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Abstract

Addressing the challenge of synergistically optimizing shielding performance and mechan-
ical properties in nuclear radiation shielding materials, this study designed and prepared
as-cast Mg-12Dy-xSm-0.4Zr (x = 1, 2, 3) alloys by incorporating rare earth elements Dy
and Sm, which possess high thermal neutron absorption cross-sections. The co-addition
of Sm and Dy significantly refined the grains and promoted the precipitation of bone-like
Mg5(Sm,Dy) and Mg41Sm5 phases along grain boundaries. The alloys exhibited favorable
mechanical properties, with ultimate tensile strength (UTS) reaching up to 194.6 MPa and
elongation (EL) up to 10.9%. However, higher Sm content led to an increased amount of
secondary phases at grain boundaries, resulting in stress concentration and a subsequent
decline in both yield strength and elongation. Moreover, the combined addition of Dy and
Sm markedly enhanced the thermal neutron shielding performance. Experimental results
agreed well with Geant4 simulations, showing that both the neutron shielding rate and
linear attenuation coefficient improved with increasing Sm content, demonstrating the pos-
itive role of Dy and Sm in neutron absorption. The developed alloy achieves simultaneous
improvement in mechanical properties and neutron shielding capacity, providing valu-
able insights for the development of lightweight “function–structure integrated” radiation
shielding materials for applications such as nuclear medicine and aerospace.

Keywords: neutron shielding material; Mg alloy; Geant4; integration of structure and function

1. Introduction
Nuclear energy, as a clean and efficient energy source, plays an irreplaceable role in

addressing the global energy crisis, reducing greenhouse gas emissions, and promoting
sustainable development [1]. The radiation generated by nuclear reactions includes α

and β particles, X-rays, γ-rays, neutrons, and protons. Among these, neutrons exhibit
extremely high penetration power and pose the greatest hazards to both humans and
equipment [2]. With the widespread application of nuclear technology in fields such as
energy, medicine, and aerospace, neutron radiation shielding has become a critical aspect
of ensuring operational safety of equipment and health of personnel.

Currently, neutron shielding materials mainly fall into four categories: metal-based,
polymer-based, glass-based, and concrete materials [3–6]. However, each type has signif-
icant limitations. In metal-based materials, although borated stainless steel offers good
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high-temperature stability and corrosion resistance [7], excessive boron leads to the precipi-
tation of brittle phases such as (Fe,Cr)2B, significantly reducing plasticity and toughness [3].
B4C/Al composites exhibit high specific strength but face challenges, such as particle
agglomeration and interfacial reactions (e.g., formation of brittle phases like Al3BC) [8,9].
Polymer-based materials, such as boron-containing polyethylene, possess excellent shield-
ing and processing properties but suffer from poor heat resistance. Prolonged irradiation
typically reduces the molecular weight of polymers, lowers the softening temperature,
and to some extent increases material solubility [10]. Glass-based materials, while offering
transparency, experience degraded mechanical properties due to the addition of heavy
metal oxides, making them unsuitable for structural applications [11]. Concrete, being cost-
effective, safe, and of high strength, serves as an economical choice for radiation shielding
in nuclear reactors [12]. However, its heavy weight and large volume make it difficult to
meet the demands of mobile equipment or lightweight applications. These drawbacks have
prompted researchers to explore novel multifunctional materials. Therefore, developing
new materials that integrate efficient neutron shielding performance, excellent mechanical
properties, and structural functionality has become a core requirement for the sustainable
development of nuclear technology.

As the lightest metallic structural material currently available, magnesium alloys
combine high specific strength, excellent damping capacity, and good manufacturability,
demonstrating significant potential for applications in aerospace and nuclear industries [13].
However, pure magnesium exhibits extremely low neutron absorption cross-section [14].
Rare earth (RE) elements have emerged as key modifiers for functionalizing magnesium
alloys due to their unique neutron shielding properties and strengthening effects. Exist-
ing studies [15–18] have confirmed the application potential of RE elements in radiation
protection—for instance, shielding materials containing gadolinium (Gd) have been rela-
tively well-studied [19], while RE elements have also shown considerable advantages in
structural magnesium alloys [20,21]. Nevertheless, research on RE-containing magnesium
alloys for shielding remains limited.

