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Abstract

Mg-Zn-Ca bulk metallic glasses (BMGs) have attracted significant attention in the field of
biodegradable metallic biomaterials due to their desirable in vivo degradability and high
strength. However, their relatively high brittleness limits further practical applications.
In this work, porous Fe skeleton-reinforced Mg-Zn-Ca bulk metallic glass composites
(BMGCs) were fabricated by pressure infiltration using porous Fe skeleton as the toughen-
ing phase and MggsZn3pCasSry alloy as the matrix. It was found that electroless copper
plating improved the interfacial wettability between molten Mg and Fe, as well as the
infiltration-forming capability of the BMGCs. Quasi-static compression tests showed that
the BMGC exhibited a compressive strength of 500 MPa, a plastic strain of 0.2%, and a
yield strength of 420 MPa, representing a significant improvement over the matrix BMG
alloy. The fracture surface displayed a vein-like pattern, indicating a noticeable transition
from brittle to ductile fracture behavior. Thus, the porous Fe skeleton-reinforced Mg-Zn-
Ca BMGC shows promise as a potential biodegradable biomedical material. Moreover,
the preparation route presented here offers a new perspective for developing degradable
Mg-Zn-Ca-based BMGCs.

Keywords: bulk metallic glass composite; porous Fe skeleton; Mg-Zn-Ca alloy; mechani-
cal property

1. Introduction

Mg-Zn-Ca bulk metallic glasses (BMGs) have attracted extensive attention across mul-
tiple fields such as materials science and biomedical engineering, owing to their outstanding
specific strength, favorable biocompatibility, degradability, and unique glass-forming abil-
ity (GFA) [1-3]. In contrast to conventional crystalline magnesium alloys, metallic glasses
(MGs) possess a long-range disordered and short-range ordered atomic arrangement [4].
This distinctive structure avoids crystalline defects such as grain boundaries and dislo-
cations, thereby endowing them with near-theoretical-limit strength, higher elastic limit,
good corrosion resistance and lower elastic modulus—properties that more closely match
the mechanical behavior of human bones. As a result, Mg-Zn-Ca BMGs demonstrate
significant potential for applications in lightweight structural materials and biodegradable
implants [5-8].

The Mg-Zn-Ca ternary alloy exhibits optimal GFA near its deep eutectic composi-
tion, such as MggsZn3pCay. Using copper mold casting, a maximum critical diameter of
4-6.5 mm can be achieved for fully glassy rods [1,5,9]. The addition of strontium (Sr) to
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form the Mg-Zn-Ca-Sr quaternary system significantly enhances both GFA and plastic-
ity. With a minor Sr addition (<2 at.%), the supercooled liquid region expands, allowing
the critical diameter to increase to about 6 mm [10]. Moreover, the introduction of gal-
lium (Ga) leads to obvious improvement in GFA [11], with reported critical diameters
reaching up to 7 mm [12]. Consequently, the GFA of the Mg-Zn-Ca system remains in-
herently limited, making further enhancement of its critical diameter both essential and
scientifically challenging.

Mg-Zn-Ca-based BMG alloys demonstrate high strength and a relatively low elastic
modulus [1,9]. However, its room-temperature plasticity is generally limited to below
0.5%, accompanied by brittle fracture behavior [9], similarly to other members of the Mg-
based BMG family. Alloying is also recognized as an important strategy for improving
the plasticity of Mg-Zn-Ca-based BMG alloys [13-15]. According to reports, the addition
of elements such as Pd [16], Ag [17], Cu [18,19], Mn [20,21], Nd [22], Y [23,24], Yb [15,25],
and Zr [14] is beneficial for improving its plastic behavior to some extent. In particular, Yb
alloying can even enable the bending of ribbon samples [15]. However, to date, no study
has reported a dramatic enhancement in plasticity sufficient to induce a brittle-to-ductile
transition in these systems.

To address the inherent limitations of Mg-Zn-Ca BMGs, the introduction of extrinsic
reinforcing phases has become a significant and active research direction. Early research
primarily focused on incorporating hard, high-modulus ceramic particles as reinforcements.
For instance, Shanthi et al. demonstrated that adding Al,O3 particles into an Mg-Zn-Ca
MG matrix can serve as stress concentration sites, promoting the initiation of multiple
secondary shear bands [26]. This mechanism helps distribute plastic deformation to some
extent, thereby enhancing the compressive plasticity of the composite. However, the limi-
tations of this method are also evident: the interfacial bonding between ceramic particles
and the MG matrix is generally weak. Excessive addition not only leads to interfacial
debonding, which can act as crack initiation sites, but also significantly reduces the overall
strength and fracture toughness of the material [27]. Subsequently, researchers have shifted
their focus toward ductile metallic reinforcements, aiming to further enhance the plasticity
and toughness of the materials through the inherent deformability of these phases. Rep-
resentative metallic reinforcements include Fe particles [28,29], porous Mo particles [30],
Ti particles [31], Ni-Ti shape-memory alloy particles [32], as well as SnZn intermetallic
phases [33,34]. These metallic phases are expected not only to dissipate energy effectively
via their own plastic deformation but also to establish favorable mechanical coupling
with the MG matrix. Such coupling can promote shear-band bridging and retard crack
propagation during deformation, thereby contributing to more pronounced toughening.

The ex situ Mg-Zn-Ca-based BMGCs face multiple challenges including interfacial
bonding, particle distribution uniformity, and matrix stability. First, interfacial reactions
between the reinforcement and the matrix tend to weaken interfacial bonding. The Mg-
Zn-Ca MG matrix is chemically active and prone to react with reinforcements during high-
temperature processing such as melt casting or powder metallurgy. For example, Ti particles
may react with the Mg-based melt to form brittle Ti-Zn intermetallic compounds [35]. Such
reaction layers can consume alloying elements from the matrix, potentially altering the
local composition and impairing GFA. Second, inhomogeneous distribution of reinforcing
particles limits their toughening effectiveness [36]. Finally, the inherently limited GFA of
the Mg-Zn-Ca system means that the addition of reinforcements may further promote
matrix crystallization. The resulting crystalline phases are typically brittle, leading to
reduced strength and increased brittleness of the composite. Consequently, reinforcements
such as porous Mo particle [37,38], Fe particle [39-42], and Ti particle [43—47], which
have demonstrated effective toughening in systems like Mg-Cu-Ag-Gd, have not achieved
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comparable performance enhancement in the Mg-Zn-Ca system. Therefore, controlling
interfacial reactions, achieving uniform particle dispersion, and maintaining the stability of
the matrix remain critical issues that must be addressed for Mg-Zn-Ca-based BMGCs.

To address the critical issue of inhomogeneous reinforcement distribution, a simple
strategy is to pre-form the reinforcement into a uniformly distributed three-dimensional
continuous network preform, which is then infiltrated with an MG matrix. Kim et al.
fabricated BMGCs by infiltrating carbon fibers into a Zr-based alloy melt, achieving a
homogeneous distribution of fibers [48]. However, severe interfacial reactions between
the carbon fibers and the reactive metallic melt limited the ductility improvement [49,50].
Yin et al. employed pressure infiltration to inject the amorphous alloy melt into a Cu-
coated carbon-fiber preform placed in a Cu mold [51,52]. The Cu coating suppressed
interfacial reactions, inducing an obvious improvement in plasticity. Wang et al. used
porous SiC foam as a preform to produce Zr-based BMGCs via pressure infiltration [53].
The three-dimensional continuous ceramic skeleton not only effectively impeded shear
bands and promoted their multiplication, but also carried substantial load, leading to a
marked increase in compressive strength and plasticity. Wang et al. fabricated Ti-based
BMGCs reinforced with a continuous porous Cu preform, which significantly enhanced
the energy-absorption capacity and plastic deformability of the composite [54]. Similar
improvement effects are observed when porous Cu is replaced with porous Ni [55]. Ma and
Gao et al. introduced stainless-steel wire-mesh/capillary-tube preforms, successfully im-
parting notable ductility and work-hardening capability to the BMGCs [56,57]. Zhang et al.
developed dual-continuous reinforced BMGCs using porous W, achieving considerable
strengthening [58,59]. These studies confirm that the use of continuous metallic preforms
can effectively toughen BMGCs.

It is known that Fe is a biodegradable, non-toxic metal element with a high melting
point and good plasticity, making it an ideal reinforcement choice for improving the plastic-
ity and toughness of Mg-Zn-Ca BMGCs. In light of this, this study employs continuous
porous iron (Fe foam) to enhance the mechanical properties of the MggsZn3pCazSr; amor-
phous alloy. The influence of electroless Cu plating treatment on improving the Fe-Mg
wettability and the formability of the composite is investigated, while the mechanical
properties of the composite are tested, and its deformation-fracture behavior is analyzed.

