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ABSTRACT 

 

ANDREOLI, A. F. Resistance Upset Welding of Zr-based Bulk Metallic Glasses. 2017. 87 

pp. Master Thesis – São Carlos School of Engineering, University of São Paulo, São 

Carlos, 2017. 

 

 
Zr-based bulk metallic glasses represent an emerging important class of structural 

materials with interesting properties due to its amorphous nature. In this study, the 

structural and microstructural transformations to the heat-affected zone of a Zr-based bulk 

metallic glass welded by the resistance upset technology were investigated. X-ray 

diffraction, optical and scanning electron microscopy were used to characterize the base 

metal and the heat-affected zone. Vickers microhardness testing was performed to assess 

the mechanical response of the welded joints. The amorphous phase volume fraction 

measured along the welded joints shows no difference between the base metal and the 

heat-affected zone. It was possible to achieve a sound weld with no crystallization of the 

base metal by means of a proper variables setup.  

 

Keywords: bulk metallic glass (BMG), amorphous metal, crystallization, welding, 

resistance upset welding. 

 

 

 

 

 

 

 

 

 



 
 

  



RESUMO 

 

ANDREOLI, A. F. Soldagem por resistência de topo de vidros metálicos maciços de base 

Zr. 2017. 87 f. Dissertação (Mestrado) – Escola de Engenharia de São Carlos, 

Universidade de São Paulo, São Carlos, 2017. 

 

Os vidros metálicos maciços baseados em Zr representam uma importante e 

emergente classe de materiais estruturais com propriedades interessantes devido à sua 

natureza amorfa. Neste estudo, foram investigadas as transformações estruturais e 

microestruturais da zona termicamente afetada de um vidro metálico maciço de base Zr 

soldado pela processo de resistência de topo. Difração de raios-X, microscopia óptica e 

microscopia eletrônica de varredura foram utilizadas para caracterizar o metal base e a 

zona termicamente afetada. Ensaio de microdureza Vickers foi realizado para avaliar a 

resposta mecânica das juntas soldadas. A fração do volume da fase amorfa medida ao 

longo das juntas soldadas não apresentou diferença entre o metal base e a zona 

termicamente afetada. Foi possível obter uma solda de qualidade sem que houvesse 

desvitrificação do metal base através de uma combinação adequada de variáveis.  

 

Palavras-chave: vidro metálico maciço; metal amorfo; cristalização; soldagem; 

soldagem por resistência de topo. 
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1. INTRODUCTION  

 

Immediately upon the isolation of Aluminum, it was a light and expensive metal, 

hence at that time was considered an elite material intended for ornaments and luxury 

items (UC RUSAL, 2016). “Aluminum began to be used in various ways at the turn of the 

XIX and XX centuries which created an incentive for development in a new range of 

industries” (UC RUSAL, 2016). It took approximately 100 years since aluminum alloys 

were first produced until effectively becoming a major structural engineering material. 

Present-day, it represents a substantial segment especially as lightweight assembly parts 

for the automotive and aeronautic industries. During this period, much effort was devoted 

into research, and funds were invested to bring to light the properties and define the 

potential of aluminum alloys as an engineering material. 

Latest, a novel engineering class of materials has caught the attention of scientists 

and industrial collaborators. Bulk metallic glasses, or amorphous metals, are defined as 

engineering alloys that do not present long-range periodic arrangements of their atoms 

like conventional crystalline alloys. Due to their amorphous nature, metallic glasses show 

distinct mechanical and physic-chemical properties, oftentimes superior to their crystalline 

counterparts. These include higher elastic limit, yield strength, hardness and fracture 

toughness (EGAMI and IWASHITA, 2013). Low damping, high elastic energy and great 

wear resistance (GREER, RUTHERFORD and HUTCHINGS, 2002). They are also known 

for their higher resistance to corrosion (LI and ZHENG, 2016).  

Bulk metallic glasses have found applications in a variety of industrial fields in the 

past years. Some of these include machinery structural materials (HOFFMAN et al., 

2016), cutting materials, sporting goods equipment (TELFORD, 2004), medical devices 

and biomaterials for implants (LI and ZHENG, 2016).  