Current studies by Le et al. have demonstrated that increasing Gd content in Mg-Gd
alloys significantly improves the thermal neutron attenuation coefficient, while maintain-
ing structural stability under irradiation conditions of 200 ◦C and 10 dpa Au+ ions [22].
Samarium (Sm) possesses an exceptionally high thermal neutron absorption cross-section
of 40,080 B(barns), and its transmutation products also exhibit high neutron absorption
capacity [23]. The eutectic solubility of Sm in Mg is 5.8 wt%. Therefore, the addition of
Sm not only enhances the neutron absorption capacity but also improves the mechanical
properties through grain refinement and the formation of precipitates [24]. Dysprosium
(Dy), with a neutron absorption cross-section of 2650 B(barns), produces extended decay
chains under neutron irradiation, enabling Dy-containing materials to maintain effective
neutron absorption performance throughout long-term reactor operation [25]. Dy exhibits
a maximum solid solubility of 25.8 wt% in magnesium at 561 ◦C, exceeding that of Gd
and Y. When temperature decreases to 200 ◦C, its solubility dramatically reduces to 10.2%,
indicating significant potential for both solid solution and age hardening. Appropriate Dy
addition can notably refine magnesium alloy grains [26]. Zirconium (Zr), as an important
alloying element, is widely used in magnesium alloys to enhance their strength, ductility,
creep resistance and corrosion resistance [27,28].

Based on these advantages, a novel neutron shielding material—Mg-Dy-Sm-Zr
alloy—has been designed. This alloy is expected to overcome the conventional trade-
off between shielding capacity and mechanical properties, achieving integrated func-
tionality in both neutron absorption and structural load-bearing. Given the differences
in solid solubility and neutron absorption cross-section between Sm and Dy, this study
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systematically varies Sm content while investigating the correlation among RE element
composition, microstructure, thermal neutron shielding performance, and mechanical
properties, with particular focus on Sm-Dy synergistic effects. This work offers guidance
for designing new neutron shielding materials and broadens the potential for using magne-
sium alloys in lightweight radiation shielding applications, which is of great scientific and
engineering relevance.

2. Materials and Methods
2.1. Materials

The as-cast alloys with a nominal composition of Mg-12Dy-xSm-0.4Zr (in mass fraction,
wt.%), where x = 1, 2, and 3 wt%, were designed and are hereafter referred to as DS1, DS2,
and DS3, respectively. The experimental materials were prepared from pure Mg ingot
(99.95%) and Mg–30Dy, Mg–30Sm, and Mg–20Zr master alloys. Melting was conducted
in an electric resistance furnace using a heat-resistant low-carbon steel crucible under a
protective atmosphere consisting of 99% CO2 and 1% SF6. Subsequently, after an isothermal
holding time of 10 min, the molten mixture was poured into a steel mold preheated
to 400 ◦C. In order to compare the effects of adding rare earth elements, the smelting
experiment also used pure magnesium ingots to undergo the same smelting process for
pouring to obtain the cast pure magnesium, and then conducted subsequent performance
tests as well. The actual contents of rare earth elements in the alloys were verified by
inductively coupled plasma (ICP) analysis. The results, summarized in Table 1, confirm
that the measured compositions are consistent with the designed values. Using Archimedes’
principle of displacement, the densities of the three alloys were measured to be 1.88, 1.90,
and 1.92 g/cm3.

Table 1. The ICP test results of rare earth elements.

Sample Dy (wt%) Sm (wt%)

Mg-12Dy-1Sm-0.4Zr 12.38 ± 0.05 1.03 ± 0.05
Mg-12Dy-2Sm-0.4Zr 12.65 ± 0.05 2.11 ± 0.05
Mg-12Dy-3Sm-0.4Zr 12.54 ± 0.05 3.06 ± 0.05

2.2. Microstructural Characterization

The sample was polished step by step from 400# to 4000# using gold phase sandpaper.
Then, the polished surface was mechanically polished with gold phase polishing agent.
Finally, the sample was etched with 6% nitric acid alcohol for 40 s to obtain the OM
and SEM observation samples. The microstructure of the alloy was observed using an
optical microscope (OM). The secondary electron image of the sample was observed
using a scanning electron microscope (SEM) with test parameters of 15 kV and 13 µA.
The distribution and size of the constituent phases were further studied. The sample
processing flow for XRD was the same as that for the gold phase samples. The anode target
material used was copper target Cu-Kα (λ = 0.1542 nm), with a scanning angle range of
10 to 90 degrees, a scanning speed of 2◦/min, a working voltage of 40 kV, and a filament
current of 40 mA. The collected data was analyzed using the MDI Jade 9. The sample was
processed into a 0.5 mm thin sheet using wire cutting. The sample was prepared using
the dry–wet dual-purpose sandpaper grinding method, and then reduced to 100 µm. A
φ3 circular sample was made using a puncher, and further reduced using an ion thinning
instrument with a thinning voltage of 5.5 kV to obtain the TEM observation sample. TEM
and STEM analyses were conducted at an accelerating voltage of 200 kV.
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2.3. Mechanical Properties

Tensile tests were conducted at room temperature using a CMT6305-300KN universal
testing machine (SUST, Xi’an, China) at a constant crosshead speed of 1 mm/min to deter-
mine the yield strength (YS), ultimate tensile strength (UTS), and elongation (EL) of the
alloys. The tensile test specimen geometry is illustrated in Figure 1. To ensure accuracy
and reproducibility, tests were performed in triplicate. Micro-Vickers hardness measure-
ments were carried out on the alloy surfaces using an HVS-1000Z hardness tester (Cossim,
Shanghai, China) under a load of 200 gf with a dwell time of 10 s. Twenty indentations
were performed for each sample, and the average hardness value was calculated after
excluding the highest and lowest measurements. All experimental data were processed
and analyzed using Origin 2024.