2. Materials and Methods
2.1. Preparation of Composites

Commercial porous Fe skeletons (Fe foam, fabricated via the electroforming-Fe-
on-polyurethane-sponge process, Dingyuan Metal Materials Co. Ltd., Qingdao, China)
were cut into cylindrical rods (6 cm in height, 1.5-3 mm in diameter) and thin sheets
(2mm x 15 mm x 60 mm) using wire electrical discharge machining (Dalong DK7732,
Taizhou, China) to serve as preforms for the BMGCs. Prior to pressure infiltration, the
porous Fe preforms were first ultrasonically cleaned in acetone for 15 min to remove oils,
then immersed in a dilute aqueous HCl solution (3 vol%) for 5 min to eliminate surface
oxides, iron rust and dust deposits, followed by activation in an activation solution (0.1 g/L
PdCl, (Macklin Biochemical Co. Ltd., Shanghai, China) 10 mL/L HCl in water (Guangdong
Xinchengyuan Technology Co. Ltd., Huizhou, China)) for 15 min. Finally, electroless copper
plating was carried out using a plating bath whose composition is listed in Table 1. Before
plating, the pH value of the plating solution is adjusted to approximately 12.5 using a 20%
(by volume) aqueous sodium hydroxide solution. The temperature of the plating solution
is maintained at 25-30 °C using a water bath heating device.
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Table 1. The Chemical Composition of the Bath Used in Electroless Copper Plating.

Chemical Reagent Molecular Formula Concentration
Copper(Il) Sulfate CuS0O4-5H,0 531g/L
Formaldehyde Solution CH,O 9.36 mL/L
Sodium Chloride NaCl 6.38 g/L
Disodium EDTA C10H14N2Na208 15.89 g/L
Potassium Sodium Tartrate KNaC4H404-4H,O 6.03g/L
Potassium Ferrocyanide Ky4[Fe(CN)g]-3H,O 213 mg/L
2,2'-Bipyridine C19HgN, 426 mg/L

All the chemicals were purchased from Fuchen Chemical Reagent Co. Ltd., Tianjin City, China.

A master alloy with the nominal composition MggsZn3yCasSry [10] was prepared from
commercial high-purity Mg (99.99 wt%, Shanxi Yinguang Huasheng Magnesium Industry
Co. Ltd., Yuncheng, China), Zn (99.999 wt%, Chihong Zinc and Germanium Co. Ltd.,
Qujing, China), and Mg-20 wt% Ca (Yueyang Yuhang New Materials Co. Ltd., Yueyang,
China) and Mg-20 wt% Sr (Yueyang Yuhang New Materials Co. Ltd., Yueyang, China)
master alloys. The raw materials were weighed by precision analytical balance (Mettler,
ME204E, Columbus, OH, USA) and melted together by induction melting (Shanghai
MTINST, VIMS-1000, Shanghai, China) under an argon atmosphere to obtain an ingot of
the master alloy. Subsequently, the composite samples were fabricated by pressure-assisted
infiltration of the molten alloy into the porous-Fe preforms placed in a copper mold. The
master alloy was melted inside a quartz tube via induction heating. The temperature of
the melt was monitored using an infrared two-color laser pyrometer and maintained at
approximately 800 °C. The molten alloy was subsequently injected into a copper mold
through a small pore located at the bottom of the quartz tube, driven by high-purity argon
gas at a pressure of approximately 1 MPa. The detailed procedure follows that described
in the literature [51]. The composite fabricated with uncoated porous iron is designated
as BMGC1, while the composite produced with copper-coated porous iron is designated
as BMGC2.

2.2. Structural Characterization

The phase structure of the BMGC materials was analyzed by X-ray diffraction (XRD,
Tongda TDM-20, Cu K« radiation, Dandong, China). In order to examine whether the
composite samples possess an amorphous matrix, XRD measurements were conducted at a
scanning speed of 8°/min over a 26 range of 10-90°.

The microstructures of the porous Fe before and after Cu plating were observed
using a field-emission scanning electron microscope (FE-SEM, Hitachi S-4800, Tokyo,
Japan). The interfacial microstructure and chemical composition of the composites were
further characterized by combining the same SEM with its attached energy-dispersive
X-ray spectroscopy (EDS) system.

Low-magnification morphology of the composite samples was examined by optical
microscopy (OM, Zeiss Axio Imager M2m, Jena, Germany), and the porosity of the porous
Fe in the composites was quantified using Image J software. To observe the distribution
of porous Fe in BMGCs, the cross-section of the composite material was ground with
2000-grit sandpaper, and low-magnification optical micrographs were acquired using the
aforementioned Zeiss OM. The images were then converted into black-and-white binary
format using AxioVision SE64 software to facilitate measurement. Since porous Fe extends
in 3D space, it is difficult to obtain continuous 2D cross-sectional images for accurate pore
size analysis. To address this, the discontinuous pore walls visible in the 2D images were
reconstructed into continuous structures using the artificial intelligence (AI) module in
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AxioVision SE64 software. Finally, statistical analysis was performed with Image Pro Plus
6.0 software.

Differential scanning calorimetry (DSC) curves of the composites were recorded from
room temperature to 750 K at a constant heating rate of 20 K/min with a simultaneous
thermal analyzer (STA, Setaram Thermo ONE, Lyon, France). Various thermodynamic
temperature parameters were derived from the DSC curves to identify the glassy structure
of the matrix.

2.3. Quasi-Static Compression Mechanical Property Testing

To evaluate the quasi-static compressive mechanical properties of the BMGC mate-
rial, uniaxial compression tests were performed on cylindrical specimens with a size of
® 2 mm x 4 mm using an electronic universal material testing machine (Guanteng PA200,
Changchun, China). The specimens were sectioned with a low-speed diamond saw (Kejing
5YJ150, Shenyang, China). To avoid crystallization induced by temperature rise during
cutting, the wheel speed was kept below 120 rpm and lubricating oil was applied for
cooling. Compression tests were conducted at room temperature in accordance with ASTM
E9 standard [60]. Prior to testing, a thin layer of grease was applied between the specimen
ends and the compression platens to reduce end-friction effects. The tests were carried out
under displacement-control mode at a constant strain rate of 1 x 1073 s7!, and loading
continued until obvious yielding, predefined deformation, or fracture occurred. During
testing, the load—displacement data were automatically recorded by the testing system
and subsequently converted into engineering stress—strain curves. Each test condition
was repeated at least three times, and the average value of the three tests was taken to
ensure reliability.

Fracture surfaces of the compressed specimens were examined using the 5-4800 SEM
to identify the fracture mode.

3. Results
3.1. Effect of Electroless Cu Plating on the Forming of BMGCs

To successfully fabricate porous iron-reinforced Mg-Zn-Ca BMGCs, it is essential to
achieve favorable wettability between the porous iron surface and the molten Mg alloy
during pressure infiltration. As reported in the literature [52,61], electroless copper plating
can enhance the wettability between the reinforcement and the Mg-based amorphous
alloy matrix. Accordingly, we employed this method to modify the surface of the porous
iron, with the results presented in Figure 1. The insets in Figure la,b compare optical
photographs of the porous iron before and after electroless copper plating. After plating,
the color of the porous iron changed from gray to reddish-brown, consistent with the
characteristic appearance of metallic copper.

Figure 1a presents a scanning electron microscopy (SEM) image of the porous iron
substrate prior to plating, clearly showing a porous and loosely structured surface com-
posed of particles with a broad size distribution. These morphological features are typical
of electrodeposited metallic layers produced via the template-assisted fabrication method—
specifically, electroplating onto a sacrificial polyurethane sponge template that is later
removed, leaving behind the open-cell iron network. From Figure 1a, the average pore size
within the porous iron structure can be roughly estimated at approximately 800 pm. This
relatively large pore dimension is particularly advantageous for subsequent processing, as
it facilitates effective pressure infiltration during the fabrication of metal-matrix composites,
ensuring uniform reinforcement distribution and good interfacial contact.
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Figure 1. SEM micrographs of porous iron (a,c) before and (b,d) after electroless copper plating.
The insets in (a,b) show corresponding optical photographs of the porous iron before and after
plating, respectively.

After electroplating, as observed in Figure 1b, the pore diameter exhibits a slight
reduction due to the deposition of the copper coating, although the change remains min-
imal and the overall porous architecture is well preserved. Moreover, the plated surface
demonstrates a continuous and relatively smooth copper layer consisting of fine grains or
particles. This deposited layer effectively fills the original interparticle gaps and surface
voids on the porous iron substrate (pore walls), thereby enhancing surface uniformity
and potentially improving mechanical interlocking as well as electrical conductivity in the
resulting composite structure.

Figure 2 shows optical images of cylindrical porous-iron preforms in both un-plated
and copper-plated states, together with the corresponding Mg-Zn-Ca BMGC samples
reinforced with these porous-iron structures. As can be seen in Figure 2a, the un-plated
porous-iron rod, with dimensions of 2 mm in diameter and 40 mm in length, yielded an
infiltration depth of only about 5 mm in the resulting composite. In sharp contrast, when
using the copper-plated porous-iron rod—measuring 1.5 mm in diameter and 35 mm in
length, as shown in Figure 2c—the infiltration length surpassed 30 mm, clearly indicating
that the electroless copper deposition markedly enhances the pressure-infiltration perfor-
mance of the composite system. This substantial improvement in infiltration not only
highlights the effectiveness of the copper coating in facilitating melt flow and pore filling,
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but also verifies that the coating substantially promotes wettability between the porous-
iron reinforcement and the molten Mg-Zn-Ca alloy. The improved interfacial wetting
contributes to stronger bonding, more uniform reinforcement distribution, and ultimately
better mechanical properties in the final composite material.

mlm{lmW’W’H””WWWWWWj;N:
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Figure 2. Optical images of the porous-iron preforms and their corresponding composite samples:
(a) un-plated porous-iron rod, (b) copper-plated porous-iron rod, (c) composite sample fabricated
from un-plated porous iron, and (d) composite sample fabricated from copper-plated porous iron.