One of the limitations of bulk metallic glasses is their processing route. In order to 

suppress the nucleation and growth of crystalline phases there is a need for considerably 

high cooling rates compared to conventional casting.  This limits the maximum size (length 

or diameter) that a metallic glass can be formed. Consequently, welding and joining of 

these materials becomes of great concern not only for scientific advancements but for 

practical purposes as well.  
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It is well known that crystallization, structural relaxation or phase separation can 

lead to brittle failure in amorphous alloys (INOUE et al., 2003). Therefore, it is substantial 

to evaluate welding processes and parameters that favor the glassy phase and avoids 

devitrification.  In the supercooled liquid region (ΔTx), defined as the difference between 

the crystallization temperature (Tx) and the glass transition temperature (Tg), metallic 

glasses behave as a Newtonian fluid and can, therefore, be forged with ease. The 

supercooled liquid interval is the optimum temperature range for welding since no 

devitrification is expected for certain amount of time (KUO at al., 2010).  

The resistance upset welding process (UW) combines the Joule affect and 

pressure to bond metallic pieces. Two types of resistances characterize this welding 

process, namely, contact resistance and bulk resistance. At the start of the welding 

process, contact resistance plays a major role but gradually it decreases and the role of 

the bulk resistance becomes more important. The advantages for welding metallic glasses 

are: (1) it is a solid-state process; (2) no filler metal is required, (3) short welding time, (4) 

ease of operation, (5) high cooling rates; and finally (6) low cost (KERSTENS, 2009). 

The goal of this research study was to find suitable welding conditions to preserve 

the amorphous phase structure, avoiding crystallization, of a Zr-based bulk metallic glass 

after the resistance upset welding processing. Hence, preserving the advantageous 

mechanical and physic-chemical properties intrinsic of the amorphous phase.    
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2. BACKGROUND 

 

2.1 Bulk Metallic Glasses  

  

Latest, novel engineering metal alloys have attracted considerable attention from 

research groups and industrial facilities globally because of their remarkable properties. 

Metallic glasses, or amorphous metals, are metallic alloys with non-crystalline structures. 

Instead, it has a disordered structure, with atoms occupying random positions in a lack of 

long-range order, as can be schematically seen in Figure 2.1.  

 

Figure 2.1 - Atomic structure of Cu65Zr35 glass, Cu atoms: red, Zr atoms: blue.  

 

 

Source: Mattern et al. (2009).  

 

This material class was first disclosed in the 60's.  An Au75Si25 metallic glass alloy 

was synthesized from the melt at Caltech (KLEMENT; WILLENS and DUWEZ, 1960). 

This and other first glass-forming alloys had to be cooled extremely rapidly (about a 

megakelvin per second, 106 K/s) to avoid crystallization (MILLER and LIAW, 2007). The 

minimum cooling rate to avoid crystallization below the melting temperature (Tm) is thus 

defined as the critical cooling rate (Rc) for glass formation (TAKEUCHI and INOUE, 2001).  

An important consequence of those first metallic glasses is that they could only be 

produced in a limited number of forms (typically thin ribbons, sheets, or wires), (WANG, 

DONG and SHEK, 2004), in which the small size, in thickness or diameter, permitted the 
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heat to be extracted rapidly enough to reach the necessary cooling rate. Thus, samples 

of metallic glass (with a few exceptions) were limited to a thickness less than one hundred 

microns. A maximum sample thickness (tmax) was also defined in order to express the 

glass-forming ability (GFA) of such alloys (WANG, DONG and SHEK, 2004).  

The work of Turnbull and Chen (1967) had an important impact to the recent born 

field. They showed the similarities between other non-crystalline phase materials such as 

polymers, ceramic glasses, and silicates with metallic glasses. They presented results 

showing that a second order thermodynamic transition, the glass transition (Tg), also could 

be observed for metallic glasses.  

 

Turnbull predicted that a ratio, referred to as the reduced glass transition 
temperature (Trg) (Eq. 2.1), of the glass transition temperature (Tg) to the 
melting point (Tm), or liquidus temperature (Tl) of an alloy, could be used 
as a criterion for determining the glass-forming ability of an alloy (WANG, 
DONG and SHEK, 2004, p. 45). 
 

