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a b s t r a c t 

Breakthrough of glass forming ability limitation has been a longstanding pursuit in metallic glasses. In 

present work, an ultrasonic welding technology was used to achieve this goal. The La 55 Al 25 Ni 5 Cu 10 Co 5 
rods were bonded together. Results of computed tomography and scanning electron microscope show 

that the weld seam tends to narrow gradually and disappear with the increase of welding energy. X-ray 

diffraction indicated that it preserves completely amorphous structure. In addition, the hardness of the 

weld position increased with the increase of energy, showing the interfaces bonded together. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Since the first discovery of metallic glasses in 1960 [1] , this

kind of material has aroused great attention to many materials re-

searchers. Compared with traditional crystalline alloys, the amor-

phous structure of metallic glasses endows them with distinctive

performance characteristics. Metallic glass ribbons, wires as well

as powders have been thought to be potential in industrial fields

[2-3] . Bulk metallic glasses (BMGs) also have superior properties

such as high strength [4-5] , toughness [6] , hardness [7] , wear re-

sistance [8] , corrosion resistance [9-10] , catalytic activity [11] , soft

magnetic properties [12] , hard magnetic properties [13] , super-

plasticity [14] et al., and thus have broader industrial application

prospects [15] . However, due to metallic glasses need rapid cool-

ing to maintain its amorphous structure in the fabrication process,

therefore, the glass forming ability (GFA) has been a longstanding

issue and the manufacture of large-sized products and complex-

shaped parts has become a major problem for their practical ap-

plications [16] . 

At present, the bulk metallic glasses are mostly produced by the

conventional water-cooled copper mold casting, which is a rapid

cooling of metallic liquid under argon protection. This means that

each metallic glass former has its critical dimension, and the ob-

tained sample size will be fixed. To surmount the GFA restriction

that fundamentally limited the application of BMGs, various meth-

ods have been developed to enlarge their sizes [17] . Hence, the
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elding technology has entered the vision of researchers, which

an connect the fabricated metallic glasses together [18] . Gener-

lly, the welding of metallic glasses can be divided into two cat-

gories. Among them, laser welding [19] , electron beam welding

20] spark welding [21] and resistance spot welding [22] , even

ther measures use rapid, local heating like reactive foils to weld

23] are classified as liquid phase welding. In particular, liquid

hase welding requires a stable heat source to melt the mate-

ial for a stable joint, which inevitably heated above the melting

emperature ( T m 

) [24] . And for BMGs, liquid phase joining requires

ufficiently-high heating and cooling rates to avoid the crystalliza-

ion, therefore, the process is complex and the manufacturing costs

s rather high. On the other hand, supercooled liquid phase weld-

ng of metallic glasses has also been included in research plans

y researchers for its lower costs and simple process. So far, su-

ercooled liquid phase connections such as explosive welding [25] ,

ltrasonic welding [26] and friction welding [27] have been proved

y scholars to be used for the bonding of metallic glasses, and

he joints have relatively good results in terms of welding strength

28] . The supercooled liquid phase welding controls the metallic

lasses in the range of the crystallization temperature ( T x ) and the

lass transition temperature ( T g ), i.e., its supercooled liquid phase

T x ( �T x = T x –T g ), to form the joint by its superplasticity. 

In these connection methods, the ultrasonic welding process

an be used to weld traditional thin layers of metal at low tem-

erature, low pressure, and low energy consumption [29] . Ultra-

onic welding can be used to obtain a workpiece with a speci-

ed shape [30] . As a promising method, the ultrasonic welding
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Fig. 1. (a) Ultrasonic welding process sketch: ultrasonic vibration is transmitted from the ultrasonic generator to the horn, and the horn exerts pressure and vibration on the 

sample to weld it into a whole. (b) (c) The front and vertical views of original sample, bonded sample and sectioned sample. (d) XRD diagram of welding section of La-BMG 

welding samples with welding energy of 50 J, 100 J, 200 J, 300 J, 400 J and (e) DSC curves of the La-BMG samples with welding energy of 100 J, 200 J, 300 J, 400 J and 