3.2. Microstructure of BMGCs

Figure 3 presents representative optical micrographs of the infiltration region on the
surface and within the interior of the composite. Due to direct contact with the mold surface,
the outer layer remained non-infiltrated by molten Mg, resulting in exposure of the porous
iron scaffold, as depicted in Figure 3a,b. A reddish-brown phase, attributed to the elec-
troless copper coating, is discernible on the pore walls of the porous iron. Metallographic
observations of the composite cross-section, shown in Figure 3c,d, indicate satisfactory
interfacial bonding between the matrix and the continuous porous iron reinforcement. It is
noteworthy that although the infiltration depth varies between composites reinforced with
uncoated and copper-coated porous iron preforms, their microstructural characteristics
exhibit similarity and remain consistent with the morphology illustrated in Figure 3a,c.

https://doi.org/10.3390/jcs10020110
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Figure 3. (a,b) Surface view of the infiltrated BMGC2 sample; (c,d) Cross-sectional view of the
composite rod.

As a reinforcing phase in BMGCs, the pore structure of porous Fe necessitates a
comprehensive quantitative characterization of key geometric parameters such as porosity
and pore size. For this purpose, 2D cross-sectional images, similar to those presented in
Figure 3¢, were used to evaluate both the volume fraction of the iron phase and the pore
distribution within the composite, with the quantitative results summarized in Figure 4.
Figure 4a,b present the decolorized OM of the BMGC1 and BMGC2 samples, respectively,
with the insets showing the corresponding Al-reconstructed images. The measured porosity
values for composites reinforced with uncoated porous iron and copper-coated porous
iron were 87.2% and 88.1%, corresponding to iron phase volume fractions of 12.8% and
11.9%, respectively. Furthermore, the average pore sizes were found to be 534 £ 157 um for
the uncoated variant and 503 & 129 um for the copper-coated one. These results suggest
that the electroless copper coating has only a minimal and statistically insignificant impact
on the geometric characteristics—specifically, the porosity and average pore size—of the
continuous iron reinforcement phase within the composite. Such limited influence implies
that the coating process preserves the intrinsic porous architecture of the iron scaffold,
which is crucial for maintaining structural continuity, interfacial bonding, and ultimately
the mechanical performance of the BMGC.
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Figure 4. (a,b) Decolorized SEM images of uncoated and Cu-coated porous Fe skeletons, with insets
showing reconstructed pore walls; (c,d) Pore-size distribution statistics.

To further elucidate the microstructure of the BMGC, with a specific focus on the
influence of the copper coating on interfacial evolution, high-magnification SEM and EDS
analyses were performed on the composite prepared with copper-coated porous iron.
Figure 5a provides a low-magnification SEM overview of the composite cross-section.
Several infiltration-incomplete voids are visible at the boundary between the porous iron
reinforcement and the glassy matrix, which can be attributed to the inherently loose
and irregular pore-wall morphology of the porous iron substrate. Figure 5b shows a
higher-magnification image of the interfacial region. Notably, no distinct secondary phase
or reaction layer is observed at the interface separating the matrix and the porous iron
reinforcement. Figure 5c presents the EDS spectrum acquired from point C in Figure 5b. The
strong characteristic peaks of iron confirm that this region corresponds to the porous iron
reinforcement phase. Figure 5d displays the EDS spectrum collected from point D within
the matrix region in Figure 5b. In addition to the principal matrix elements—magnesium,
zing, calcium, and strontium—a weak iron signal is also detected, consistent with the
nominal composition of the amorphous alloy matrix. Figure 5e shows the EDS spectrum
taken from point E, located precisely at the interface in Figure 5b. The simultaneous
presence of iron and matrix elements (Mg, Sr, Ca) indicates that limited interfacial diffusion
and possible partial mutual solubility have occurred between the iron reinforcement and
the amorphous Mg-Zn-Ca-Sr matrix during composite processing. This interdiffusion
behavior, although limited in extent, could contribute to improved interfacial bonding and
load transfer in the composite system. Nevertheless, the absence of a continuous interfacial
reaction layer suggests that the copper coating primarily serves as a wetting promoter
without inducing extensive chemical interaction under the present processing conditions.
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Figure 5. Typical SEM images and corresponding EDS analysis of the composite prepared with
Cu-coated porous Fe skeleton. (a) Low magnification SEM image of BMGC2 sample; (b) SEM image
with EDS analysis sites: red crosses for the point test and a green line for the line scan; (c—e) EDS
spectra taken from points C, D, and E in (b), respectively.

Figure 6 illustrates the results of an energy-dispersive X-ray spectroscopy (EDS) line
scan performed along the green trace marked by F in Figure 5b. The compositional profile
clearly shows that the characteristic X-ray signal of copper is significantly enhanced at the
interfacial region, indicating notable enrichment of copper at the boundary between the
porous iron reinforcement and the metallic glass matrix. This observation is consistent
with the prior application of electroless copper plating on the porous iron substrate. It is
noteworthy that a detectable amount of copper is also present both within the pore-wall
structure of the porous iron and inside the adjacent metallic glass matrix. This distribution
suggests that during high-temperature pressure infiltration, copper atoms from the coating
diffused not only along the interface but also partially migrated into the porous iron
skeleton and penetrated into the molten Mg-Zn-Ca-Sr alloy. Such melting-assisted diffusion
behavior helps reduce interfacial energy, improves wettability, and thus promotes complete
filling of the porous network, which is highly beneficial for achieving sound pressure-
infiltration molding, as supported by prior studies [52]. Furthermore, as displayed in
Figure 5b, the elements Mg, Zn, and Ca are predominantly located within the amorphous
matrix on the right side of the interface, whereas Fe is largely confined to the porous
reinforcement on the left side. This distinct elemental partitioning is attributed to the
limited mutual solubility and thermodynamic immiscibility between iron and molten
magnesium under the present processing conditions. The resulting sharp compositional
gradient across the interface reflects the absence of extensive interfacial reaction phases
and aligns with the composite’s designed reinforcement-matrix architecture, where the
metallic glass matrix and the porous iron reinforcement retain their individual chemical
characteristics while being physically integrated through the copper-enhanced interface.
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Figure 6. EDS line-scan results at the composite interface. (a) SEM image showing the test line;
(b) elemental distribution profiles calculated from the EDS line scan.

Figure 7 shows the XRD patterns of different samples. All samples exhibit a broad
diffuse scattering peak within the 20 range of 30° to 45°, which is characteristic of an
amorphous structure. This confirms that the matrix phase in each composite material
retains a fully glassy nature. In addition to this amorphous halo, the XRD patterns of the
two composite samples display sharp, well-defined diffraction peaks corresponding to the
crystalline «-Fe phase. These peaks can be unequivocally attributed to the porous iron
reinforcement incorporated into the composites.
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Figure 7. XRD patterns of the BMGC samples compared to the unreinforced MggsZn3yCazSr; BMG.

It should be noted that no distinct diffraction peaks corresponding to crystalline Cu
are detected in the pattern of the composite fabricated using copper-coated porous iron.
This absence suggests that the electroless copper coating melted and dissolved into the
matrix or diffused along the interface during the high-temperature pressure-infiltration
process, rather than remaining as a separate crystalline phase. Moreover, the XRD patterns
show no evidence of diffraction peaks belonging to any other crystalline intermetallic
or secondary phases. This indicates that despite the melting and disappearance of the
copper interlayer at the reinforcement-matrix interface during composite processing, no
crystalline reaction products—such as Fe-Cu, Mg-Cu, or other ternary compounds—formed
in the interfacial region or in the adjacent amorphous matrix. The preservation of a purely
amorphous matrix, along with the absence of additional crystalline phases, further supports
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the role of the copper coating primarily as a wetting and diffusion-promoting agent without
inducing significant crystallization or undesirable interfacial reactions under the employed
processing conditions.

Figure 8 shows the DSC curves of different BMGC samples and the MggsZn3pCazSr;
BMG alloy. As shown in Figure 8a, all DSC curves exhibit distinct glass transition and
crystallization features, indicating that all tested samples contain a certain amount of
amorphous phase, which is consistent with the XRD results shown in Figure 7. The
MggsZn39CasSr; BMG alloy exhibits five crystallization peaks during heating, while the
addition of uncoated porous Fe skeleton reduces the number of peaks to three. This sug-
gests that the crystallization behavior of the matrix phase changes upon the introduction of
porous Fe. However, when porous Fe coated with copper is incorporated into the amor-
phous matrix, the formed BMGC material again shows five crystallization peaks, matching
the number observed in the MggsZnspCasSr; BMG alloy. Furthermore, a comparison of the
thermodynamic parameters obtained from the DSC curves (Table 2) reveals that the glass
transition temperatures Ty of both composite samples increase by approximately 10 K after
composite formation. This indicates that the thermal stability of the composite matrix is
higher than that of the monolithic BMG alloy. This phenomenon is likely related to changes
in the matrix composition caused by reactions between the rust (Fe oxide) on the pore walls
of the porous Fe and the molten Mg.