Figure 1. Sample size for tensile test.

2.4. Neutron Shielding Performance

The neutron shielding performance tests were conducted at the Beijing Radiation
Application Research Center. Test samples with dimensions of 150 mm × 150 mm × 6 mm
were prepared via wire cutting from as-cast ingots of Mg-12Dy-1Sm-0.4Zr, Mg-12Dy-2Sm-
0.4Zr, and Mg-12Dy-3Sm-0.4Zr alloys. A 252Cf neutron source with an emission rate of
8.2 × 107 s−1 was used for the neutron shielding evaluation. The source was mounted
inside a collimator with an aperture of φ100 mm. A polyethylene moderator placed
within the collimator moderated fast neutrons emitted from the 252Cf source. After passing
through the collimator, large-angle scattered neutrons were eliminated, resulting in a
largely aligned beam of thermal neutrons with energies between 0.01–0.4 eV. Transmitted
neutrons through the alloys were detected using a 3He proportional counter. A schematic
of the experimental setup and the energy spectrum of the neutron source are shown in
Figure 2a,b, respectively.

 
(a) 

Figure 2. Cont.
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(b) 

Figure 2. (a) Schematic diagram of the neutron shielding experiment [29]. Adapted from ‘Microstruc-
ture, thermophysical properties and neutron shielding properties of Gd/316 L composites for spent
nuclear fuel transportation and storage’, Materials Today Communications, 1 December 2023, with
permission from Elsevier. (b) The 252Cf slowed neutron energy spectrum of the experiment [22].
Reprinted from [Le, Y.; et al. Nanotechnol. Rev. 13, 20240007 (2024)], under a CC BY 4.0 license.

The simulations were carried out using Geant4 10.04, an open-source Monte Carlo
toolkit widely employed for modeling the interaction and transport of particles through
matter. It enables the configuration of diverse physical models to simulate the behavior of
various types of particles and their interactions with materials. In cases where experimental
studies are infeasible due to high costs or extended durations, alternative approaches such
as Geant4 simulations provide an effective means to circumvent experimental limitations,
reduce time requirements, and improve the accuracy of results. This toolkit is extensively
used across multiple disciplines including high-energy physics, medical applications,
nuclear energy, radiation protection, and space science [30]. The simulation model is
simplified based on the actual neutron shielding experiments, as shown in Figure 3. The
neutron beam emitted by the defined particle gun in the simulation is unidirectional and
perpendicular to the alloy, with an energy spectrum referenced from the neutron energy
spectrum in Figure 2b. In the simulation, the alloy composition and density are precisely
defined, and a virtual uniform material is constructed using the built-in functions in Geant4
based on the specified elemental composition and density. A detector is set up to record the
number of neutrons passing through the alloy sample. Additionally, key physical models
and processes need to be set in the simulation, including hadronic interactions, neutron
capture, neutron scattering, and electromagnetic processes. By comparing the number of
neutrons emitted from the neutron source with the number of neutrons detected by the
detector after passing through the material, the neutron shielding efficiency and linear
attenuation coefficient are obtained.

 

Figure 3. The visualization process of the neutron shielding experiment simulated by Geant4.
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3. Results and Discussion
3.1. Microstructure

Figure 4 shows the optical microscopy (OM) images of the Mg-12Dy-xSm-0.4Zr
(x = 1, 2, 3) alloys. Bone-like secondary phases can be observed along the grain boundaries,
and both the volume fraction and size of these phases increase with higher Sm content.
Compared with the microstructure of pure magnesium obtained through the same smelting
process, the grains of the magnesium alloy after adding rare earth elements have been
significantly refined. This refinement is primarily attributed to the addition of Dy and
Sm: a portion of these elements dissolves into the magnesium matrix, strongly inhibiting
grain growth during solidification through the constitutional undercooling effect, thereby
promoting grain refinement. Another portion continuously segregates during grain growth,
accumulating near grain boundaries to form solute-enriched regions. During subsequent
cooling, secondary phases precipitate predominantly along these boundaries. These en-
riched secondary phases effectively pin grain boundaries and hinder grain growth, further
contributing to microstructural refinement [31–33]. The addition of Zr also enhances grain
refinement. As shown in Figure 5, the grain sizes of all components are not uniform. The
average grain sizes of DS1, DS2 and DS3 are 46.33 µm, 52.79 µm and 46.36 µm, respec-
tively. This is mainly due to the fact that nucleation and growth during solidification is a
dynamic and random competitive process. Any minor fluctuations in overcooling, solute
distribution or thermal conditions can lead to changes in the final grain sizes in different
regions. Moreover, as the Sm content increases, more skeletal phases form along the grain
boundaries, and their presence also affects the growth of adjacent grains.