                                           𝑇𝑟𝑔 =
𝑇𝑔

𝑇𝑚
                                (Eq. 2.1) 

 

In the late 80s, the greater stabilization of the supercooled liquid started the 

production of the so-called bulk metallic glasses (BMGs). With thicknesses that could 

reach 10 mm or more, with various alloys formed from early transition metals (Zr, Ti and 

Hf) and production of alloys containing late transition metals (Fe-Al-Ga-P-B), due to the 

low production cost (MILLER and LIAW, 2007). Present-day, BMGs of the systems based 

on Zr, Zr–Be, Pd, Pt, Mg, La, Ni, and Cu can be formed with diameters >2 cm, and Fe, Co 

and Ti based BMG can be produced with diameters >1 cm, fabricated by the cooper mold 

casting techniques (INOUE and TAKEUCHI, 2011). Figure 2.2 presents a few of the bulk 

amorphous alloys developed to date. BMGs can be formed by means of vast production 

methods: water-quenching, copper-mold casting, high-pressure die casting, arc melting, 

unidirectional melting, suction casting, and squeeze casting (MILLER; LIAW, 2007). 

Electromechanical conformation (OLIVEIRA et al., 2002), and warm extrusion of atomized 

amorphous powders in the supercooled liquid region are used techniques (INOUE, 2000).  
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Figure 2.2 - Pd-, Ni-, Cu-, and Zr-element-based large centimeter-sized BMGs.  

Source: Inoue and Takeuchi (2004).  

 

BMGs present a large supercooled liquid region (ΔTx), defined as the difference 

between the crystallization temperature (Tx) and the glass transition temperature (Tg) upon 

heating (Eq. 2.2). 

 

                                                ∆𝑇𝑥 =  𝑇𝑥 − 𝑇𝑔                                   (Eq. 2.2) 

 

Figure 2.3(a) demonstrates the interdependence between the reduced glass transition 

temperature (Trg), critical cooling rate (Rc) and maximum sample thickness (tmax) for a 

variety of glassy alloy classes. Figure 2.3(b) shows the relation between the temperature 

interval of the supercooled liquid region, critical cooling rate (Rc), and maximum sample 

thickness (tmax). It can be inferred from Figure 2.3 that with the increase in (Trg), there is a 

clear tendency for lower critical cooling rates and sizable samples. Likewise, the increase 

in (ΔTx) leads to reduced cooling rates and thicker samples (tmax). A linear correlation 

between these parameters is shown in both cases. The multicomponent BMGs have deep 

eutectic valleys leading to the appearance of high Trg and large ΔTx. “Designing the alloy 
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choosing an alloy composition exhibiting a lower liquidus temperature near the eutectic 

point is an effective way of finding an appropriate BMG composition” (INOUE and 

TAKEUCHI, 2011, p. 2246). This is visually described in Figure 2.4.  

 

Figure 2.3 – a) Correlation between (Trg), (Rc) and (tmax) for bulk glassy alloys b) Relationship between (Rc), 
(tmax), and (ΔTx) for BMGs.  

 

Source: Inoue (2000).  

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 
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Figure 2.4 - Schematic variation of the glass transition temperature, Tg, liquidus temperature, Tl, the reduced 
glass transition temperature, Trg, in two different types of eutectic systems—deep eutectic and shallow 
eutectic.  

 

Source: Suryanarayana and Inoue (2010). 

 

2.1.1 Thermodynamics, Kinetics, and Structure Models 

 

Inoue (1995), regarding the GFA of BMGs stated three empirical rules: (1) the 

multicomponent system should consist of three or more elements, (2) there should be a 

significant difference (greater than 12%) in the atomic sizes of the main constituent 

elements, and (3) the main elements should have negative heats of mixing. Inoue et al. 

(2002) reported that the atomic size mismatch rather than the negative heat of mixing 

between the constituent elements dominate the stabilization of the supercooled liquid.  