(a) ; 20 K/min —aswmGe2 | (b) 20 K/min —— BMGC2
——BMGCH ——BMGCH1
——BMG —BMG
5 S5
s L]
o P T, T Q f f
£ o E
3] o
" o <
° ©
= s t
i w
!
T, T,
350 4(I)0 450 5(I)0 550 6(I)O 600 6£I'>0 700
Temperature (K) Temperature (K)
Figure 8. DSC curves of different BMGCs and the monolithic MggsZn3pCazSr; BMG: (a) lower
temperature region showing glass transition and crystallization behavior; (b) higher temperature
region exhibiting melting events.
Table 2. Thermodynamic parameters measured from the DSC curves.
Sample T, (°O) T, (°C) AT, (°O) Ty (°O) T; (°O) T; — Ty (°CO) T 0%
BMG 364.6 4219 57.3 614.6 646.5 319 0.564 0.417
BMGC1 374.7 4274 52.7 621.1 659.1 38.0 0.569 0.413
BMGC2 374.1 428.2 54.1 621.7 659.4 37.7 0.567 0.414

Furthermore, as shown in Figure 5b, the melting temperature (T,) and liquidus tem-
perature (T;) of the composite samples are slightly higher than those of the MggZn3yCazSr;
BMG alloy. This may be attributed to the introduction of high-melting-point elements Fe or
Cu into the composite matrix, which alters its thermodynamic characteristics. An increase
in melting point is usually accompanied by changes in other thermodynamic parameters,
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thereby significantly affecting the glass-forming ability (GFA) of the alloy. Commonly
used criteria for evaluating GFA include the width of the supercooled liquid region AT,
(ATy = Ty — Tg) [62], the reduced glass transition temperature Ty (Tr = T/ T)) [63], and
the y parameter (y = Tx/(Tg + T})) [64]. Based on DSC data, we calculated the ATy, Ty,
and <y values for the three types of samples, and the results are summarized in Table 2.
The comparison reveals that the AT, and <y values of the composite samples are generally
lower than those of the monolithic amorphous alloy, indicating a certain reduction in the
glass-forming ability of the composites. Notably, among the composites, BMGC2 prepared
using Cu-coated porous Fe exhibits a relatively smaller decline in GFA, suggesting that its
glass stability is less affected by the compositing process.

3.3. Mechanical Properties

Figure 9 shows the quasi-static compressive stress—strain curves of the composite sam-
ples and the MggZn3pCazSr; BMG. The corresponding mechanical properties measured
are summarized in Table 3.
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Figure 9. Quasi-static compressive engineering stress—strain curves: (a) Complete curves of
MggsZnzpCazSr; BMG and BMGC samples; (b—d) Magnified views of the stress—strain curves in the
yielding-to-fracture region for the BMG, BMGC1, and BMGC2 samples, respectively.
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Table 3. Mechanical properties of different samples.

Sample Yield Strength Compression Strength ~ Plasticity =~ Yang” Moudulus

(MPa) (MPa) (%) (GPa)
BMG 403 £+ 25 407 £ 17 0.02 +£0.01 386 +54
BMGC1 405 + 15 456 + 31 0.03 £ 0.02 33.7 £ 8.2
BMGC2 420 +£ 18 500 + 20 0.2 £ 0.06 354+ 6.1

As shown in Figure 9 and Table 3, the MggsZn3pCasSr; BMG alloy exhibited no sig-
nificant macroscopic plasticity under compression, with a plastic strain of only 0.02% and
a compressive strength of 407 = 17 MPa. For the composite sample BMGC1, fabricated
using uncoated porous Fe, the compressive strength increased slightly to 456 + 31 MPa,
while no notable change was observed in plastic deformation. In contrast, the composite
sample BMGC2, prepared with copper-coated porous iron, showed a marked improvement
in compressive strength, reaching 500 £ 20 MPa, along with a compressive plastic strain
of 0.2%. This indicates that the addition of Cu-coated porous Fe contributed to a certain
enhancement in the ductility and toughness of the composite. Moreover, the compressive
strength of the BMGC2 sample fabricated using Cu-coated porous Fe in this work slightly
exceeds the compressive yield strength range of human bone (~230 MPa) [65,66]. Addi-
tionally, the Young’s modulus of the composite, measured from the stress—strain curve,
is 35.4 &+ 6.1 GPa, which is close to the Young’s modulus of human bone (~27 GPa) [67].
When the modulus of an implant matches that of bone, the risk of stress shielding can be
effectively reduced. Therefore, the mechanical properties of the composite developed in
this study meet the strength and safety requirements for human implantation.

Additionally, by comparing Figure 9b—d, it can be observed that the stress—strain
curves of the composite samples exhibit distinct serrated flow behavior. This is a character-
istic feature indicating the onset of plastic deformation in BMGs and confirms a tendency
towards a brittle-to-ductile transition in the plastic deformation behavior of the composite
samples. In our opinion, such a brittle-to-ductile transition is beneficial for enhancing the
strength of inherently brittle materials. For instance, measured strength values for BMGs
often exhibit significant scatter, which becomes more pronounced with increasing material
brittleness [68—72]. The slightly lower compressive strength of the MggsZn3CazSr; BMG
measured in this work compared to some literature values [10,17] can be attributed to this
strength scatter associated with brittleness. When ductility is improved, this data scatter
correspondingly decreases.

4. Discussion
4.1. Role of Copper Coating

The behavior of the electroless Cu coating in the Mg—Zn—Ca melt plays a critical role
in the formation of composites. Analysis of the Mg-Cu binary phase diagram indicates that
Mg and Cu form a low-eutectic system at approximately 485 °C [73], which is considerably
lower than the melting points of Mg (650 °C) and Cu (1083 °C). The existence of this low-
eutectic point implies that, upon contact, solid Cu can undergo a rapid eutectic reaction
with the Mg-based melt, resulting in “contact melting” of the Cu surface well below its own
melting temperature. This process quickly generates a thin liquid film with a composition
close to the eutectic point at the solid-liquid interface, which substantially reduces the
interfacial energy and provides favorable thermodynamic conditions for the spreading of
the melt over the Cu surface.

The infiltration process of the composite can be regarded as a diffusion-corrosion pro-
cess of the electroless Cu coating by liquid Zn. It is well known that diffusion coefficients
tend to be high at elevated temperatures. According to the study by Christopher et al., the
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bulk diffusion coefficient of Zn in Cu at 800-900 °C is on the order of ~10712 m? /s [74].
Meanwhile, the electroless Cu coating used in this work exhibits a typical nanocrystalline
structure, with grain/particle sizes generally in the range of tens of nanometers, as shown
in the inset in Figure 1d. The most prominent structural characteristic of nanocrystalline
materials is their exceptionally high grain-boundary density. Grain boundaries, acting as
defective regions in the crystal lattice where atomic packing is looser and the activation
energy is lower, provide efficient “short-circuit diffusion” pathways for atomic migration.
The short-circuit diffusion coefficient along grain boundaries can be 2-3 orders of magni-
tude higher than the bulk diffusion coefficient, reaching levels of 1071 m2/s or greater.
The diffusion depth x of Zn in x-Cu can be roughly estimated using a one-dimensional
diffusion model:

x =Dt (1)

In Equation (1), D represents the diffusion coefficient of Zn in «-Cu, taken as
~10719 m?/s, and t denotes the pressure infiltration time, which is simply estimated as
1 s. With such a high diffusion coefficient, Zn atoms can diffuse over a distance on the
micrometer scale along the grain-boundary network within 1 s, far exceeding their diffusion
capability in single-crystal or coarse-grained Cu. Consequently, the dense grain-boundary
network within the nanocrystalline Cu layer provides a highly favorable kinetic pathway
for the rapid transport of Zn atoms from the melt into the Cu layer, as well as for the reverse
transport of Cu atoms into the melt. This enables the electroless Cu coating to melt/diffuse
and disappear rapidly within the very limited time window available during the pressure
infiltration process.

When such a nanocrystalline electroless Cu coating comes into contact with the Mg—
Zn-Ca melt, two rapid processes occur simultaneously at the interface. First, an ultrafast
reactive inter-diffusion between Zn and Cu takes place, leading to the formation of a
compositionally graded and kinetically highly active diffusion-coupled layer within an
extremely short period. Second, this diffusion layer forms a eutectic alloy with Mg, and
its rapid melting—attributed to the low eutectic point—facilitates thorough mixing with
the Mg—Zn—Ca melt. Consequently, neither pure Cu nor distinct interfacial reaction layers
can be observed at the composite interface. In our opinion, the melting of the active
diffusion-coupled layer plays a decisive role in enhancing the overall wettability.