 

Figure 4. OM of Mg alloys: (a) pure Mg, (b) DS1, (c) DS2, and (d) DS3.

 

Figure 5. Grain size distribution of Mg alloys: (a) DS1, (b) DS2, and (c) DS3.
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Figure 6 below shows the scanning electron microscopy (SEM) images of the Mg-12Dy-
xSm-0.4Zr (x = 1, 2, 3) alloys. The maximum solid solubilities of Dy and Sm in magnesium
are 25.8% and 5.8%, respectively. In the DS1 alloy (x = 1), no significant bone-like phase is
observed along the grain boundaries. Instead, finely dispersed white particulate phases are
precipitated within the matrix. Some spherical particles, identified in subsequent analysis
as oxide inclusions introduced during the preparation process, are also present. When the
Sm content increases to 2% (DS2 alloy), a small number of bone-like phases begin to form
along the grain boundaries, though their size remains limited and their quantity is relatively
low. With a further increase in Sm content to 3% (DS3 alloy), the bone-like phases exhibit
both increased size and quantity, extending continuously along the grain boundaries. In
addition, fine blocky particulate phases are segregated within these bone-like structures, as
indicated in Figure 6d. The microstructural evolution confirms that Sm is the dominant
element governing the formation of the bone-like phase.

Figure 6. SEM of Mg alloys: (a) DS1, (b) DS2, (c) low-magnification and (d) high-magnification views
of the DS3 alloy.

Figure 7 presents the XRD spectra of the DS1 and DS3 alloys. The results indicate
that, in addition to the α-Mg matrix, the samples primarily contain Mg5RE phases, Dy-
rich phases, and Mg41Sm5 phases, along with trace amounts of impurity phases. Due
to the smaller size of the secondary phases compared to the matrix, their diffraction
peak intensities are relatively weaker. When the Sm content is 1%, it is difficult to observe
secondary phases at the grain boundaries in the microstructure, with only a small amount of
particle-like secondary phases dispersed within the matrix. As a result, the peak intensities
of Mg5RE and Mg41Sm5 in the XRD pattern are both weak. Upon comparison of DS1 and
DS3, it can be observed that as the Sm content increases, the peak intensities of Mg5RE and
Mg41Sm5 strengthen. The increase in the intensity of the Mg5RE phase suggests that the
addition of Sm promotes the precipitation of the Mg5RE phase. This is attributed to the fact
that Dy, as a Y-group rare earth element, and Sm, as a Ce-group rare earth element, reduce
each other’s solid solubility in α-Mg, thereby promoting the precipitation of rare earth
compounds [34]. Consequently, the number and size of the bone-like secondary phases
precipitated at the grain boundaries increase, which results in the enhanced diffraction
peaks of Mg5RE and Mg41Sm5 in the XRD pattern.



Crystals 2025, 15, 894 8 of 18

 

Figure 7. XRD phase analysis of DS1 and DS3.

To further analyze and identify the precipitated phases in the alloys, transmission
electron microscopy (TEM) was employed to characterize the composition and structure.
Figure 8 shows the STEM results, where significant enrichment of Dy and Sm is observed
within the bone-like phase, confirming its rare earth (RE)-rich nature. In addition, partial
segregation of Zr was also detected in this phase.

 
Figure 8. STEM and EDS results of DS3 alloy.

Selected area electron diffraction (SAED) was used to identify the crystal structure of
the secondary phases (Figure 9). Micro-area point analysis was conducted within these
regions to determine their chemical composition. At point 1, the Mg-to-RE atomic ratio
was approximately 5:1, and the corresponding electron diffraction pattern was indexed to a
face-centered cubic (FCC) structure. Thus, the bone-like phase was determined to be an
FCC-structured Mg5RE phase with a composition of Mg5(Sm0.57Dy0.43). At point 2, the Dy-
to-Sm atomic ratio was about 4:1, and no Mg was detected, suggesting a rare-earth-based
secondary phase. At point 3, the Mg-to-Dy atomic ratio was close to 2:1, indicating the
presence of an FCC-structured Mg2Dy phase, in which small amounts of Sm and Zr were
dissolved. Composition analysis of the secondary phases reveals that, with the co-addition
of Sm and Dy, rare earth elements not only dissolve into the α-Mg matrix but also mutually
dissolve into various secondary phases. The Mg41Sm5 phase, though detected by XRD, was
not clearly identified in the TEM analysis. Previous studies have indicated that this phase
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tends to segregate at grain boundaries and also exhibits a bone-like morphology [35–37]. It
is therefore inferred that Mg41Sm5 coexists and mixes with the Mg5RE phase. Due to its
relatively low abundance and morphological similarity, distinguishing it from the Mg5RE
phase under TEM remains challenging.

