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Abstract 

In this work, a small-scale resistance spot welding method was utilized to join two dissimilar Zr-based bulk 

metallic glasses and to fabricate the sandwich-laminated metallic glass plates. The laminates exhibit an 

almost fully amorphous structure without undesirable crystallization. Elemental line scanning across the 

joint interface shows a uniform distribution of the main elements, demonstrating favorable metallurgical 

bond in the laminate. The resultant tensile strength of the welded laminate is comparable to that of the 

parent metallic glasses. The fractured surface of the laminate exhibits extensive multiple failure planes, 

suggesting that the fracture instability was mediated by a crack branching mechanism over across the joint 

interface. Such a crack branching mechanism results in a stepwise fracture behavior which is contrastingly 

different from the conventional single primary shear band dominated catastrophic fracture in monolithic 

metallic glasses under tension. The unique stepwise fracture behavior endows the sandwiched metallic 

glass laminates with an excessive strain energy absorption through the joint interface than monolithic 

metallic glasses. Our results demonstrate that small-scale resistance spot welding is a promising approach 

to scaling up metallic glasses and to fabricating metallic glass laminates with desirable mechanical 

performance for structural applications. 
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1 Introduction 

Bulk metallic glasses (BMGs), which offer a range of unique mechanical properties, including high 

strength, high elasticity, and excellent thermoplastic forming ability, are a newly emerging class of 

advanced metals [1-4]. Unfortunately, commercialization of these materials for structural or functional 

applications are so far limited mainly due to two challenges. The first is the limited glass forming ability of 

BMGs that imposes difficulties in making large scale BMGs. BMGs are metastable alloys that are rapidly 

frozen from their liquid melts. The required high cooling rate suggests that only small scale specimens can 

be achieved to attain a glassy structure. For example, even for the relatively robust glass formers such as 

Zr-based alloys, ~ 1 K/s is required and hence only fully glassy specimens of critical dimension of ~ 10 mm 

can be achieved. The second challenge is the notorious room temperature plasticity. Whereas BMGs 

can show limited plasticity under constrained loading modes such as bending or compression, they 

often exhibit nearly zero plasticity under un-constrained loading modes (e.g., tension), where catastrophic 

failure behavior of BMGs often acts as a “bottleneck” in their structural applications [5]. 

Towards the path to the possibility of scaling up BMGs, welding technologies have been effectively 

employed [6-8]. For example, joining of dissimilar materials such as BMGs and crystalline alloys (Cu, Ti, 

Al alloys and stainless steel) was successfully developed through a variety of methods, including 

vaporizing foil actuator [9], friction stir welding [10], explosive welding [11], resistance spot welding [12], 

and electron beam welding [13]. Joining of similar materials between identical BMG or different BMGs 

was also investigated by ultrasonic welding [14], laser welding [15], resistance spot welding [16], 

and friction welding [17]. Among these methods, RSW demonstrates a high potential due to the 

inexpensive processing cost, high automation, easy operation without filler materials between the weld 

pieces, as well as high joint quality, especially in sheet materials. These advantages have made RSW one 

of the most popular processes for assembling parts and components in industrial applications. 

More recently, multi-layer metallic glasses were synthesized by magnetron sputtering [18] and 

thermoplastic bonding [19]. The synthesized laminated metallic glass structures demonstrated an enhanced 

plasticity under compression or bending conditions. A key question deserving investigation is how the 

metallic glass laminates behave under un-constrained loading such as tension. In this work, we joined two 

different Zr-based BMG plates with similar glass transition temperatures by small-scale resistance spot 

welding (SSRSW) during which a markedly higher cooling rate typically prevails [16]. We systematically 
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investigated the microstructure, thermal stability, tensile, and fracture behavior of the resulting sandwiched 

Zr-based BMG laminates. More generally, such BMG laminates offer a novel material model for 

understanding the deformation behavior of complex or heterogeneous metallic glass structures under 

un-constrained loading conditions. 