Understanding the kinetics and thermodynamics of undercooled liquids is essential 

to comprehend the glass-forming ability of BMGs. Large GFA are achieved when the free 

energy is low for the transformation of liquid to crystalline phases. Since Gibbs free energy 

is expressed as:  

 

                                   𝛥𝐺 =  𝛥𝐻𝑓 − 𝑇𝛥𝑆𝑓                                      (Eq. 2.3) 
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Where; 

ΔG is Gibbs free energy 

T is temperature 

𝛥𝐻𝑓  is the enthalpy of fusion; 

𝛥𝑆𝑓 is the entropy of fusion.  

Low values of ΔG are obtained when the enthalpy of fusion is low and the entropy of fusion 

is large (Inoue, 1995). ΔSf is expected to increase with the increase in the number of 

elements that constitute the system, seeing that the entropy of fusion is reciprocal to the 

number of microscopic states (Inoue, 1995). High reduced glass transition temperature, 

large interface energy between liquid/solid phases, and low enthalpy of fusion causes low 

chemical potential, which also leads to low ΔG at constant temperatures. Based on this 

thermodinamical conditions, Inoue (1995) concludes that the increment in the number of 

components leading to increased ΔSf causes the increase in the degree of dense random 

packing which favors the decrease of ΔHf  and increase in the solid/liquid interfacial 

energy.   

When the temperature of a molten metal is reduced below the liquidus temperature 

(Tl), the Gibbs free energy of the supercooled liquid is higher than that of the competing 

crystal(s), and the difference (ΔG), is the driving force towards crystallization 

(SURYANARAYANA and INOUE, 2010). “An activation energy barrier needs to be 

overcome before solid nuclei could form in the melt, and this activation barrier is smaller 

the larger the liquid undercooling is” (SURYANARAYANA and INOUE, 2010, p. 16). 

Considering that the nucleation rate of a crystalline phase (I), and the crystal growth rate 

(U) are expressed as (Inoue, 1995): 

 

𝐼 =  
1030

𝜂
∗ 𝑒𝑥𝑝 [

−𝑏𝛼3𝛽

𝑇𝑟𝑔(1−𝑇𝑟𝑔)
2] [𝑐𝑚−3𝑠−1]                       (Eq. 2.4) 
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𝑈 =  
102𝑓

𝜂
∗ [1 − 𝑒𝑥𝑝 (−𝛽𝛥𝑇𝑟𝑔/𝑇𝑟𝑔 (

𝑇

𝑇𝑚
))] [𝑐𝑚𝑠−1]            (Eq. 2.5) 

 

Where; 

η is the viscosity; 

Tm is the melting temperature; 

ΔTrg is the difference in temperature from Tm; 

b is a shape factor and 16π/3 for spherical nucleus; 

f is the fraction of nucleus sites at the growth interface; 

α and β are dimensionless parameters related to liquid/solid interface energy (σ); 

Inoue (1995) states that (ΔSf) and (ΔHf) can be expressed in terms of α and β, where No 

is the Avogadro number, V atomic volume, and R the gas constant: 

 

𝛼 =
(𝑁𝑜𝑉)1/3𝜎

𝛥𝐻𝑓
                                      (Eq. 2.6) 

 

𝛽 =
𝛥𝑆𝑓

𝑅
                                          (Eq. 2.7) 

 

The main parameters to be considered in these equations are η, α, and β. “The increase 

in the three parameters causes the decrease in I and U values, leading to the increase in 

glass-forming ability” (INOUE, 1995, p.867).  

For BMGs, a large undercooling gradient can be achieved due to the high cooling 

rates that overlaps heterogeneous crystal nucleation. The viscosity of the supercooled 

liquid increases dramatically as the temperature decreases and at a determined 



36 
 

temperature the viscosity is so high that the structure ‘freezes’ into a glassy state 

(SURYANARAYANA and INOUE, 2010). The temperature interval where this 

phenomenon occurs is the glass transition temperature. Viscosity indicates the resistance 

to flow of a system and is a measure of its internal friction. The International System unit 

for viscosity is Pa.s = kg m−1 s−1.   