 

Figure 9. TEM analysis of typical second phases in DS3 alloy: (a,b,c) BF-TEM images and EDS
analysis of the marked points; (a1,a2,b1,b2,c1,c2) Corresponding SAED patterns from the points in
(a,b,c), respectively.

In summary, the formation of secondary phases results from a competitive precipita-
tion process driven by non-equilibrium solidification and microsegregation. Initially, the
addition of Zr, Dy, and Sm refines the α-Mg grains. As solidification progresses, Dy and
Sm solute atoms are rejected by α-Mg dendrites, becoming concentrated in inter-dendritic
liquid, leading to rare earth-enriched regions along grain boundaries. Local composi-
tional fluctuations in these regions promote a strong supersaturation effect between Dy and
Sm [34], causing the preferential nucleation of Mg5RE-type intermetallic compounds. These
phases grow along grain boundaries, forming continuous or semi-continuous networks of
Mg5(Sm0.57Dy0.43). In Dy-enriched microzones, the Mg2Dy phase nucleates once the solute
concentration meets precipitation conditions. This phase grows in blocky particles within
or along the Mg5RE network. Rapid cooling locks in this multiphase microstructure, and
increasing Sm content further enhances supersaturation at grain boundaries, promoting
larger Mg5RE bone-like phases and more Dy-rich microzones, which leads to a higher
density of Mg2Dy particulate phases within the bone-like structure.

3.2. Mechanical Properties

Figure 10 presents the tensile properties of the as-cast Mg-12Dy-xSm-0.4Zr (x = 1, 2, 3)
alloys tested at room temperature, with the corresponding mechanical data summarized
in Table 2. For comparison, pure magnesium prepared under the same casting conditions
was also tested to exclude potential influences from processing variations. The ultimate
tensile strength (UTS), yield strength (YS), and elongation (EL) of cast pure magnesium in
this study were measured to be 44.1 MPa, 11.9 MPa, and 7.7%, respectively. These values
are slightly lower than those typically reported for cast pure magnesium [38,39]. This can
primarily be attributed to differences in the material’s melting process. Specifically, the
mold preheating temperature for the pure magnesium casting in this study was 400 ◦C,
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which resulted in a slower cooling rate from the melt to room temperature compared to
other studies. As a result, the grain size was larger, leading to a slight reduction in strength.
The results demonstrate that the co-addition of Dy and Sm significantly enhances both the
strength and ductility of the alloys. The ultimate tensile strength reaches up to 194.6 MPa,
while the elongation increases to 10.9%, indicating a substantial improvement in the overall
mechanical performance due to the incorporation of these rare earth elements. Currently,
some reported high rare-earth content cast magnesium alloys, such as the neutron shielding
Mg-Gd alloy studied by Le et al., exhibit a yield strength (YS) of 91.7 MPa, an ultimate
tensile strength (UTS) of 142.2 MPa, and an elongation (EL) of only 1.8% for the optimally
shielding Mg-15Gd as-cast alloy [22]. In the work by Zhu et al. on Mg-16.1Gd-3.5Nd-
0.38Zn-0.26Zr-0.15Y alloy, the as-cast properties were YS = 102 MPa, UTS = 122 MPa,
and EL = 1.7% [40]. Dai et al. reported that the as-cast Mg-10Gd-3Y-0.8Al alloy achieved
YS = 136 MPa, UTS = 215 MPa, and EL = 4.8% [41]. Similarly, Liu et al. studied an as-cast
Mg-10Dy-2Sr-Nd-Zr alloy with YS = 105 MPa, UTS = 166 MPa, and EL = 6.4% [42]. In
comparison, the mechanical properties of the Mg-Dy-Sm-Zr alloy developed in this study
are either superior or comparable to those reported in the literature.

Figure 10. The stress–strain curve of Mg-12Dy-xSm-0.4Zr alloy.

Table 2. Test results of mechanical properties of Mg-12Dy-xSm-0.4Zr alloy.