4.2. Toughening Mechanism

To clarify the role of the porous Fe skeleton in strengthening and toughening the
composite, the fracture surface morphology of the BMGC2 sample was examined, as
shown in Figure 10. Figure 10a reveals the characteristics of the porous Fe skeleton,
which divides the entire fracture surface into distinct regions (pore range). Three primary
morphological types are identified in the regions marked as B, C, and D in Figure 10a: vein-
like patterns, nanoscale corrugations, and granular fracture morphology. Vein-like patterns
are typical of shear-induced deformation and are commonly observed in ductile BMG alloys
such as Zr-based [75] and Ti-based [76] BMG systems. In contrast, except for small-sized
Mg-Cu-Ag-Gd, Mg-Ni-Ag-Nd and so on, most Mg-based BMG alloys generally exhibit
intrinsic brittleness under compression, fracturing into small fragments with nanoscale
corrugations [77]. The presence of vein-like patterns in Figure 10b demonstrates that, at
least locally, the BMGC sample exhibits ductile fracture behavior.
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Pore range

Figure 10. SEM fractography of the BMGC sample prepared using Cu-coated porous Fe: (a) low-
magnification overview; (b) enlarged view of rectangular region B in (a); (c) enlarged view of
rectangular region C in (a); (d) detailed view of the porous iron area corresponding to rectangular
region D in (a).

Nanoscale corrugation pattern is one of the typical fracture surface features in brit-
tle BMGs, such as Mg-based [78], Co-based [79] and Fe-based BMG [80] systems, and
often appears within smooth regions of the fracture surface. The formation of this mor-
phology is closely related to the dynamic energy release during fracture: when fracture
occurs, the localized release of strain energy excites surface Rayleigh waves along the
crack front [80]. The propagation and interference of these stress waves result in periodic
nanoscale undulations on the fracture surface—observed as nanoscale corrugations [81].
Notably, the morphology of these corrugations exhibits a distinct spatial variation along
the crack propagation direction. In regions farther from the fracture origin, where stress
wave propagation stabilizes, the corrugations typically display clear and regular periodic
arrangements, classifiable as nano-periodic corrugations. In contrast, closer to the fracture
origin, where energy release is more intense and propagation less stable, the corrugations
appear more disordered, with reduced periodicity, often resembling dimple-like features
formed by the aggregation of numerous nanoscale dimples or micropores [82]. This con-
tinuous transition indicates that even in BMGs that exhibit macroscopic brittle fracture,
localized plastic deformation and microstructural evolution occur at extremely small scales
(e.g., below 10 nm), reflecting the complexity of deformation in BMGs at the nanoscale.
From the perspective of material toughening design, controlling the fracture process to
suppress the formation of periodic nanoscale corrugations and promote localized energy
dissipation is crucial for enhancing the macroscopic toughness of BMGs. This also provides
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a theoretical basis for utilizing heterogeneous structures, such as porous Fe skeletons, to
regulate the plasticity of the MG matrix.

Figure 10a shows that different pore regions within the porous Fe skeleton are not
located on the same continuous smooth fracture surface but rather belong to several inde-
pendent fracture surfaces. The nanoscale corrugations in these regions all exhibit disordered
characteristics, with one typical example shown in Figure 10c. This morphological feature
indicates that the fracture origin for each pore region lies within its local vicinity, resulting
in shorter crack propagation paths and preventing the formation of long-range ordered
corrugation structures along a unified direction. We attribute this phenomenon primarily
to the physical segmentation of the MG matrix by the porous Fe skeleton: the 3D network
structure of the skeleton hinders continuous crack propagation, confining it to isolated
matrix regions. Such spatial constraints deprive the crack front of sufficient continuous
medium to support the propagation and interference of stable Rayleigh waves, thereby in-
hibiting the formation of highly ordered nanoperiodic corrugations. It can thus be inferred
that each matrix region segregated by the skeleton may possess independent microcrack
origins, which likely initiate near the skeleton pore walls due to stress concentrations
caused by structural or compositional variations.

Figure 10d shows the fracture morphology of the pore wall itself, displaying typical
brittle fracture characteristics closely associated with the granular deposit-rich structure on
the pore wall surface. This observation supports the inference that pore walls act as stress
concentrators and primary sites for crack initiation, further confirming the critical role of
the skeleton structure in the fracture process.

The porous Fe skeleton significantly alters the crack propagation behavior and fracture
morphology evolution in the MG matrix through its spatial segmentation effect. If future
research can further optimize the skeleton’s properties—such as enhancing its toughness
and strength, reducing pore size to improve interfacial bonding, and tailoring the pore wall
microstructure—it may be possible to more effectively regulate the deformation behavior
of the MG matrix and guide crack propagation along paths more conducive to energy
dissipation, thereby improving the overall strengthening and toughening performance of
the composite. This understanding not only clarifies the mechanism of porous skeletons in
BMG composites but also provides important guidance for the subsequent development of
high-performance BMG composites based on structural design and interface engineering.

5. Conclusions

In the present study, a Cu-coated porous Fe skeleton-reinforced MggsZn3yCasSr;
BMGC was successfully fabricated by copper-mold pressure infiltration. Through system-
atic characterization and mechanical testing, the following main conclusions are drawn:

(1) Surface Cu coating significantly improved the wettability between the Fe skeleton
and the Mg melt. During infiltration, part of the coating dissolved into the matrix,
slightly reducing the GFA of the matrix alloy. Nevertheless, owing to the high cooling
rate of the copper mold and the small sample size, no crystalline phase was detected
in the composite, confirming the fully amorphous nature of the matrix.

(2) The BMGC exhibited a yield strength of 420 MPa, a compressive strength of 500 MPa,
and a plastic strain of 0.2%, showing incensement of 22.8%, 900%, and 100%, compared
with the monolithic BMG, respectively. These results indicate that the porous Fe
skeleton enhances the plastic deformation capability of the glassy matrix through
interfacial coordination.

(3) The composite showed a mixed fracture mode characterized by “global splitting
with local shear.” The fracture surface displayed both typical vein-like patterns and
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nanoscale corrugations, suggesting that the crack propagation path was altered by
the physical segmentation and interfacial coupling effect of the skeleton.

(4) Fractographic analysis revealed that the introduction of the porous skeleton modi-
fied the crack propagation mechanism in the MG matrix. The pore walls acted as
stress concentrators and micro-crack initiation sites, while the spatial confinement
provided by the skeleton suppressed the formation of long-range periodic nanoscale
corrugations and promoted local energy dissipation.

This work demonstrates the feasibility of using Cu-coated porous Fe as a reinforcing
framework for BMGCs and provides a new strategy for tailoring the mechanical per-
formance of BMGCs through heterogeneous skeleton design. Future studies may focus
on interface alloying, hierarchical skeleton architectures, and failure mechanisms under
dynamic loading, which would facilitate the development of such composites for structural-
functional integrated applications.

Author Contributions: Investigation, resources, writing—original draft preparation, T.W.; Investi-
gation, formal analysis, methodology, L.W.; software, validation, L.Z.; writing—review and editing,
supervision, project administration, funding acquisition, X.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Central Government-Guided Local Projects in Hebei
Province (236Z1018G).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

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

References

1.  Gu, X;; Shiflet, G.J.; Guo, F.Q.; Poon, S.J]. Mg-Ca—Zn Bulk Metallic Glasses with High Strength and Significant Ductility. ]. Mater.
Res. 2005, 20, 1935-1938. [CrossRef]

2. Guo, F; Joseph Poon, S.; Gu, X.; Shiflet, G.J. Low-density Mg-rich metallic glasses with bending ductility. Scr. Mater. 2007, 56,
689-692. [CrossRef]

3. Kiani, F; Wen, C.; Li, Y. Prospects and strategies for magnesium alloys as biodegradable implants from crystalline to bulk metallic
glasses and composites—A review. Acta Biomater. 2020, 103, 1-23. [CrossRef] [PubMed]

4. Wang, W,; Dong, C.; Shek, C. Bulk metallic glasses. Mater. Sci. Eng. R Rep. 2004, 44, 45-89. [CrossRef]

5. Kumari Rajendran, R.; Aggarwal, D.; Bonvalet Rolland, M.; Gruescu, C.; Shabadi, R. Design and development of large-diameter
Mg-Zn-Ca bulk metallic glass for biomedical applications: A mechanical and corrosion perspective. Intermetallics 2024, 175, 108520.
[CrossRef]

6. Zberg, B.; Uggowitzer, PJ.; Loffler, ].F. MgZnCa glasses without clinically observable hydrogen evolution for biodegradable
implants. Nat. Mater. 2009, 8, 887-891. [CrossRef]

7. Gu, X,; Zheng, Y.; Zhong, S.; Xi, T.; Wang, ].; Wang, W. Corrosion of, and cellular responses to Mg-Zn-Ca bulk metallic glasses.
Biomaterials 2010, 31, 1093-1103. [CrossRef]

8. Li,H.; He, W,; Pang, S.; Liaw, PK.; Zhang, T. In vitro responses of bone-forming MC3T3-E1 pre-osteoblasts to biodegradable
Mg-based bulk metallic glasses. Mater. Sci. Eng. C 2016, 68, 632-641. [CrossRef]