One mechanism that was determined to be the reason for the stabilization of a 

BMG in an amorphous phase is the necessity for long-range atomic configurations to 

construct the crystalline phase with a large volume unit cell from the glassy structure. This 

phenomenon causes the retardation of the crystalline reaction (INOUE; TAKEUCHI, 

2002). This feature of the atomic configuration leads to the formation of high degree of 

dense random packing for the amorphous phase and was demonstrated by the small 

difference in densities between amorphous alloys and their crystalline counterparts 

(INOUE and TAKEUCHI, 2002). The smaller difference in densities also suggests that the 

release of free volume during the transformation of the supercooled liquid to crystal is 

lower than that of ordinary crystallizations with larger density differences. The less the free 

volume in the structure the less the mobility of atoms, which difficult crystallization 

(PEREIRA, 2009). Bulk metallic glasses satisfy the three empirical rules leading to a high 

interfacial energy between the liquid/solid phases with low atomic diffusivity and the need 

of long-range atomic rearrangements preventing crystallization to occur (INOUE and 

TAKEUCHI, 2002), permitting also a high stability of the glassy phase.  

 

2.1.2  Mechanical Properties  

 

 The high visibility that BMGs have received in recent years, both in research and 

development level, as for practical applications, is due to their remarkable mechanical, 

thermomechanical, physiochemical, and soft magnetic properties. The possibility to make 

use of such features in structural engineering, such as biocompatible prostheses (QIN et 

al., 2011), sporting equipments (TELFORD, 2004), super-precision microgears (ISHIDA 

et al., 2007), and magnetic shielding (ASHBY and GREER, 2006), to cite a few, are 

attractive for further technological and scientific research. Despite metallic glasses were 

first developed in the 60’s, studies of mechanical properties began in the 70’s. Egami, 
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Iwashita and Dmowski (2013), did an extensive review on the mechanical properties of 

bulk glassy metals and concluded that, in a first instance, these do not seem to reflect the 

disordered atomic nature of BMGs, being superficially equal to the crystalline materials. 

However, on a deeper view they recognize that the amorphous structure has deep and 

intrinsic effect on the mechanical properties.  

When comparing the mechanical strength and elastic limit of Zr-based BMGs with 

crystalline steels and Ti alloys BMGs present compatible densities, but lower Young's 

modulus (96 GPa) and higher elastic limit deformation until fracture (2%) (TELFORD, 

2004). They have high yield strength (σe = 1.9 GPa) and high resistance per unit volume, 

making them candidates for replacing aluminum in the sports industry applications 

(TELFORD, 2004). Figure 2.5 shows a comparative diagram of the tensile strength and 

Vickers’s hardness with Young’s modulus of various engineering materials.  

 

Figure 2.5 – The relations between mechanical properties of typical BMGs: (a) tensile fracture 
strength (σt,f) with Young’s modulus (E); (b) Vickers hardness (Hv) with Young’s modulus (E).  

 

Source: Wang, Dong and Shek (2004). 
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In Fig. 2.5, it is clear to see the advantageous mechanical features of BMGs when 

correlated to traditional crystalline alloys. The deformation and fracture mechanisms is 

believed to reflect the significant difference of the mechanical properties between BMGs 

and crystalline alloys. “Plastic deformation in metallic glasses is generally associated with 

inhomogeneous flow in highly localized shear bands” (WANG, DONG and SHEK, 2004, 

p. 69). At higher temperatures and lower stress, the flow is homogeneous and essentially 

Newtonian viscous. 

Zhang and Inoue (2002) reported the development of a Ni-based BMG prepared 

by mold-clamp and cooper mold casting methods with a tensile fracture strength of 2.7 

GPa, tensile fracture elongation of 2.1%, compressive fracture strength of 3.01 GPa and 

compressive fracture elongation of 2.4%. The Co43Fe20Ta5.5B31.5 glassy alloy shows the 

higher strength known to date for a BMG and it exceeds 5 GPa (INOUE et al., 2003). 

BMGs also exhibit great wear resistance properties (GREER; RUTHERFORD and 

HUTCHINGS, 2002). Metallic glasses also have some outstanding properties, including 

uniquely high capacity for elastic energy storage per unit volume or mass, low damping; 

in some cases, very high toughness (ASHBY and GREER, 2006), and good corrosion 

resistance (MILLER and LIAW, 2007). The best combination of toughness and strength 

known up to date belongs to a Pd79Ag3.5P6Si9.5Ge2 metallic alloy (DEMETRIOU et al., 

2011).  