Sample UTS (MPa) YS (MPa) EL (%)

Mg 44.1 11.9 7.7
Mg-12Dy-1Sm-0.4Zr 194.6 138.2 10.9
Mg-12Dy-2Sm-0.4Zr 191.9 128.0 9.4
Mg-12Dy-3Sm-0.4Zr 193.4 125.9 8.0

With increasing Sm content, the ultimate tensile strength (UTS) of the alloys did not
change significantly, but both the yield strength and elongation gradually decreased. This
indicates that beyond a certain threshold, the addition of Sm may adversely affect ductil-
ity. The strengthening mechanisms in magnesium alloys primarily include solid solution
strengthening, grain refinement strengthening, and secondary phase strengthening [43].
In the present alloy system, the improvement in strength can be attributed to the syner-
gistic effects of multiple strengthening mechanisms induced by the combined addition
of rare earth elements (Dy, Sm) and Zr. First, grain refinement plays a key role. Under
non-equilibrium cooling conditions, undissolved particles and precipitates containing RE
and Zr can act as heterogeneous nucleation sites for α-Mg grains, promoting refinement.
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Meanwhile, both RE and Zr induce pronounced constitutional supercooling ahead of the
solid/liquid interface, suppressing dendritic growth and further refining the grain struc-
ture. This contributes to enhanced strength and improved plasticity [44]. Second, solid
solution strengthening is another important factor. Dysprosium (Dy) exhibits high solid
solubility in magnesium and can dissolve extensively into the matrix under rapid cooling
conditions, causing lattice distortion and effectively hindering dislocation motion [45],
thereby increasing alloy strength. Samarium (Sm) can also partially dissolve into the matrix
during non-equilibrium solidification, further contributing to solid solution strengthen-
ing. Third, secondary phase strengthening is significant. Sm tends to precipitate at grain
boundaries, forming bone-like secondary phases (Mg5RE, Mg41Sm5) distributed along the
boundaries. These phases can effectively pin grain boundaries and dislocations, inhibiting
boundary migration and slip, thus enhancing strength [46]. However, when the Sm content
exceeds a certain level, excessive secondary phases accumulate at the grain boundaries,
causing intergranular embrittlement. During tensile deformation, these phases act as stress
concentration sites, promoting the initiation of internal microcracks, which can serve as
crack initiation points or act as propagation paths for other cracks, resulting in a decrease
in yield strength and plasticity. This observation is consistent with findings reported by
Zhou et al. [36], confirming the critical influence of the morphology and distribution of
secondary phases on mechanical properties at higher Sm contents.

Figure 11 shows the micro-Vickers hardness test results of the alloy series. As the Sm
content increases, the average hardness of the alloys continuously rises. This is mainly
attributed to the combined effects of the following factors: increased solute atom content
in the solid solution leading to enhanced lattice distortion and greater impediment to
dislocation movement; grain refinement effects contributed by Zr and rare earth elements;
and the obstruction of matrix deformation by secondary phases formed through rare earth
additions. The synergy of these multiple strengthening mechanisms significantly improves
the overall hardness of the alloys.

Figure 11. The micro-Vickers hardness of Mg-12Dy-xSm-0.4Zr alloy.

3.3. Fracture Behavior

Figure 12 presents the tensile fracture morphologies of the Mg-12Dy-xSm-0.4Zr alloys,
revealing a typical quasi-cleavage fracture mechanism. As shown in Figure 12(a1,b1,c1),
the fracture surfaces exhibit mixed morphological features, including cleavage planes, tear
ridges, and a small number of dimples. The smooth and flat cleavage planes correspond
to the rapid propagation of cracks along specific crystallographic planes. The raised tear
ridges are formed by localized plastic tearing between cleavage planes at different heights.
The presence of fine dimples in localized regions indicates limited plastic deformation prior
to fracture [47]. Further observation of the magnified bone-shaped secondary phase in
Figure 12(a2,b2,c2) reveals obvious microcracks within this phase. Combined with previous
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analysis, this phase is primarily composed of hard and brittle intermetallic compounds such
as Mg5(Sm,Dy), enriched with Dy and Sm, and distributed along grain boundaries. Under
tensile stress, due to its high brittleness and poor deformation compatibility with the matrix,
this phase is prone to form microcracks during the early stages of deformation. These
microcracks act as “pre-existing crack sources”, significantly reducing the energy barrier
for crack initiation. Moreover, when propagating main cracks encounter these bone-shaped
phases containing microcracks, they rapidly connect and coalesce, greatly accelerating the
crack propagation process and leading to early brittle fracture of the material. As the Sm
content increases from 1 wt% to 3 wt%, the quantity and size of the bone-shaped secondary
phase in the alloy increase significantly, and its continuous network distribution becomes
more pronounced. This not only increases the number of potential crack sources but also
provides more low-resistance paths for crack propagation, thereby further reducing both
the yield strength and elongation.

 

 

 

Figure 12. The tensile fracture morphology of the alloy: (a1,a2) DS1, (b1,b2) DS2 and (c1,c2) DS3.