9.  Zhao, Y.-Y.;; Ma, E; Xu, J. Reliability of compressive fracture strength of Mg-Zn—Ca bulk metallic glasses: Flaw sensitivity and
Weibull statistics. Scr. Mater. 2008, 58, 496-499. [CrossRef]

10. Li, H.; Pang, S.; Liu, Y.; Sun, L.; Liaw, PK.; Zhang, T. Biodegradable Mg—Zn—Ca-Sr bulk metallic glasses with enhanced corrosion
performance for biomedical applications. Mater. Des. 2015, 67, 9-19. [CrossRef]

11.  Zai, W,; Man, H.C; Su, Y,; Li, G,; Lian, J. Impact of microalloying element Ga on the glass-forming ability (GFA), mechanical
properties and corrosion behavior of Mg—Zn—Ca bulk metallic glass. Mater. Chem. Phys. 2020, 255, 123555. [CrossRef]

12.  Yang, M.; Gong, P.; Zhao, L.; Wang, T.; Wang, X. Enhanced glass-forming ability and mechanical properties of Mg-Zn-Ca-Sr-Ga
bulk metallic glasses by gallium alloying. J. Alloys Compd. 2025, 1036, 181785. [CrossRef]

13. Laws, K\J.; Granata, D.; Loffler, ].F. Alloy design strategies for sustained ductility in Mg-based amorphous alloys—Tackling

structural relaxation. Acta Mater. 2016, 103, 735-745. [CrossRef]

https:/ /doi.org/10.3390/jcs10020110


https://doi.org/10.1557/JMR.2005.0245
https://doi.org/10.1016/j.scriptamat.2006.12.028
https://doi.org/10.1016/j.actbio.2019.12.023
https://www.ncbi.nlm.nih.gov/pubmed/31881312
https://doi.org/10.1016/j.mser.2004.03.001
https://doi.org/10.1016/j.intermet.2024.108520
https://doi.org/10.1038/nmat2542
https://doi.org/10.1016/j.biomaterials.2009.11.015
https://doi.org/10.1016/j.msec.2016.06.022
https://doi.org/10.1016/j.scriptamat.2007.10.052
https://doi.org/10.1016/j.matdes.2014.10.085
https://doi.org/10.1016/j.matchemphys.2020.123555
https://doi.org/10.1016/j.jallcom.2025.181785
https://doi.org/10.1016/j.actamat.2015.08.077
https://doi.org/10.3390/jcs10020110

J. Compos. Sci. 2026, 10, 110 19 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

Wang, C.Y.; Hou, J.F,; Dong, Z.C.; Zhang, Z.Q.; Qin, C.L. The Zr-doped Mg-Zn-Ca bulk metallic glasses with high compressive
strength, distinct plasticity and good corrosion resistance. J. Non-Cryst. Solids 2025, 652, 123397. [CrossRef]

Yu, H.-J.; Wang, ].-Q.; Shi, X.-T.; Louzguine-Luzgin, D.V.; Wu, H.-K,; Perepezko, ].H. Ductile Biodegradable Mg-Based Metallic
Glasses with Excellent Biocompatibility. Adv. Funct. Mater. 2013, 23, 4793-4800. [CrossRef]

Gonzalez, S.; Pellicer, E.; Fornell, J.; Blanquer, A.; Barrios, L.; Ibanez, E.; Solsona, P.; Surinach, S.; Baro, M.D.; Nogues, C.; et al.
Improved mechanical performance and delayed corrosion phenomena in biodegradable Mg-Zn-Ca alloys through Pd-alloying.
J. Mech. Behav. Biomed. Mater. 2012, 6, 53-62. [CrossRef]

Li, H,; Pang, S.; Liu, Y.; Liaw, PK.; Zhang, T. In vitro investigation of Mg-Zn—Ca—Ag bulk metallic glasses for biomedical
applications. J. Non-Cryst. Solids 2015, 427, 134-138. [CrossRef]

Zhao, Y.-E; Zhu, J.; Chang, L.; Song, J.-G.; Chen, X.-H.; Hui, X.-D. Influence of Cu content on the mechanical properties and
corrosion resistance of Mg-Zn-Ca bulk metallic glasses. Int. ]. Min. Met. Mater. 2014, 21, 487—-493. [CrossRef]

Qiu, K.-Q.; Wang, M.; Zhang, H.-B.; Bai, X.-].; Ren, Y.-L.; Zhang, T. Effect of Cu on glass forming ability and mechanical properties
of Mg-Zn-Ca alloys. Chin. ]. Nonferrous Met. 2009, 19, 677—-681.

Wang, J.; Huang, S.; Li, Y.; Wei, Y.; Xi, X.; Cai, K. Microstructure, mechanical and bio-corrosion properties of Mn-doped Mg-Zn-Ca
bulk metallic glass composites. Mater. Sci. Eng. C 2013, 33, 3832-3838. [CrossRef]

Wang, J.-L.; Wan, Y.; Ma, Z.-].; Guo, Y.-C.; Yang, Z.; Wang, P; Li, ].-P. Glass-forming ability and corrosion performance of
Mn-doped Mg-Zn-Ca amorphous alloys for biomedical applications. Rare Met. 2018, 37, 579-586. [CrossRef]

Qin, C; Xiao, T; Li, Y.; Wang, Z.; Liu, L.; Xiong, H.; Zhao, W. Corrosion behavior of Mg-Zn-Ca amorphous alloys with Nd
addition in simulated body fluids. China Foundry 2014, 11, 503-509.

Wang, J.F.; Wei, Y.Y.; Guo, S.F; Huang, S.; Zhou, X.E.; Pan, ES. The Y-doped MgZnCa alloys with ultrahigh specific strength and
good corrosion resistance in simulated body fluid. Mater. Lett. 2012, 81, 112-114. [CrossRef]

Wang, J.; Li, Y,; Huang, S.; Wei, Y.; Xi, X.; Cai, K,; Pan, F. Effects of Y on the Microstructure, Mechanical and Bio-corrosion
Properties of Mg-Zn-Ca Bulk Metallic Glass. J. Mater. Sci. Technol. 2014, 30, 1255-1261. [CrossRef]

Liang, Z.; Yang, L.; Li, Y.; Wang, X.; Qin, C.; Zhao, W.; Yu, H.; Wang, Z. Effects of Ag, Nd, and Yb on the Microstructures and
Mechanical Properties of Mg-Zn-Ca Metallic Glasses. Metals 2018, 8, 856. [CrossRef]

Shanthi, M.; Gupta, M.; Jarfors, A.E.W.; Tan, M.]. Synthesis, characterization and mechanical properties of nano alumina
particulate reinforced magnesium based bulk metallic glass composites. Mater. Sci. Eng. A 2011, 528, 6045-6050. [CrossRef]
Wang, Y.S.; Tan, M.].; Chua, B.W.; Bayraktar, E. YSZ-Reinforced Mg-Based Amorphous Composites: Processing, Characterisation
& Corrosion. Adv. Mater. Res. 2014, 939, 122-129. [CrossRef]

Wang, J.E; Huang, S.; Wei, Y.Y.; Guo, S.E; Pan, F.S. Enhanced mechanical properties and corrosion resistance of a Mg-Zn-Ca bulk
metallic glass composite by Fe particle addition. Mater. Lett. 2013, 91, 311-314. [CrossRef]

Li, K,; Liang, L.; Du, P;; Cai, Z.; Xiang, T.; Kanetaka, H.; Wu, H.; Xie, G. Mechanical properties and corrosion resistance of powder
metallurgical Mg-Zn-Ca/Fe bulk metal glass composites for biomedical application. J. Mater. Sci. Technol. 2022, 103, 73-83.
[CrossRef]

Wong, P-C.; Song, S.-M.; Nien, Y.-Y.; Wang, W.-R.; Tsai, P.-H.; Wu, J.-L.; Jang, ]J.5.C. Mechanical properties enhanced by the
dispersion of porous Mo particles in the biodegradable solid and bi-phase core—shell structure of Mg-based bulk metallic glass
composites for applications in orthopedic implants. J. Alloys Compd. 2021, 877, 160233. [CrossRef]

Wong, P.-C.; Tsai, P-H.; Li, T.-H.; Cheng, C.-K,; Jang, ].5.C.; Huang, J.C. Degradation behavior and mechanical strength of
Mg-Zn-Ca bulk metallic glass composites with Ti particles as biodegradable materials. |. Alloys Compd. 2017, 699, 914-920.
[CrossRef]

Guo, W.; Kato, H.; Lu, S.; Wu, S. Porous NiTi Particle Dispersed Mg-Zn-Ca Bulk Metallic Glass Matrix Composites. Materials 2018,
11, 1959. [CrossRef] [PubMed]

Li, K.; Zhou, S.; Bao, W.; Chen, ] ; Li, J.; Xie, G. New biodegradable Mg-Zn-Ca bulk metallic glass composite with large plasticity
reinforced by SnZn alloy. Mater. Sci. Eng. A 2023, 873, 145045. [CrossRef]