as-cast metallic glasses. 
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as been used to join BMGs together to make a larger one, but

here are still some problems. Just like the steel strip with smaller

elding size [25 , 31] , or the crystallization after welding [32] , or

he need for external heating and using fillers [33] , which will

inder the ultrasonic welding of metallic glass from being widely

sed. Therefore, an ultrasonic welding method which can obtain

omplete amorphous structure without filler at room tempera-

ure is urgently needed, which could be a salvation of BMGs from

he barricades of GFA. In this study, the La 55 Al 25 Ni 5 Cu 10 Co 5 (at.%)

etallic glass rods with diameter of 5 mm were used. Through

djusting the welding parameters, metallic glasses were fused to

ach other into a larger one without crystallization by ultrasonic

ibration at room temperature. X-ray diffraction and differential

canning calorimeter are used to verify that the obtained joint is

till amorphous, and computed tomography and micro hardness

ests are used to ensure welding reliability. Our results may throw

ights on accelerating the progress of BMGs in their extensive

pplications. 

An ultrasonic vibration device was used to bond metallic

lasses with 20 kHz vibration frequency and maximum power

500 W, equipment sketch has been shown in Fig. 1 (a). Ultra-

ound welding was used to bond the La 55 Al 25 Ni 5 Cu 10 Co 5 metal-

ic glasses rods with thicknesses of 2 mm. First, the metals in de-

ired atomic ratio were melted by electric arc as a master alloy

nd dropped cast into a 5 mm diameter amorphous rod using a

opper mold in a Ti-gettered argon atmosphere. Then, this rod was
ut into �5 × 2 mm blocks by using the low speed diamond cut-

ing machine, and the surface of those blocks to be bonded were

anded with 10 0 0 mesh sandpapers. The left sample in Fig. 1 (b)

nd (c) shows the original sample in front view and top view, re-

pectively. The amorphous structure of the sample was confirmed

y x-ray diffraction (XRD, Rigaku- MiniFlex600) analysis at 4o /min

ith Cu-K α radiation. Then, those samples were degreased in an

ltrasonic alcohol bath before bonding. 

In this experiment, two La-based amorphous alloy samples

ere placed in the mold cavity, then those samples were fixed in

old and customized horn exerted pressure and ultrasonic vibra-

ion to them. Fixed ultrasonic vibration frequency (20 kHz) and

elding force (69 kPa), and adjustable ultrasonic energies, and

ther fixed parameters were used in the bonding process to com-

are the welding reliability of samples obtained at different ener-

ies. A computed tomography (CT, Sanying precision instruments-

ano Voxel 30 0 0d) device was used to perform three-dimensional

isual characterization of the welded sample. The characteristics

nd dimensions of the internal defects of the sample will be clearly

nd accurately displayed. After CT testing, samples will be verti-

al cut to the weld interface using a low speed diamond cutter,

nd the section will be simply polished for subsequent character-

zation as shown in Fig. 1 (b) and (c). The amorphous state of La-

ased welded samples detected by XRD and differential scanning

alorimetry (DSC; Perkin–Elmer DSC-80 0 0) with a heating rate at

0 K/min. The microstructures of sample were observed by scan-
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Fig. 2. Cross-sectional SEM micrographs of metallic glasses after ultrasonic welding with energy at 50 J (a), 100 J (d), 200 J (e), 300 J (f), 400 J (g) and oxygen element 

distribution maps of 50 J (b, c) and 400 J (h, i). 
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ning electron microscope (SEM, FEI Scios) and the distribution di-

agram of an element of cutting section was measured by energy

dispersive spectrometer (EDS, equipped in SEM). Finally, the sur-

face hardness of the cross section was measured by an automatic

Vickers hardness tester at the load of 500 gf (4.90 N) and hold for

10 s, and the hardness of 30 dots perpendicular to the weld line

was obtained. 