2 Experimental 

The alloy ingots with nominal composition of Zr62.3Cu22.5Fe4.9Al6.8Ag3.5 [20] (labeled as Zr1) and 

Zr61Ti2Cu25Al12 [21] (labeled as Zr2) were fabricated by arc-melting under a titanium metal gettered argon 

atmosphere. Sample plates with dimensions of 1.5mm (thickness) × 12mm (width) × 60mm (length) were 

obtained by copper mold suction-casting method at a vacuum less than 3×10-3 Pa. Electrical discharge 

machining was used to cut 0.4 mm ×12 mm×60 mm sheet specimens from the original BMG plates. The 

sheet surface was subsequently polished by 2000 grit sandpaper and cleaned with acetone to remove the 

surface oxide layer and oil stains prior to joining. The welding process was performed on a transistor type 

micro-resistance spot welding machine MIYACHI MDA-4000B in the air atmosphere. Flat-faced CuCrZr 

electrodes of 3mm in diameter were used in this study. Fig. 1a shows the welding schematic of the SSRSW 

for joining the BMG sheets with the order of Zr1/Zr2/Zr1 sandwiched laminates. The SSRSW was carried 

out with varying welding currents from 1000 to 5000 A using an all-in-one pulsed welding current form. A 

welding electrode force of 40~70 N and welding time of 3~10 ms were used. Through a systematic study 

and optimization of the joining parameters, we found that there was no obvious liquid splashing when the 

welding time was controlled below 3ms, with the welding current below 2500A under a welding force of 

50N, as shown in Fig. 1b. As such, three welded samples with about ten welding spots on each sandwiched 

sheet were successfully fabricated. 

The structure of the as-cast and welded samples was identified by X-ray diffraction (XRD, Philips 

X’Pert PRO) with Cu Ka radiation. The thermal properties were investigated by differential scanning 

calorimetry (PE, DSC 8000) using ∼15 mg samples with Ar as the purge gas at a heating rate of 20 K/min. 

The microstructure and the elemental distribution along the joint interfaces were determined by a 

JEOL JSM-6510 scanning electron microscope (SEM) equipped with energy dispersive spectroscopy 

(EDS). For further observation in the transmission electron microscopy (TEM), the welded region of the 

sample was prepared into a cross section by focused ion beam (FIB) using a FEI Helios Nanolab 650 
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Dualbeam FIB with a Ga ion source. A very thin layer of platinum was deposited over the region of 

interest to avoid excessive Ga ion damage. A 30 kV beam operating at 2.3 nA was used to excavate the 

sample from both sides of the region to a depth of 5 μm. And then, the sample was thinned further using a 

final milling beam current of 80 pA. The sample was lifted out in-situ by welding to the micromanipulator 

and was subsequently moved to a TEM sample holder. Further characterization in a JEOL 3011 was 

performed for higher magnification and selected area electron diffraction (SAED) analysis. In addition, 

uniaxial tensile test of the welds was carried out with at least three specimens at room temperature, with a 

strain rate of 10− 4 s− 1 on a MTS 810 material testing system to study the mechanical behavior of welded 

specimens. The fracture morphologies were also carefully examined using SEM.

3 Results and discussions 

Fig. 2 shows the XRD patterns of the as-cast and the welded sandwiched Zr-

based BMG panels obtained by collecting and grinding the crushed pieces from the cross-section 

of the interface into fine powders. The as-cast Zr1 and Zr2 alloys exhibit a broad diffraction halo, 

suggesting a typical amorphous structure [21, 22]. After the SSRSW, no significant evidence of 

crystallization was found in the X-ray pattern of the Zr-based BMG laminated interface. This 

suggests that the welds retain an amorphous nature without devitrification within the detection 

limit of XRD. Therefore, SSRSW is a well suited method for joining similar BMGs under 

appropriate welding parameters. 