Zhou, S.; Chen, S.; Du, P; Yan, R.; Yuan, B.; Cai, Z.; Zhang, L.; Xie, G. Simultaneously improving the plasticity and corrosion
resistance of biomedical Mg-based bulk metallic glass by introducing SnZn alloy solder. Intermetallics 2025, 182, 108791. [CrossRef]
Wong, P; Lee, T,; Tsai, P; Cheng, C.; Li, C.; Jang, ].; Huang, ]. Enhanced Mechanical Properties of MgZnCa Bulk Metallic Glass
Composites with Ti-Particle Dispersion. Metals 2016, 6, 116. [CrossRef]

Qiao, J.; Jia, H.; Liaw, PK. Metallic glass matrix composites. Mater. Sci. Eng. R Rep. 2016, 100, 1-69. [CrossRef]

Jang, J.S.C.; Ciou, J.Y,; Li, TH.; Huang, J.C.; Nieh, T.G. Dispersion toughening of Mg-based bulk metallic glass reinforced with
porous Mo particles. Intermetallics 2010, 18, 451-458. [CrossRef]

Jang, ].S.C.; Ciou, J.Y.; Hung, T.H.; Huang, ].C.; Du, X.H. Enhanced mechanical performance of Mg metallic glass with porous Mo
particles. Appl. Phys. Lett. 2008, 92, 011930. [CrossRef]

Shao, Y.; Zheng, W.; Guo, W,; Lu, S.; Wu, S. In situ Fe-rich particle reinforced Mg -based metallic glass matrix composites via
dealloying in metallic melt. Mater. Lett. 2021, 285, 129165. [CrossRef]

https:/ /doi.org/10.3390/jcs10020110


https://doi.org/10.1016/j.jnoncrysol.2025.123397
https://doi.org/10.1002/adfm.201203738
https://doi.org/10.1016/j.jmbbm.2011.09.014
https://doi.org/10.1016/j.jnoncrysol.2015.07.043
https://doi.org/10.1007/s12613-014-0933-6
https://doi.org/10.1016/j.msec.2013.05.020
https://doi.org/10.1007/s12598-018-1032-z
https://doi.org/10.1016/j.matlet.2012.04.130
https://doi.org/10.1016/j.jmst.2014.11.007
https://doi.org/10.3390/met8100856
https://doi.org/10.1016/j.msea.2011.03.103
https://doi.org/10.4028/www.scientific.net/AMR.939.122
https://doi.org/10.1016/j.matlet.2012.09.098
https://doi.org/10.1016/j.jmst.2021.07.006
https://doi.org/10.1016/j.jallcom.2021.160233
https://doi.org/10.1016/j.jallcom.2017.01.010
https://doi.org/10.3390/ma11101959
https://www.ncbi.nlm.nih.gov/pubmed/30322045
https://doi.org/10.1016/j.msea.2023.145045
https://doi.org/10.1016/j.intermet.2025.108791
https://doi.org/10.3390/met6050116
https://doi.org/10.1016/j.mser.2015.12.001
https://doi.org/10.1016/j.intermet.2009.09.006
https://doi.org/10.1063/1.2828037
https://doi.org/10.1016/j.matlet.2020.129165
https://doi.org/10.3390/jcs10020110

J. Compos. Sci. 2026, 10, 110 20 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Guo, W;; Cao, Z; Yu, S.; Zhao, M.; Wu, S. Microstructural optimization and mechanical property enhancement of in-situ porous
Fe particle reinforced Mg-based metallic glass matrix composites. J. Alloys Compd. 2025, 1038, 182712. [CrossRef]

Jang, J.5.C,; Jian, S.R.; Li, TH.; Huang, J.C.; Tsao, C.Y.A.; Liu, C.T. Structural and mechanical characterizations of ductile Fe
particles-reinforced Mg-based bulk metallic glass composites. J. Alloys Compd. 2009, 485, 290-294. [CrossRef]

Feng, Z.; Zhang, C.; Zhang, W.; Hakimi, N.; Yang, Y.; Tan, J. Synergistic Improvement on Strength and Plasticity for Spherical
Fe-Based Metallic Glass Particles Reinforced Mg-Based Composites. Mater. Trans. 2023, 64, 2831-2837. [CrossRef]

Guo, W.; Kato, H.; Yamada, R.; Saida, J. Fabrication and mechanical properties of bulk metallic glass matrix composites by in-situ
dealloying method. J. Alloys Compd. 2017, 707, 332-336. [CrossRef]

Kinaka, M.; Kato, H.; Hasegawa, M.; Inoue, A. High specific strength Mg-based bulk metallic glass matrix composite highly
ductilized by Ti dispersoid. Mater. Sci. Eng. A 2008, 494, 299-303. [CrossRef]

Oka, H.; Guo, W.; Wada, T.; Kato, H. Mg-based metallic glass matrix composite with in situ porous titanium dispersoids by
dealloying in metallic melt. Mater. Sci. Eng. A 2013, 582, 76-83. [CrossRef]

Jang, ].S.C.; Chang, Y.S,; Li, T.H.; Hsieh, P].; Huang, ].C.; Tsao, C.Y.A. Plasticity enhancement of MgsgCuyg 5Gd11Agy 5 based bulk
metallic glass composites dispersion strengthened by Ti particles. J. Alloys Compd. 2010, 504, S102-5105. [CrossRef]

Jang, J.S.C,; Li, ].B.; Lee, S.L.; Chang, Y.S.; Jian, S.R.; Huang, J.C.; Nieh, T.G. Prominent plasticity of Mg-based bulk metallic glass
composites by ex-situ spherical Ti particles. Intermetallics 2012, 30, 25-29. [CrossRef]

Kim, C.P; Busch, R.; Masuhr, A.; Choi-Yim, H.; Johnson, W.L. Processing of carbon-fiber-reinforced Zr41.2Ti13.8Cu12.5Ni10.0Be22.5
bulk metallic glass composites. Appl. Phys. Lett. 2001, 79, 1456-1458. [CrossRef]

Szuecs, F.; Kim, C.P; Johnson, W.L. Preparation, microstructure and mechanical properties of carbon fiber containing bulk metallic
glass composites. Mater. Sci. Forum 2001, 360-362, 43-48. [CrossRef]

Liu, J.; Zhang, H.; Yuan, X; Fu, H.; Hu, Z. Synthesis and Properties of Carbon Short Fiber Reinforced ZrCuNiAl Metallic Glass
Matrix Composite. Mater. Trans. 2011, 52, 412—415. [CrossRef]

Yin, H.L.; Liu, S.Q.; Zhao, L.C.; Cui, C.X.; Wang, X. Vacuum infiltration molding and mechanical property of short carbon fiber
reinforced Ti-based metallic glass matrix composite. J. Mater. Process. Technol. 2021, 295, 117151. [CrossRef]

Yin, H.L,; Yang, W.; Zhao, L.C.; Hu, X.M.; Liu, 5.Q.; Cui, C.X.; Wang, X. Fabrication and mechanical property of three-dimensional
carbon fiber reinforced Mg-based bulk metallic glass matrix composite. Mater. Sci. Eng. A 2022, 839, 142853. [CrossRef]

Su, X; Qi, Z.; Qu, H.; Zhang, ].; Shen, Y.; Cao, Y.; Chen, G. Effects of pore density on microstructure and mechanical properties of
porous SiC ceramic foam/Zr-based metallic glass interpenetrating phase composites. Intermetallics 2021, 129, 106964. [CrossRef]
Wang, H.; Li, R;; Wu, Y.; Chu, X.M,; Liu, X.J.; Nieh, T.G.; Lu, Z.P. Plasticity improvement in a bulk metallic glass composed of an
open-cell Cu foam as the skeleton. Compos. Sci. Technol. 2013, 75, 49-54. [CrossRef]

Zhang, C.; Dou, Y,; Yin, K;; Wang, Y.; Li, S.; Wang, Y,; Li, H.; Li, Z.; Zhang, H.; Zhu, Z. A novel Zr-based metallic glass composite
and its plasticizing mechanism. J. Alloys Compd. 2024, 1008, 176608. [CrossRef]

Ma, G,; Fu, H; Wang, Z; Xu, Q; Zhang, H. Study on fabrication and properties of 304 stainless steel capillary
tubes/Zrs3 5Cuyg 5Nis Aljp Ags bulk metallic glass composites. Acta Metall. Sin. 2014, 50, 1087-1094.

Gao, W.; Zhai, J.; Zhang, W.; Yang, C.; Zhang, T.; Li, W.; Li, Y.; Liu, L. HPDC Forming and Mechanical Properties of Stainless-Steel
Skeleton Reinforced Zr-Based Bulk Metallic Glass Composites. Rare Metal. Mat. Eng. 2022, 51, 4197-4206.