The XRD spectrum in Fig. 1 (d) shows the interfacial reaction

layer in La-BMG welding joints under different welding energy:

50 J, 100 J, 200 J, 300 J and 400 J. Each curve indicates only a

broad halo diffraction peak in the range of 25 −40 °, which is typ-

ically feature of an amorphous structure. It can be judged that

the samples obtained under different welding energies have re-

mained completely amorphous joint under ultrasonic vibration. To

further confirm that the joint of La 55 Al 25 Ni 5 Cu 10 Co 5 BMG does

not contain any Crystallization, a comparison of the DSC traces of

different welding energies with 20 K/min was carried out in Fig.

1 (e). The thermograms show the typical characteristics of distinct

glass transition of metallic glasses. In DSC curve of as-cast sample,

the glasses transition temperature T g was 462 K, and the crystal-

lization point T x was 528 K. And in the thermograms of welded

sample, there is a relatively obvious glass transition phenomenon

and a relatively wide supercooled liquid region ( �T x = T x -T g ≈66 K)

are essentially the same as cast. To have a more careful verifi-

cation [34] , we calculated the enthalpy during the crystallization

process in DSC measurement. The enthalpy values are 46.36 J/g

(as-cast), 40.74 J/g (wielding energy = 100 J), 38.29 J/g (wielding

energy = 200 J), 41.23 J/g (wielding energy = 300 J) and 42.13 J/g

(wielding energy = 400 J), respectively. As for the well bonded sam-

ples of welding energies 300 J and 400 J, they show comparable

values with the as-cast one. However, when the welding energy

is low, the values are a little lower than the cast one. At a low

welding energy such as 200 J, the BMG plates cannot form a solid

bonding with each other, the friction between them could happen

during the ultrasonic hammering, therefore, the temperature may

rises higher than the high welding energy samples, resulting in the

local slight crystallization. 

The cross-sectional SEM micrographs in Fig. 2 shows the joining

interfaces produced under different welding energy. As the energy
f ultrasonic welding increases from 50 J to 400 J (a, d, e, f, g),

ending lines and discontinuous reactants are formed at the in-

erface of the welding position. And in the 400 J samples (g), the

eld gap completely disappeared in the SEM without any traces of

oids and cracks, which demonstrates metallurgical bonding. Obvi-

us differences in the oxygen distribution maps between 50 J and

00 J can be found in Fig. 2 (c) and (i). The oxygen element is rich

n the tiny defects on weld in the 50 J distribution map ( Fig. 2 (c)),

hile the oxygen element in the 400 J sample is uniformly dis-

ributed in the whole map ( Fig. 2 (i)). This result demonstrates that

he weld seam of the sample has disappeared at the welding en-

rgy of 400 J, and no obvious oxide aggregation can be observed

t the weld seam in it. 

High-resolution CT equipment has been used to detect the pres-

nce of large weld gaps and defects inside the welded BMG sam-

le. The six cross-sectional CT images at different cutting positions

or each welding sample were shown in Fig. 3 . It can be clearly

een that with the continuous increase of the welding energy, the

elding gap is also continuously narrowed. The higher the weld-

ng energy used, the smaller the welding gap can be found. Un-

il the energy reaches 400 J, the weld seam and original interface

ompletely disappear. This is because even though the surface of

he sample is precisely machined, an uneven layer is inevitably

resent. Therefore, when the energy supplied is insufficient to

ompletely connect the metallic glass blocks, the microscopic con-

act faces of the samples will preferentially undergo plastic defor-

ation to form a regional metallurgical bond. Then when the en-

rgy provided by ultrasonic welding machine is enough, the plastic

eformation will spread over the sample contact surface or even

ut of the contact surface. After the intimate contact of the pure

etallic glasses is achieved, a metallurgical bond will be formed,

nd thus the metallic glasses are completely joined, forming a bulk

ne. 

To investigate to mechanical differences between the as cast

nd the bonded BMGs, the hardness values of welded sectional

urfaces with different welding energies were measured and sum-

arized in Fig. 4 (a), which can be used to reflect the welding

uality. Here, 30 dots (including welding positions) on a line per-

endicular to the weld are selected for surface Vickers hardness
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Fig. 3. High resolution CT images of 5 different welding energy samples, and each sample were selected from 6 different positions to show its internal morphology. The 

picture gradually approaches the center from left to right, and the weld of the 400 J sample on the far right has disappeared. 