Fig. 3 shows the DSC curves of the as-cast alloys and the welded interface from the joined BMG 

laminate. Zr1 and Zr2 BMGs both show a distinct glass transition, followed by a wide supercooled liquid 

region and the crystallization behavior. The two BMGs exhibit a similar glass transition temperature (Tg) 

of about 648K and 640K, respectively. However, single and two steps of crystallization peaks appear in 

Zr1 and Zr2 BMGs, respectively below 850 K, which was similarly recorded in previous studies [20, 23]. 

The crystallization onset temperature Tx and crystallization enthalpy ΔHcry of the two Zr-based BMGs 

were determined to be approximately 755K and -41.8J/g, 718K and -57.2J/g, respectively. The single-step 

crystallization implied that the stable crystallization phases were formed during heating the Zr1 alloy 

above Tg. The two exothermic crystallization peaks of Zr2 alloy may result from the preferential 

precipitation of some metastable crystalline phases during crystallization. After SSRSW, Tg, Tx and ΔHcry 

of the interface region from the laminate specimen are 638K, 743K, and -44.2J/g, respectively, displaying 

similar thermal stabilities to the original alloys. However, the interfaces of the laminate show different 
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crystallization characteristics from the base alloys, which suggests a slightly different composition of 

the amorphous phases at the welded interfaces than the original base alloys. Therefore, it is speculated 

that the SSRSW process may result in gradient amorphous materials [24].  

In order to investigate the microstructural evolution and compositional variation at the weld interface, 

the liquid weld pool (nugget as indicated in Fig. 1a), cross-sectional SEM images, and element line 

scanning in the vicinity of the joint interface region and heat-affected zone (HAZ) were performed (see Fig. 

4a). There are no discernible defects or cracks at the weld interface and HAZ, indicating the formation of a 

reliable bond between two similar Zr-based BMGs. However, some micro-voids incidentally appear within 

the base alloys far away from the weld interface. These micro-voids originate from the stacked interface 

among different layers of BMGs. The sparsely distributed concave weld surfaces may result from the 

over-loaded welding current level. The EDS elemental line scanning of the joint interface shows a uniform 

distribution of the main elements, such as Zr, Cu, and Al, in the weld region as shown in Fig. 4b, further 

demonstrating the formation of metallurgical bond. However, it is challenging to distinguish compositional 

evolution between Zr1 and Zr2 alloys because of extremely small amounts of total Ag and Fe elements 

which are beyond the instrument detection capacity. Alternatively, a new amorphous phase with 

homogenous composition may also form in the weld region and considering that resistance heating is 

heavily concentrated at the electrode/workpiece interface and the faying interface between workpieces, a 

faster cooling rate will be expected.  

Fig. 5 shows the TEM bright-field images and selected area electron diffraction (SAED) patterns of 

the weld joint interface prepared by FIB thinning. As indicated in Fig. 5a, it can be clearly observed that 

there was an interface layer of approximately 500 nm thickness between the two workpieces even if it 

appears without voids or gaps at the macroscale. Far away from the interface region, fully halo rings 

without crystalline reflections in the SAEDs of the Zr1 and Zr2 alloys indicate that the alloy consists of 

only amorphous phase as shown in Fig. 5b. However, a trace amount of crystalline phases is present nearby 

or within the weld interface for the inner Zr2 BMG due to the relatively poor heat release at the weld 

interface of dissimilar welds (see Fig. 5c). Along the interface of the Zr2 alloy, the SAED comprises a 

diffuse amorphous diffraction ring as well as sharp diffraction spots, implying that microscale crystals form 

in the amorphous matrix (see Fig. 5d). Considering that the FIB thinning was achieved at very low beam 

current, the crystallization likely originates from the effect of spot welding even at small scale resistance. 
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These crystalline phases are mainly located along the joint interface during welding process, as confirmed 

by the dark-field images from the representative two diffraction spots (point 1 and point 2) in the 

corresponding SAEDs (see Fig. 5e and Fig. 5f, respectively). To further clarify the microstructure of the 

weld nugget, Fig. 6a-e shows the TEM bright-field images and SAEDs of the central region of the joint 

interface corresponding the regions labeled as A, B and C in Fig. 5a, respectively. It can be seen that the 

central region of the joint interfaces is mainly amorphous with a small amount of crystalline phases. 

