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Humans have long pursued metallic materials with excellent properties. Metallic glasses (MGs) have superior
mechanical performance due to their amorphous structure, but suffer from brittleness and size limitations.
Joining, especially dissimilar joining, offers a solution to these issues. Here, through a liquid-solid casting pro-
cess, we successfully joined CuseZrseAlg MGs and 304 stainless steels together without cracks and voids. A solid
metallurgical bonding is achieved at the atomic level in the interface. The transition layer has a thickness of
around 40 nm at the interface with elements diffusion and oxygen enrichment of 30 %. The joining quality was
assessed through compression and tensile testing. The compression strength can reach 1461 MPa, achieving 97 %
of the as-cast CuseZrseAlg MG. In addition, the tensile strength can reach 404 MPa before fracture after a strain of
12.6 %. Our results demonstrated that the liquid-solid casting process completes material preparation and dis-
similar joining of MGs and alloys simultaneously, obtaining improved performance through reasonably designing

the state of joined metal.

1. Introduction

Researchers have long sought to design and produce metallic mate-
rials with outstanding properties. To keep up with the demands of the
rapidly advancing industrial sector, a variety of new materials have been
developed [1-4]. Bulk metallic glass (BMG), as a novel material, has
become a hot topic in materials research over the past few decades
[5-9]. Due to the disordered arrangement at the atomic scale, it exhibits
a lot of excellent qualities such as ultrahigh fracture strength [10,11],
Co-based MG has reported a high strength of about 4.7 GPa [12], unique
soft magnetic properties [13], superior elastic limit [14], and excep-
tional resistance to corrosion and wear [15,16] and so on. Many po-
tential commercial values are waiting to be explored. However, to
obtain the disordered atomic structure, a sufficiently high cooling rate
(>10°K/s) is usually needed, the size limitation of MG restricted by the
glass forming ability (GFA), remains the biggest restriction for their
engineering applications.

Joining, as a traditional method of welding materials, has established
itself as a reliable technique for combining metallic glasses to raise the
critical size. Previous works have demonstrated the success of numerous
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joining techniques that joined MGs in several alloy systems. Joining
techniques can be classified into two primary groups based on the alloy’s
solid or liquid state at the moment of joining. One is a liquid-state
process that uses lasers [17], electron beams [18], pulse currents [19],
and arc welding [20], the other is a solid-state process that uses ultra-
sonic joining techniques [21], friction [22], explosions [23,24], and
thermoplastic deformation [25]. Metallic glass can be quickly and
solder-free joined using ultrasonic joining, which takes advantage of the
quick surface dynamics of amorphous alloys [21,26,27]. What’s more,
this ultrasonic joining is also described as a technique for joining various
metallic glass kinds under liquid environments like liquid nitrogen,
alcohol, seawater, and water [28].

In addition to increasing the size of MG, the dissimilar joining of MGs
with pure metal and alloys was also worth investigating with the ad-
vantages of establishing connections between materials with certain
functions to expand their engineering applications. Aluminum alloys,
acknowledged as a kind of premium material that is only surpassed by
steel, were successfully joined with Zrs5CusgNisAl;jg by using Ar ion
irradiation [29], the successful application of electron beam brazing to
Zre2Al13Ni7Cu; g bulk metallic glass plate to pure Ti metal has produced
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a 2 mm thick plate [18]. Kim et al. [30] successfully joined 2 mm thick
Zr41BeasTij4CuioNijg BMG plate to stainless steel STS316L by using
electron beam welding, but the results shown a reaction region at the
interface was unavoidable, and a large amount of crystallization was
found near the interface. MGs are sensitive to temperature rise, but the
majority of methods need a heat source to melt alloy which will lead to
inevitable crystallization and even a vacuumed environment needed to
avoid oxidation, a quick and innovative techniques for dissimilar joining
are desperately needed.

Here, we conduct experiments and try to join Cu4gZrscAlg metallic
glass with 304 stainless steels by using a liquid-solid casting method.
These Zr-based MGs reported possess high glass forming ability which is
a key factor in implementing the liquid-solid casting method, and its
industrial value under excellent mechanical properties. 304 stainless
steels are the widely utilized low-priced alloys in the industrial, furni-
ture decoration, culinary, and medical industries [31,32], during the
process, the high-temperature molten metal liquid was poured directly
into a copper mold with a pre-positioned SUS304 rod. Rapid cooling
enabled the liquid metal to maintain its amorphous structure and bound
to SUS304 as a single unit, a higher cooling rate can prevent crystalli-
zation and then increase the quality of the joint. The interface showed no
voids or cracks between MG and SUS304 and a robust metallurgical
bonding at the atomic level was observed, indicating a high-quality
joining. What’s more, the joined samples exhibit remarkable strengths
for a dependable dissimilarity joining process, with a compression
strength of 1461 MPa and tensile strength of 404 MPa. Our results
demonstrated this is an easy and reliable way to achieve dissimilar
joining of metallic glass to steels, which has potential engineering
applications.