Therefore, the morphology, distribution, and internal microcracking behavior of the
bone-shaped secondary phase are key microstructural factors affecting the strength-ductility
balance in this alloy series. Subsequent optimization of the microstructure distribution
can be achieved through appropriate heat treatment processes, such as solution treatment,
aging treatment, or a combination of both, which has been supported by existing research
on Mg–RE alloys. For instance, Xu et al. investigated the effect of heat treatment on the
Mg-11.46Gd-4.08Y-2.09Zn-0.56Zr alloy and found that T5 and T6 heat treatments improved
microstructural homogeneity, reduced residual stress, precipitated fine and uniformly
distributed β′ phases with strengthening effects [48]. Zeng et al. performed a solution
treatment at 520 ◦C for 20 h on the Mg–12.23Dy–2.55Nd–0.4Zr alloy, which resulted in
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the dissolution of most eutectic phases at grain boundaries into the matrix, leaving only
some particulate phases and significantly improving the quantity and distribution of the
secondary phases [49]. Wu et al. applied a solution treatment at 500 ◦C for 10 h followed
by aging at 200 ◦C for 20 h to a Mg-Nd-Zn-Zr alloy prepared by the WADED process.
During this heat treatment, the intergranular eutectic phase dissolved, and fine γ1 and
β’reinforcing phases precipitated, improving the synergy between strength and toughness
of the alloy [50]. Similarly, Yi et al. studied the Mg-2.0Sm-0.4Zn-0.4Zr-2.5Nd alloy and
found that solution treatment at 515 ◦C for 8 h dissolved the coarse β eutectic phase, while
the subsequent aging treatment at 200 ◦C for 18 h promoted the formation of nanoscale
precipitates, doubling the tensile strength in the aged state compared to the as-cast state [51].
Therefore, a customized solution and aging treatment process can be applied to the Mg-Dy-
Sm-Zr alloy in this study, which may help reduce the continuous bone-shaped phase and
induce the precipitation of fine, densely distributed nanoscale precipitates in the matrix,
thereby improving both strength and ductility.

3.4. Neutron Shielding Performance

The process by which rare earth elements undergo neutron capture reactions
(Figure 13) consists mainly of two stages: capture and de-excitation. First, the nucleus of a
rare earth atom captures a thermal neutron (low-energy neutron), forming a compound
nucleus in an excited state. Subsequently, this compound nucleus de-excites to a stable
ground state by emitting one or multiple high-energy photons (γ-rays). The emitted γ-
rays are referred to as “secondary γ-rays” or “capture γ-rays”. The neutron absorption
cross-section (σ) is a physical quantity that characterizes the probability of an interaction
occurring between an atomic nucleus and a neutron. It can be understood as the effective
cross-sectional area of the nucleus acting as a “target”. A larger cross-section indicates a
higher probability of a reaction occurring between the neutron and the nucleus. There-
fore, in traditional boron-containing neutron shielding materials—whether metal-based or
polymer-based—shielding performance relies on the high neutron absorption cross-section
of 10B. However, the neutron reaction with 10B (n, α) [52]:

10
5 B + 1

0n → 7
3Li(1.015 MeV) + α(1.777 MeV)6%

10
5 B + 1

0n → 7
3Li∗ (0.840 MeV) + α(1.470 MeV)94%

Although this reaction effectively absorbs neutrons, the resulting Li ions and He
bubbles can easily lead to material irradiation swelling, microcracking, and degradation of
mechanical properties [53]. Moreover, the transmutation product of boron after neutron
absorption, 11B, exhibits a drastically reduced neutron absorption cross-section, resulting
in significantly diminished neutron shielding performance [54].

 

Figure 13. Schematic diagram of the neutron capture reaction.



Crystals 2025, 15, 894 14 of 18

Among rare earth elements, gadolinium (Gd) is generally regarded as the most
effective neutron absorber, with a thermal neutron absorption cross-section as high as
48,800 barns. However, after capturing a neutron, Gd undergoes an (n, γ) reaction and
releases multiple high-energy secondary γ-rays (with a total energy spectrum reaching up
to 7.9 MeV or higher) [55]:

155
64 Gd + 1

0n → 156
64 Gd + RP(8.54 MeV)

157
64 Gd + 1

0n → 158
64 Gd + RP(7.94 MeV)

RP is mainly secondary gamma rays. These high-energy secondary gamma rays
have extremely strong penetrating power and require heavy elements (such as lead and
tungsten) for shielding [56], thereby increasing the weight and structural complexity of the
shielding system—an outcome undesirable for lightweight applications. In contrast, the
Sm and Dy elements introduced in this study also exhibit high thermal neutron absorption
cross-sections (149Sm: 40,080 barns; 164Dy: 2650 barns). Their neutron capture reactions are
also predominantly (n, γ) reactions