Note that diffraction from crystals causes several overlapping spot patterns, making it difficult to index 

(Fig. 6b and f). In addition, it should be noted that the corresponding SAED pattern from region B is 

identified to be hexagonal close packed (hcp) Zr solid solution phases (Fig. 6d), which is different from the 

previous report that stable CuZr2 phase preferentially precipitates in as-cast ZrCu-based BMGs [20]. This 

may result from the strong thermo-mechanical coupling during the process of micro-resistance spot 

welding. Furthermore, the welding parameters such as weld time, weld current, and the electrode force of 

the present work are systematically lower than the previous work used in Ti-based BMGs by RSW [25]. 

Similarly, the metallic glass ribbons of Vitreloy 101 with minor crystallization can be prepared by SSRSW 

in previous study [26]. These features suggest that the SSRSW technology is an ideal candidate for 

applications in the field of small-scale BMGs, especially in the micro electro-mechanical system devices 

whereby microstructure stability is required to avoid over-crystallization [27]. 

Samples for the uniaxial tensile test were fabricated with a gauge length of 6 mm and gauge width of 

1.5 mm by wire-cutting from the welds, as shown in the inset of Fig. 7. The two parent Zr-based BMGs, 

although showing large compressive plasticity and high fracture toughness, exhibit almost zero tensile 

ductility [21, 28]. There is no obvious difference in mechanical behavior of Zr1 and Zr2 alloys under 

tension. In the present work, the stress strain curve of Zr1 alloy is shown as an example. Macroscopically, 

the BMG sandwiched laminates display an overall elastic behavior without macroscopic plastic yielding, 

which is similar to the typical tensile characteristics of monolithic BMGs. However, interestingly, the 

sandwiched laminates fail in a stepwise manner associated with a “serrated” fracture arising from the 

delamination process during crack propagation. Specifically, at a stress level of ~ 1200 MPa in the tensile 

stress–strain curve, the stress suddenly drops to ~ 900 MPa, and subsequently recovers to ~ 1200 MPa prior 

to the ultimate catastrophic failure (see Fig. 7). The initial fracture strength of the sandwiched laminate is 

subtly lower than that of the parent monolithic BMGs, and can be rationalized by the stress concentration 
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effect at the joint interfaces. In general, the joined interface with a thickness of ~ 500 nm is imperfect (Fig. 

5a). If we assume each interface contains a number of "micro-cracks" (welding defects such as 

micro-voids), the laminate can be regarded as a monolithic bulk material containing several arrays of 

"micro-cracks". The fracture strength of the laminate can hence be correlated with the Mode I initiation 

fracture toughness [8, 29],
I
K , of the laminate by 

I
( )
a

K af
W

V S . Thus, I

( )

K

a
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W

V
S

 , where a  and 

W are the micro-crack length and spacing, respectively. ( )
a

f
W

 denotes a complex geometric correction 

factor function, which is typically a finite value, and is related to the crack geometry and the material itself. 

This classical linear elastic fracture mechanics model essentially illustrates a stress concentration effect 

brought by the micro-cracks. As such, it is understandable that the initial fracture stress of the laminate is 

lower than the monolithic parent materials. However, it is of interest that the sandwiched laminate structure 

apparently shows an increased resistance to crack growth. The stress-strain curve shows a “serrated” 

behavior and the laminate proceeds to carry load and undergo plastic deformation even after the initial 

fracture event. Microscopically, this limited plastic deformation stems from the crack branching and 

delamination across the joint interface (see Fig. 8 below), which contribute to an enhanced fracture energy 

absorption prior to the ultimate fracture instability. This is further corroborated by ~ 8% increase of the area 

under the stress-strain curves. Such crack branching and delamination mechanism results in the unique 

stepwise fracture mode which is contrastingly different from the conventional purely elastic catastrophic 

failure mode for monolithic metallic glasses under tension [30]. The stepwise fracture behavior promotes a 

protective fracture mechanism and facilitates a higher energy absorption capability. Practically, the 

introduced tensile behavior of the metallic glass laminate provides a novel insight into developing tougher 

BMGs, especially under un-constrained loading. 