2. Experimental method
2.1. Sample preparation

The CuygZraeAlg (at.%) composition was used for this experiment. All
elements were manufactured from pure metals with a purity higher than
99.99 %. The master alloy was melted roughly 5 times in a vacuum arc
melting furnace with argon gas shielding to ensure the uniform distri-
bution of the elements. 304 stainless steel (wt.%: C, 0.08; Mn, 2.0; Si,
1.0; P, 0.04; S,0.03; Cr, 19.0; Ni, 9.0) was purchased directly as a
commercial product, rob with diameter of 1 mm and sheet with thick-
ness of 1.5 mm were carefully polished by 2000# sandpaper, 10 min
ultrasonic cleaning conducted to make sure a bright and clean surface.

2.2. Structure characterization

Scanning electron microscopy (SEM; Quanta FEG 450, FEI) was used
to observe the joined quality from the joined interface, it works under a
backscatter mode, the operating voltage is 30 kV and the magnification
is 400 times. The phase structure along the interface was investigated by
Cu-Ka radiation X-ray diffraction (XRD, Rigaku MiniFlex 600), the
wavelength of the X-ray is 0.154 nm, and the rated power is 600 W, the
scan angle is from 20° to 90°. TEM samples with a length of 5 pm, and
width of 2 pm were prepared from the interface by using a FEI Scios
SEM/FIB dual beam system. The microstructure of the joined interface
was analyzed by a double spherical-aberration corrected transmission
electron microscope (TEM; FEIL, Netherlands), and the phase structure
near the interface was further confirmed by selected electron diffraction
(SEAD). The TEM-equipped energy-dispersive spectroscopy (EDS) was
used to measure the distribution of elements from the interface, and a
line scan was conducted to measure the variation of elements along a
specific line.

2.3. Mechanical properties tests

The variation of hardness along the interface was verified by a
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nanoindentation instrument (TI 980, Bruker, Germany) using a Berko-
vich triangular pyramid indenter, with a maximum load of 10 mN, in-
tervals of each test point was 1 pm, each point test five times and take
the average. The engineering strain-stress curve was measured by a
mechanical testing machine (UMT-5105, SanSi, China), the test was
conducted under room temperature with a strain rate of ~1 x 107*
strain rate, a laser non-contact extensometer (500LC, Tinius Olsen,
China) was used to increase the accuracy of strain.

2.4. Liquid-solid casting

The schematic diagram of the proposed solid-liquid casting approach
is illustrated in Fig. 1(a). A copper mold with a through hole diameter of
3 mm in the middle was used to provide a high cooling rate. In the
beginning, the 304 stainless steel (Hereinafter called SUS304) rod 70
mm in length and 1 mm in diameter was attached in the mold’s center,
after that, the molten state liquid master alloy was die-cast into the mold
cavity rapidly driven by pressure difference.

2.5. Sample preparation for mechanical test

The mentioned joined rob with a 3 mm diameter was cut by the
diamond cutting machine, the length is 6 mm, resulting in a 2 height-to-
diameter ratio for compressing test. Some T-shaped groove was pre-
fabricated on the joint of USU 304, the height of the groove is 0.6 mm,
the long side is 0.8 mm and the short side is 0.3 mm. Then placed the
SUS 304 mold into the copper mold, and the molten CuZrAl metal liquid
suck into the mold quickly due to the pressure difference adjusted by the
pressure control valve, the molten liquid filled the T-shaped groove and
bonded together. Bone-like standard tensile piece (see it in Fig. 5(c))
prepared for tensile test.

