavior between these two regions, plastic incompatibility is generated
between the soft and hard regions, where the plastic deformation of the soft regions is constrained
by the hard regions. Although the soft regions bear more strain due to plastic deformation, the
interfaces between the soft and hard regions must maintain continuity. Therefore, strain gradients
are generated in the soft regions near the interfaces to satisfy the medium continuity, which requires
the accumulation of geometrically necessary dislocations (GNDs) to coordinate the deformation.
When the hard regions begin to undergo plastic deformation, GNDs mainly accumulate in the soft
regions near the heterogeneous interfaces. Since GNDs cannot penetrate across the interfaces, back
stress is generated in the soft regions to counteract the applied stress, making the soft regions appear
stronger. Meanwhile, forward stress is formed in the hard regions, making the hard regions appear
weaker. The coupling of these two effects manifests as macroscopic heterogeneous deformation-
induced (HDI) strengthening, providing additional strength and strain hardening capacity. HDI
strain hardening helps prevent necking during deformation, improving ductility and enhancing the
synergy between heterogeneous strength and plasticity[19,20]. Therefore, the HDI strengthening
effect is the key strengthening mechanism of the Mg-19.2 at.% Sc alloy after annealing.

Table 2. The volume fraction and grain size of the a/B-phase in Mg-19.2 at.% Sc samples annealed at different
temperatures.

Annealing Volume fraction of Grain size of « Volume fraction of Grain size of B

temperature (°C) o phase (%) phase (um) B phase (%) phase (um)
500 94.8 6.1 5.2 4.5
550 65.3 8.3 34.7 6.6

600 20 5.9 80 30.1
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4. Conclusions

This study investigates the effect of annealing temperature on the microstructure and
mechanical properties of the Mg-19.2 at.% Sc alloy, aiming to explore the microstructure evolution
and strengthening mechanisms of the a+p dual-phase structure. With the increase in annealing
temperature, the volume fraction of the 3 phase increases, while the volume fraction of the a phase
decreases. The 3 phase with a body-centered cubic (BCC) structure provides more favorable slip
systems during tensile deformation, enhancing the alloy's ductility. As the annealing temperature
increases from 500 °C to 600 °C, the grain size of the  phase grows to 30 um, while the a phase
reaches its minimum grain size of 5.9 um, forming a "soft + hard" heterogeneous structure. The
plasticity of the alloy gradually improves with increasing annealing temperature, while the yield
strength slightly decreases. The alloy annealed at 600 °C exhibits the best combination of yield
strength (280.1 MPa) and ductility (20.5 %). Further EBSD analysis reveals that the "soft + hard"
heterogeneous microstructure composed of coarse-grained BCC phase and fine-grained HCP phase
achieves an excellent balance of yield strength and ductility in the Mg-19.2 at.% Sc alloy annealed at
600 °C.
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