Zhang, H.; Wang, A.; Li, H.; Sun, W.; Ding, B.; Hu, Z.; Cai, H.; Wang, L.; Li, W. Quasi-static compressive property of metallic
glass/porous tungsten bi-continuous phase composite. J. Mater. Res. 2006, 21, 1351-1354. [CrossRef]

Chen, S.; Zhu, H.; Wang, J.; Huang, H.; Zhang, ].; Wang, Y.; Wang, H.; Sun, G; Jiao, L.; Li, W,; et al. Compressive mechanical
properties of Zr-based bulk metallic glass composites reinforced with entangled porous tungsten wire. . Mater. Res. Technol. 2025,
35, 3118-3128. [CrossRef]

ASTM E9-19; Standard Test Methods of Compression Testing of Metallic Materials at Room Temperature. ASTM International:
West Conshohocken, PA, USA, 2025.

Wang, X.; Zhao, L.; Hu, X.; Cheng, Y,; Liu, S.; Chen, P.; Cui, C. Fabrication and Mechanical Behavior of Ex Situ Mg-Based Bulk
Metallic Glass Matrix Composite Reinforced with Electroless Cu-Coated SiC Particles. Materials 2017, 10, 1371. [CrossRef]
Inoue, A.; Zhang, T.; Masumoto, T. Production of Amorphous Cylinder and Sheet of LassAlysNiyy Alloy by a Metallic Mold
Casting Method. Mater. Trans. 2007, 31, 425-428. [CrossRef]

Turnbull, D.J. Formation of Crystal Nuclei in Liquid Metals. J. Appl. Phys. 1950, 21, 1022-1028. [CrossRef]

Lu, Z.P; Liu, C.T. A new glass-forming ability criterion for bulk metallic glasses. Acta Mater. 2002, 50, 3501-3512. [CrossRef]
Rho, J.Y.; Ashman, R.B.; Turner, C.H. Young’s modulus of trabecular and cortical bone material: Ultrasonic and microtensile
measurements. J. Biomech. 1993, 26, 111-119. [CrossRef] [PubMed]

Reilly, D.T.; Burstein, A.H. The elastic and ultimate properties of compact bone tissue. J. Biomech. 1975, 8, 393-405. [CrossRef]
[PubMed]

Niinomi, M. Mechanical biocompatibilities of titanium alloys for biomedical applications. ]. Mech. Behav. Biomed. Mater. 2008, 1,
30-42. [CrossRef]

https:/ /doi.org/10.3390/jcs10020110


https://doi.org/10.1016/j.jallcom.2025.182712
https://doi.org/10.1016/j.jallcom.2009.06.084
https://doi.org/10.2320/matertrans.MT-M2023024
https://doi.org/10.1016/j.jallcom.2016.10.167
https://doi.org/10.1016/j.msea.2008.04.039
https://doi.org/10.1016/j.msea.2013.06.015
https://doi.org/10.1016/j.jallcom.2010.03.030
https://doi.org/10.1016/j.intermet.2012.03.038
https://doi.org/10.1063/1.1390317
https://doi.org/10.4028/www.scientific.net/MSF.360-362.43
https://doi.org/10.2320/matertrans.M2010028
https://doi.org/10.1016/j.jmatprotec.2021.117151
https://doi.org/10.1016/j.msea.2022.142853
https://doi.org/10.1016/j.intermet.2020.106964
https://doi.org/10.1016/j.compscitech.2012.11.017
https://doi.org/10.1016/j.jallcom.2024.176608
https://doi.org/10.1557/jmr.2006.0166
https://doi.org/10.1016/j.jmrt.2025.02.009
https://doi.org/10.3390/ma10121371
https://doi.org/10.2320/matertrans1989.31.425
https://doi.org/10.1063/1.1699435
https://doi.org/10.1016/S1359-6454(02)00166-0
https://doi.org/10.1016/0021-9290(93)90042-D
https://www.ncbi.nlm.nih.gov/pubmed/8429054
https://doi.org/10.1016/0021-9290(75)90075-5
https://www.ncbi.nlm.nih.gov/pubmed/1206042
https://doi.org/10.1016/j.jmbbm.2007.07.001
https://doi.org/10.3390/jcs10020110

J. Compos. Sci. 2026, 10, 110 21 of 21

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Wang, X.; Gong, P; Yao, K.-F. Mechanical behavior of bulk metallic glass prepared by copper mold casting with reversed pressure.
J. Mater. Process. Technol. 2016, 237, 270-276. [CrossRef]

Wu, W.E; Li, Y.; Schuh, C.A. Strength, plasticity and brittleness of bulk metallic glasses under compression: Statistical and
geometric effects. Philos. Mag. 2008, 88, 71-89. [CrossRef]

Han, Z,; Tang, L.C.; Xu, J.; Li, Y. A three-parameter Weibull statistical analysis of the strength variation of bulk metallic glasses.
Scr. Mater. 2009, 61, 923-926. [CrossRef]

Zberg, B.; Arata, E.R.; Uggowitzer, PJ.; Loffler, ].F. Tensile properties of glassy MgZnCa wires and reliability analysis using
Weibull statistics. Acta Mater. 2009, 57, 3223-3231. [CrossRef]

Zhang, J.; Li, J.; Jing, M.; Zhao, L.; Qi, Y.; Yang, W.; Wang, X. The Effect of Electroplating Nickel on the Mechanical Properties of
Brittle Mg-Based Bulk Metallic Glasses. Coatings 2023, 13, 1598. [CrossRef]

Gozdur, W.; Gierlotka, W.; Gasior, W.; Bieda, M.; Géral, A.; Budziak, A.; Peska, M.; Debski, A. The Copper-Magnesium System:
Calorimetric Studies and Phase Diagram Calculations. J. Magnes. Alloys, 2025; in press. [CrossRef]

Eastman, C.M.; Zhang, Q.; Zhao, ]J.-C. Diffusion Coefficients and Phase Equilibria of the Cu-Zn Binary System Studied Using
Diffusion Couples. J. Phase Equilibria Diffus. 2020, 41, 642—-653. [CrossRef]

Wang, X.; Shao, Y.; Gong, P; Yao, K. Effect of thermal cycling on the mechanical properties of Zrs1 Tij4Cuyy 5NijgBep 5 alloy. Sci.
China Phys. Mech. 2012, 55, 2357-2361. [CrossRef]

Wang, X.; Shao, Y.; Gong, P.; Yao, K.F. The effect of simulated thermal cycling on thermal and mechanical stability of a Ti-based
bulk metallic glass. |. Alloys Compd. 2013, 575, 449—454. [CrossRef]

Xi, X.K.; Zhao, D.Q.; Pan, M.X.; Wang, W.H.; Wu, Y.; Lewandowski, ].J. Fracture of brittle metallic glasses: Brittleness or plasticity.
Phys. Rev. Lett. 2005, 94, 125510. [CrossRef]

Pan, D.G.; Zhang, H.F,; Wang, A.M.; Wang, Z.G.; Hu, Z.Q. Fracture instability in brittle Mg-based bulk metallic glasses. J. Alloys
Compd. 2007, 438, 145-149. [CrossRef]

Zhao, ] X,; Qu, R.T.; Wu, EE; Zhang, Z.F,; Shen, B.L.; Stoica, M.; Eckert, J. Fracture mechanism of some brittle metallic glasses.
J. Appl. Phys. 2009, 105, 103519. [CrossRef]

Zhang, Z.F; Wu, EE; Gao, W.; Tan, J.; Wang, Z.G; Stoica, M.; Das, J.; Eckert, J.; Shen, B.L.; Inoue, A. Wavy cleavage fracture of
bulk metallic glass. Appl. Phys. Lett. 2006, 89, 251917. [CrossRef]

Meng, ].X,; Ling, Z.; Jiang, M.Q.; Zhang, H.S.; Dai, L.H. Dynamic fracture instability of tough bulk metallic glass. Appl. Phys. Lett.
2008, 92, 171909. [CrossRef]

Wang, G.; Chan, K.C.; Xu, X.H.; Wang, W.H. Instability of crack propagation in brittle bulk metallic glass. Acta Mater. 2008, 56,
5845-5860. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/jcs10020110


https://doi.org/10.1016/j.jmatprotec.2016.06.023
https://doi.org/10.1080/14786430701762619
https://doi.org/10.1016/j.scriptamat.2009.07.038
https://doi.org/10.1016/j.actamat.2009.03.028
https://doi.org/10.3390/coatings13091598
https://doi.org/10.1016/j.jma.2025.09.007
https://doi.org/10.1007/s11669-020-00831-3
https://doi.org/10.1007/s11433-012-4938-8
https://doi.org/10.1016/j.jallcom.2013.05.194
https://doi.org/10.1103/PhysRevLett.94.125510
https://doi.org/10.1016/j.jallcom.2006.08.014
https://doi.org/10.1063/1.3129313
https://doi.org/10.1063/1.2422895
https://doi.org/10.1063/1.2913206
https://doi.org/10.1016/j.actamat.2008.08.005
https://doi.org/10.3390/jcs10020110

	Introduction 
	Materials and Methods 
	Preparation of Composites 
	Structural Characterization 
	Quasi-Static Compression Mechanical Property Testing 

	Results 
	Effect of Electroless Cu Plating on the Forming of BMGCs 
	Microstructure of BMGCs 
	Mechanical Properties 

	Discussion 
	Role of Copper Coating 
	Toughening Mechanism 

	Conclusions 
	References