3. Results and discussions
3.1. Display of joined samples

The photo of the processed sample is shown in Fig. 2(b), it has no
visual distinction from regular metallic glass rob from this view. How-
ever, the difference can be seen from the circular cross-section as shown
in Fig. 1(c), different lining colors indicate it consists of two different
materials, three markers #1, #2, and #3 represent 304 stainless steel,
the interface between them and metallic glass matrices respectively. The
interface represented by the gray border has been magnified to Fig. 1(d),
a clear joining line without any voids and cracks between SUS304 and
MG matrix revealed that the molten Cu4gZrseAls MG showed good
joinability with the SUS304. To assess the effect of inserted material on
the cooling rate and phase evolution near the interface. Fig. 1(e) shows
the XRD patterns of three crucial points marked#1, #2, and #3 in Fig. 1
(c), the distance between these three marks is 500 pm. Line #1 shows a
main y-Fe austenite phase, the peak position and phase are the same as
reported [33], so this is a typical SUS304 diffraction pattern. Diffraction
pattern #3 shows a broad diffuse peak indicating that there is only an
amorphous phase, which means the forming of an amorphous structure
will not be impacted by the inclusion of stainless steel. Moreover, the
majority of diffraction pattern #2 is still composed of the broad diffuse
peaks along with the y-Fe austenite phase mentioned before without any
new peaks, which indicates that no new phases were generated during
the joining process.

To deeply investigate the interface of the joined region, the contin-
uous nanoindentation hardness measurements started from the SUS304
matrix with an interval of 1 pm were conducted. Results are demon-
strated in Fig. 1(f), From the beginning, the hardness values float from 6
GPa. Following, the values began to rise steadily at 2 pm away from the
interface, as the test continued, the values reached 7.8 GPa and
remained constant at this level, resulting in a transition zone of
approximately 4.5 pm was observed.
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Fig. 1. (a) A schematic diagram of the liquid-solid casting method used in this experiment. (b) The photo of the joined sample with a length of 70 mm. (¢) SEM
morphology from circular cross-section. (d) Enlarged SEM morphology belongs to the interface of joined SUS304 and MG. (e) X-ray patterns of #1, #2, and #3
marked in (c). (f) Nanoindentation hardness results across the interface of SUS304 and MG with an interval of 1 pm.

3.2. Elemental distribution along the interface

Based on the mechanical tests above, within a specific range, one
hardness values changing region can be seen, which indicates that there
should be a transition zone at the interface. The High-Angle Annular
Dark Field (HADDF) image form interface is demonstrated in Fig. 2(a),
the presence of the transition layer can be seen through the contrast in
the image, the dark area mimicked by white lines is joined region, the
upper and lower sections from joined region correspond to the SUS304
and MG matrix, respectively.

An Elemental Distribution investigation on the joined region was
conducted to assist in a better understanding of the joining mechanism.

As is well known, the main elements consisting of SUS304 are Fe, Ni, and
Cr [34], besides, the main elements consisting of MG used in the
experiment are Cu, Zr, and Al. Fig. 2(a) displays the EDS maps of these
six elements in addition to oxygen. Each color represents one element,
and the density of the color represents the concentration of this element.
The black areas in the image indicate that this element is non-existent.
To better describe element distribution across joined regions, a line
scan along the blue arrow in the HADDF image to describe the con-
centration variations of these major elements across the interface are
illustrated in Fig. 2(b). The elements contained in the solid solution layer
between MG and SUS304 are spread in a continuous gradient. The
length of the transition elements region represents the width of this solid
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Fig. 2. (a) Energy dispersive spectroscopy (EDS) maps showing elements distribution from the interface of SUS304 and MG. (b) The line scan results of each element
along the blue arrow in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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solution layer, it is measured about 40 nm. The length of the joint is
shorter than some other approaches which need filler metals, Kim et al.
[35] weld Cu-based metallic glass with carbon steel using Zn-Ag-Al as
filler, the interface is about 10 pm. Additionally, the diffusion thickness
of the three elements from the MG side is higher than SUS304, perhaps
because of the metal liquid’s higher temperature, higher internal en-
ergy, and improved diffusion rate in its molten condition. In addition,
The oxygen content rapidly increases in the solid solution layer, reach-
ing a maximum value of 30 %, which indicates that the formation of the
solid solution layer may be due to a chemical reaction from the interface
[36].

3.3. Microstructure of the interface

Fig. 3(a) shows the TEM micrographs of joined interface of SUS304
and MG. In the middle part of the figure, the bright area represented by
the blue dotted line is the joint between SUS304 and MG. It is a smooth
transition zone without any cracks, holes, or pores which reveals a high-
quality bonding between them. The two sides of the joined region differ
noticeably in terms of morphology because they belong to different
materials SUS304 and MG respectively. The top half of the image
marked “SUS304” represents this area is the SUS304 matrix, although it
shows a rough surface visually, the atoms are all long-range ordered in a
crystalline state. The inset in the upper left corner was a selected area
electron diffraction (SEAD) belonging to that region. These symmetrical
bright spots confirmed the face-centered cubic structure austenite phase
again. The low half of the image shows a different matrix marked “MG”,
this area is a CuseZrgeAlg matrix obtained by rapid cooling of molten
liquid, and most atoms are distributed in long-range disordered ar-
rangements. The same inset in the bottom right corner is a SEAD
belonging to this region. The main part of SEAD shows a hollow ring
which represents an amorphous structure of this area, however, around
the hollow ring, there are still some asymmetrical and scattered spots
marked by white circles, which indicate the presence of nanocrystals.