Fig. 4. (a)Micro-hardness test results of 30 dots in the cross section of bonded samples under various energy. Hardness test picture of weld position of the sample with 

welding energy of 300 J was listed. (b) The cold joining mechanism of metallic glass during the ultrasonic bonding. 
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esting, and the dot pitches are determined to be 100 μm. From

ig. 4 (a), one can see that the average hardness of the samples has

 slight increase with the increase of welding energy while the av-

rage hardness of the as-cast sample tested is 239.83 (min:220.52,

ax:251.21). As for the bonded samples with welding energies

f 50 J, 100 J and 200 J, there exists a sharp drop of the hard-

ess at the welding interface, indicating that the weld seam is not

rm enough and collapses under the hardness testing, as showed
n the illustration. However, when the welding energy went up

o 300 J and 400 J, the hardness drop disappeared, exhibiting a

at curve which could be the evidence of the bonding. The re-

ults show that the ultrasonic welding between metallic glasses

s acceptable when the applied energy is enough. The Vickers in-

entation testing can be regarded as a test method of minimum

elding strength, because the samples do not separate when the

ndenter is applied to the weld, the lateral force produced by
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this process can be regarded as the welding strength test force.

The calculation method is as follows, σmin = 

F l 
S = 

1 
2 

F ÷tan 136 ◦
2 

π( 5 ÷2 ) 2 ÷2m m 

2 
==

1 
2 

× 4 . 90N ÷2 . 47=0 . 99N 

π( 5 ÷2 ) 2 ÷2m m 

2 
= 0 . 10 Mpa where σ min , F l , S, F are minimum

welding strength, lateral force, weld area of test sample, in-

dentation load . According to the indentation method [35] , the

fracture toughness of the bonded sample was calculated to be

4.56 MPa m 

1/2 . 

It is widely accepted that amorphous alloys exhibit particular

surface mobility behavior compared with the crystals. In conven-

tional wisdom, the disordered materials like metallic glasses were

commonly perceived to behave elastic without energy dissipation

under low stress loading. However, contrary to this common no-

tion, metallic glasses could behave like dissipative rubbers when

subject to a cyclic stress at an ultrasonic frequency. It has been

discovered recently that the surface mobility in amorphous mate-

rials is much faster than that in bulk from the studies of a va-

riety of glassy solids [36] , including glassy polymers [37] , oxide

glasses [38] , organic glasses [39] , metallic glasses [40] et al. Strong

evidence also demonstrated that such a surface effect can be ex-

tended far thick to the nanometer range for amorphous solids,

however, only limited to mono atomic layers for crystalline solids

[41-42] . In other words, atomic diffusion (or viscosity) on the sur-

face of metallic glass could be millions of times higher (or lower)

than that in bulk even at a temperature much lower than the glass

transition point [40] . In present work, the cold joining of metallic

glasses is closely related with such dynamics and can be illustrated

in Fig. 4 (b). The surfaces has high atomic mobility, when the ultra-

sonic vibration starts, the interfaces were adhered with each other

owing to the viscous flow of the surface layer. 

We have developed a novel method to break through the glass

forming ability of BMG. The La 55 Al 25 Ni 5 Cu 10 Co 5 metallic glass

joints have been successfully fabricated by ultrasonic welding.

By adjusting the welding parameters properly, the bonding zone

formed by the two samples without any filler has not crystallized,

and their thermal properties have hardly changed. With the in-

crease of welding energy, the weld seams in the cross-section of

the sample have gradually narrowed to disappear completely, and

the hardness of the weld seam has gradually increased to the same

level as that of the base metal. Ultrasound bonding technology

has been applied to the connection between metallic glass, which

will promote the fabrication of bulk amorphous alloys from micro

metallic glasses and metallic glasses parts with complex shapes,

and even recombine damaged metallic glass parts, so as to widen

the narrow application fields of metallic glasses at present. 
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