Fig. 8 shows the SEM images of the fractured morphologies of the sandwiched laminate. Tensile 

fracture occurs along the maximum resolved shear stress orientation inclined along ~ 45° to the loading 

axis (see Fig. 8a). Although the shear fracture mode is manifested in the laminate, there are few shear bands 

in the vicinity of the shear fractured plane. However, the corresponding fracture surface is unambiguously 

not planar (see Fig. 8b), implying that the shear deformation and crack instability are not carried out 

through one single dominant shear band. On the other hand, the extensive multiple failure planes found on 



the fractured surface suggest a crack deflection mechanism during the delamination process under loading, 

which is also reflected by the crack bifurcation or branching on the side surface (see Fig. 8a). On the 

fractured surface, several clear shear offsets are present at the edge of each individual constitutional plates 

in the laminate (see Fig. 8c and d). The multiple shear offsets originate from the delamination 

mediated stepwise fracture behavior and are distinct from the typical single shear offset on the fractured 

surface of a monolithic metallic glass [31]. The crack branching behavior and the multiple shear offsets 

result in an enhanced energy absorption through the joint interface which deflects the crack propagation 

and thus suppresses the otherwise catastrophic instability in monolithic metallic glasses. Therefore, higher 

crack resistance and higher fracture toughness (the area under the stress-strain curve) are achieved in the 

laminate than in the monolithic metallic glasses. In the interior of each laminated layer, plentiful patterns 

such as radiative cores with some liquid features and “river-like” patterns reveal shear induced local 

melting during the fracture process [31]. The coexistence of these multiple surface morphologies 

demonstrates the key role that the interface plays in affecting the mechanical behavior of the welded 

laminate. 

4 Conclusions 

Zr62.3Cu22.5Fe4.9Al6.8Ag3.5 and Zr61Ti2Cu25Al12 BMGs sandwich-laminated plates are successfully 

prepared by small-scale resistance spot welding. A satisfactory metallurgical bond is achieved in the 

welded region, where a uniform distribution of the main elements without elemental mutation is revealed. 

Transmission electron microscopy at the welding interface demonstrates an almost amorphous feature. The 

resultant sandwiched laminate shows a stepwise fracture behavior, which can be attributed to a unique 

crack branching mechanism. The fractured surface of the laminate exhibits extensive multiple failure 

planes, implying that the crack propagation is collectively associated with a crack branching mechanism 

across the welding interface. Our findings demonstrate that small-scale resistance spot welding 

technology is a promising candidate for scaling up metallic glasses and for fabricating 

heterogeneous metallic glass laminates with desirable properties for structure applications. 
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Figure captions 

Fig. 1 Schematic illustration of small-scale resistance spot welding of BMG sandwiched 

laminates (a) and the optimized welding parameters (b). 

Fig. 2 XRD patterns of the as-cast and welding laminated Zr-based BMGs. 

Fig. 3 The DSC curves of the parental and laminated BMGs at a heat rate of 20K/min. 

Fig. 4 Cross-sectional SEM images and EDS elemental line scanning in the interfacial

region of the laminate. 

Fig. 5 The bright-field TEM images of the joint interface (a) and the Zr2 alloy (c); the 

corresponding SAED patterns (b, d) and dark-filed TEM images (e, f). 

Fig. 6 The bright-field TEM images of regions labeled A, B and C in Fig. 5(a) and the 

corresponding SAED patterns. 

Fig. 7 Uniaxial tensile stress–strain curves of the sandwiched laminate and the

morphology of the undeformed specimen shown in inset. 

Fig. 8 SEM images of the fractured morphologies of the sandwiched laminate. 
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