An enlarged high-resolution TEM image from the joint is shown in
Fig. 3(b), several nanocrystal particles with a diameter of 2-3 nm can be
observed from the MG side at the edge of joined region, given the fact
that MG partial crystallization observed and the nanocrystals are
generated at the glass phase. Previous studies have proved that this
phenomenon is common in the dissimilar joining of metallic glass [37,
38]. The size of these nanocrystal is sensitive to the cooling rates, if
sufficient cooling rate can be provided, these small particles will
disappear, otherwise, their size will be larger. In this study, the joined
region is situated in the middle of the cylinder, 1 mm away from the
copper mold’s edge, moreover, the inserted SUS304’s thermal conduc-
tivity is not as good as the copper mold, these two reasons can affect the
cooling rate of molten metal in the same time. However, these generated
2-3 nm nanocrystals will not influence the joining quality, it has been

SUS304
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reported that the existence of nanocrystals in the MG matrix even can
break the trade-off relationship between plasticity and strength [39].
Fig. 3(c) shows an enlarged high-resolution TEM image from the inter-
face framed by a yellow box in Fig. 3(b), this is the atomic-scale
micro-structure transitioning from the SUS304 matrix to the joined
zone, there is a distinct boundary between two different matrices, as
indicated by the blue dashed line, it demonstrates atomic-level metal-
lurgical bonding between them. The enlarged joined zone shows no
crystals visible in it, and the atoms exhibit a completely disordered form,
that means the interface of MG and stain steel is totally an amorphous
phase. Although the atoms from the MG side are also disordered, there is
also a clear interface between the two amorphous matrices as demon-
strated in Fig. 3(b). This phenomenon might be well explained by
elemental polymerization, the MG side only contains 3 elementals Cu,
Zr, and Al, but diffusion of elements occurred in the joined region,
meaning that except the three MG elementals, Cr, Fe, and Ni from
SUS304 were also existed. This difference in elemental species creating a
distinct interface [40],causes the forming of distinct lines between the
two amorphous phases in the image.

3.4. The mechanism of liquid-solid casting

Combined with the results and discussion above, the mechanism of
this liquid-solid casting process between SUS304 and MG might be
explained as Fig. 4(a—c) shown, the whole process can be divided into
three steps, the first step is shown in Fig. 4(a), even though the surface of
SUS304 has been carefully polished, but a rough surface inevitably ex-
ists. On the other hand, the melting point of SUS304 is about 1671-1721
K [41]. However, zirconium, as a component in MG, it’s melting point is
about 2125 K [42], so the temperature of the molten metal liquid at least
higher than 2125 K. When the high-temperature liquid metal contacts
with SUS304, the process comes into the second step as shown in Fig. 4
(b). A small melting zone forms between the liquid metal and the rough
surface, because the temperature of the liquid metal is higher than the
melting point of SUS304 at the moment, resulting in the diffusion of
elements near the interface. Moreover, the process was conducted in air,
oxides are inevitably formed during the cooling process, which is proved
by the large enrichment of oxygen elements in EDS in Fig. 2(a). Benefit
from the whole process was conducted in a copper mold, rapid cooling
can be reached. As illustrated in Fig. 4(c), except for a little nanocrystal
measured about 2-3 nm along the joined region from the MG side,
amorphous structures are formed from rapid cooling. However, the
melting zone, atomically strong metallurgical bonding is accomplished
when the bond is exposed to air and reacts with oxygen to generate a
stable oxide when cooled. Kuroda et al. [43] also found similar phe-
nomenon when weld super duplex stainless steel with Zr-based metallic
glass by using micro flash butt welding, the success of welding mainly
relies on Zr-based metallic glass become liquid phase during heating.

C

SUS304

Fig. 3. (a) TEM micrographs of the joined interface of SUS304 and MG, the inset was selected area electron diffraction (SEAD) belonging to each region. (b) Enlarged
view of the interface. (c) Enlarged view of the area framed by yellow box in (b). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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3.5. Mechanical tests of joined sample

In addition, mechanical tests were conducted to assess the quality of
this liquid-solid casting method. As shown in Fig. 5(a), there is a photo of
two compression samples from the top view and main view, the left one
is pure MG, the right one is MG and SUS304 joined together, a SUS304
with a diameter of 1 mm indicated by a white arrow was joined in the
center. Two strain-stress curves are shown in Fig. 5(b), due to the
disordered atomic structure, plastic deformation cannot be achieved by
dislocations and twins [44], thus sudden brittle fracture occurs in the
elastic phase, achieving a maximum compressive strength of 1512 MPa.
On the other hand, the MG joined with the SUS304 sample shows a
compressive strength of 1461 MPa, numerically 97 % of as cast MG
sample.