149
62 Sm + 1

0n → 150
62 Sm + RP

164
66 Dy + 1

0n → 165
66 Dy + RP

Figure 14 presents the experimental and simulated results of the thermal neu-
tron shielding rate and linear attenuation coefficient for samples with dimensions of
150 mm × 150 mm × 6 mm. Denoting the number of incident neutrons as N0 and the num-
ber of neutrons recorded by the detector as N1, the shielding rate is calculated as follows:

Shielding rate =

[
(N0 − N1)

N0

]
× 100%

The linear attenuation coefficient µ represents the proportion by which the intensity
of a neutron beam is reduced per unit thickness of the material. A higher value of µ indi-
cates that neutrons attenuate more rapidly within the material, reflecting better shielding
performance per unit thickness. The coefficient µ satisfies the following relationship:

I = I0e−µx

where I0 is the initial intensity of the incident neutron beam, and I is the intensity after
the beam has passed through a material of thickness “x”. Under identical experimental
conditions, N0 and N1 can be approximated as proportional to I0 and I, respectively.

Figure 14. (a) The shielding rate of the alloy against thermal neutrons, (b) the linear attenuation
coefficient of the alloy.
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Both experimental and simulation (Geant4) results indicate that as the Sm content
increases, the neutron shielding rate and linear attenuation coefficient of the alloys improve
significantly, with consistent trends observed between the two methods. The difference
between the experimental values and the simulated values is small, which mutually verifies
the reliability of the results. Compared with pure magnesium, the addition of Dy and Sm
greatly enhances the thermal neutron absorption performance of the alloys. The improve-
ment in neutron shielding capacity can be attributed to two main factors: (1) Compared
to pure magnesium, Sm and Dy have larger thermal neutron absorption cross-sections.
The incorporation of these effective neutron-absorbing elements increases the macroscopic
absorption cross-section of the material, enhancing the capture of thermal neutrons. (2) The
microstructure of the magnesium alloy also influences its neutron shielding performance.
Microstructural optimization through grain refinement and precipitation of secondary
phases improves shielding efficiency: the rare earth-rich phases become more uniformly
distributed with reduced inter-particle spacing, thereby shortening the mean free path
of neutrons. A shorter mean free path means that within the same material thickness,
neutrons have a higher probability of interacting with atomic nuclei, leading to more
effective absorption over shorter distances and increasing the likelihood of interaction with
absorbing elements [22].

A key advantage lies in the fact that the secondary γ-rays produced after thermal
neutron capture by Sm and Dy have relatively low energy, making them easier to absorb
by the shielding material itself or by thinner additional shielding layers. Moreover, the
transmutation products generated after neutron absorption maintain sustained neutron
absorption capability [23,25]. Additionally, Dy and Sm, being high atomic number (Z)
elements, can also absorb γ-rays during the shielding process [16]. Furthermore, since the
(n, γ) reaction does not produce gaseous products such as helium or hydrogen, it avoids
issues like material swelling, microcracking, and mechanical degradation caused by the
accumulation of helium bubbles, thereby ensuring better long-term irradiation stability.

It should be noted that the discrepancies between simulated and experimental values
are primarily due to the ideal conditions assumed in the simulations (such as uniform
element distribution and monoenergetic neutron beam incidence), whereas real-world
conditions—including neutron reflection, scattering, and compositional segregation (e.g.,
aggregation of secondary phases at grain boundaries)—affect the actual experimental
results. Nevertheless, the simulations effectively predict the experimental trends, providing
a reliable reference for subsequent compositional optimization.

4. Conclusions
The microstructure, mechanical properties, and thermal neutron shielding properties

of as-cast Mg-12Dy-xSm-0.4Zr (x = 1, 2, 3 wt%) alloys were investigated. The results
indicate that the combined addition of Dy, Sm, and Zr significantly refined the α-Mg grains.
The microstructure consists primarily of an α-Mg matrix and various rare-earth (RE) phases.
The amount and size of these RE phases increased with higher Sm content. Compared to
pure magnesium, the alloy’s strength and elongation were significantly improved, with
ultimate tensile strength (UTS) reaching up to 194.6 MPa and elongation (EL) reaching
10.9%. However, the increase in Sm content led to coarsening of the second phases, resulting
in a decrease in both yield strength (YS) and elongation (EL). The addition of Dy and Sm
markedly enhanced the thermal neutron shielding capacity of the alloys. Both the shielding
rate and linear attenuation coefficient increased with higher Sm content, which is primarily
attributed to the large thermal neutron absorption cross-sections of Sm and Dy, as well
as the refined microstructure that shortens the mean free path of neutrons. In summary,
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the alloy exhibits promising overall performance and shows potential for application in
neutron shielding materials.
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