As is well known, compressive properties of metallic glass sensitive
to defects and holes in the matrix [45], a single point of stress concen-
tration can drive a catastrophic brittle fracture, similar compression
strength benefits from the well-joined interface of MG and SUS 304,
metallurgical bonding is tight without gaps or cracks at the atomic level
at the joint. Moreover, the compression curves of the samples before
fracture are magnified in the inset of Fig. 5(b), the dotted line is an
extension made along the slope of the curve, one can see that brittle
fracture occurred during the elastic phase in as-cast MG, however, a
small period of yielding occurs at the end of elasticity in MG joined with
SUS304 sample. Although the enhanced plasticity is limited because
SUS304 is centralized in the center of the sample and only occupies 11.1
% of the sample volume. Through some rational design, this liquid-solid
casting method is not only a useful joining strategy but also a novel
strategy to manufacture composite materials with excellent properties.
It has been reported that using a similar way to combine Ti-based MG
with Cu foam can enhance plasticity from 2.5 % to 5.6 % [46].

In addition, tensile strength was also evaluated, Fig. 5(c) shows
typical dog bone-shaped tensile specimens of SUS304 and SUS304
joined with MG, the inset was a partial enlargement of joint between
SUS304 and MG, this is a structure consisting of multiple T-slots, liquid
metal flows into the groove for joining and self-locking. Since MG is
significantly stronger than stainless steel [47], stainless steel will show
plastic deformation before MG due to its inability to withstand large
tensile forces, which is why pure stainless steel was selected as the
comparative material. The thickness of the specimen is 1.5 mm and
other dimensional parameters are demonstrated in the figure. The
strain-stress curves of the tensile experiment are shown in Fig. 5(d), the
joined sample reached a tensile strength of 404 MPa before fracture and
had a strain of about 12.6 %, the curve shows the same trend as pure
SUS304, which means the self-locking is strong enough to reach
maximum yield strength withstand elastic stage, and the SUS304 occurs
plastic deformation with strain 12.5 % before failure, the failure location
is the groove of the T-slot on the SUS 304 side indicated by the red arrow
in Fig. 5(c), the inset of Fig. 5(d) is the fractured morphology near the
joint, the fractured point is in the SUS304 part, as enlarged interface of
MG and SUS 304 in the orange box shown, the MG and SUS 304 still
joined well with each other after tensile, that means the joint quality is
strong enough, so SUS 304 fractured before the joint fractured. if the
quality of joint is not good, the joint will move along the direction
perpendicular to the tensile test. by changing the shape and size of the
interface, higher connection strengths are also possible. Therefore,
through proper design, this liquid-solid casting technology can be used
to connect MG with other steels with reliable bond strength.

However, there are still some issues need to consider in our
approach. One is the metastable of metallic glass, the amorphous
structure is trend to crystallize over time, this will decrease the reli-
ability of joint, but a higher cooling rate can delay the occurrence of this
phenomenon. Another is residual stresses, the rapid cooling of high-
temperature liquids inevitably results in residual stresses, this may
lead to brittle failure of the joint, low-temperature annealing can be
considered to enhance the performance of the joint.

Materials Science & Engineering A 925 (2025) 147907

4. Conclusion

In this work, by using a liquid-solid casting method, we successfully
joined Zr-based MG and SUS304 together as a single unit. A metallur-
gically bonded interface without any cracks or cavities was obtained.
The elemental diffusion zone with a thickness of approximately 40 nm
suggests it is a kind of melt joining, so it requires the melting point of the
steels to be joined at least 100-150 K lower than the molten metal liquid.
The joined region between MG/SUS304 shows atomic long-range dis-
order and accompanying large enrichment of oxygen, which indicates
the presence of stable oxides in the transition zone. The joined sample
reaches 97 % compression strength as as-cast MG up to 1461 MPa,
moreover, with a strain of 12.6 %, the tensile strength can reach 404
MPa before breaking. Our results demonstrated this is an easy and
economical way to join MG and steels, and the quality of the joining is
reliable. The shape of the material to be joined is not limited, Therefore,
it can be flexibly designed according to the application scenario.
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