However, BMGs are generally brittle and present poor or none plasticity at room 

temperature (JOHNSON, 1999). Despite Zr-based and Pd-based BMGs show some 

plasticity, this is constrained to localized shear bands, thus, they cannot be considered 

ductile. The fracture surface of these alloys present a typical vein pattern and high local 

plasticity arising from instabilities in the band of lowered viscosity (LEWANDOWSKI, 

WANG and GREER, 2005), shown in Figure 2.6. Latest research has shown that the 

Poisson’s ratio of BMGs has a direct relationship to mechanical properties such as shear 

modulus and fracture energy (GU et al., 2008). Du et al. (2009) reported that by varying 

the composition of a class of Fe-BMGs, a well-defined transition from brittleness to 

plasticity was observed as the Poisson’s ratio rose above the critical value of 0.32. One 

of the challenges to establish BMGs as structural materials is the need for alloys designed 

with improved plasticity at room temperature.  
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Figure 2.6 - Scanning electron micrograph (SEM) of the fracture surface of Zr41Ti14Cu12.5Ni10Be22.5 BMG 

(scale markers: 5 µm). 

 

Source: Lewandowski, Wang and Greer (2005).  

 

2.1.3 Supercooled Liquid and Superplasticity  

 

The deformation behavior of metallic glasses is separated in two different stages. 

Below the glass transition, they reveal an inhomogeneous deformation, which leads to the 

appearance of discrete and thin shear bands, resulting of its non-hardenable nature 

(KAWAMURA et al., 1997). However, in the supercooled liquid region, (ΔT), BMGs usually 

exhibit a drastic reduction of viscosity, and therefore, present a Newtonian flow behavior 

(WANG et al., 2005), and can retain its amorphous structure even after large plastic 

deformation (KIM, MA, and JEONG, 2003).  

Kawamura et al. (1997) studied superplasticity of a bulk Zr65Al10Ni10Cu15 glassy 

alloy ribbon in the supercooled liquid region and reported a maximum tensile elongation 

of 340% at an initial strain rate of 5 x10-2 s-1 at 673 K. Kim, Ma and Joeng (2003) tested 

the same alloy, but manufactured by a different casting route. The tensile testing was 

conducted under a constant cross-head speed condition at 696 K in a relatively high strain 

rate range between 2.5x10-3 s-1 and 2.5x10-2 s-1. They inform that the temperature of 696 

K is the minimum viscosity to be reported. The alloy exhibited a tensile elongation as large 
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as 750% at 6.3 x 10-3 s-1–696 K though crystallization occurred during deformation. Figure 

2.7 shows the stress-strain curves of Zr65Al10Ni10Cu15 BMG at different temperatures and 

strain rates.  

 

Figure 2.7 – Stress-strain curves of Zr65Al10Ni10Cu15 metallic glass at various temperatures and at 
strain rates of 5.0 x lO-4 s-1 (a), and 5.0 x l0-2 s-1 (B). The flow stress is defined as shown in the inset. 

 

Source: Kawamura et al., (1997). 

 

Wang et al. (2004), reported the study of a Zr41.25Ti13.75Ni10Cu12.5Be22.5 (at. %) BMG 

deformation in the supercooled liquid region. The isothermal tensile results showed that 

at low-strain rates the material behaved like a Newtonian fluid. On the other hand, for 

high-strain rates the material had a non-Newtonian behavior in the initial deformation 

stage. The maximum elongation reached 164% at 656K. Miller and Liaw (2008) reported 

a tensile elongation about 20,000% for a deformed La55Al25Ni20 BMG alloy in the 

supercooled region.  
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2.1.4 Present and Future Applications  

 

The first report of a commercial use of a Zr-based BMG was the confection of golf 

clubs (JOHNSON, 2015). Liquidmetal Technologies Company made the first attempt to 

industrialize the use of this new engineering material. They were unsuccessful for two 

main reasons: (1) the newly developed die-casting route introduced flow lines on the 

surface of the part that acted like crack-initiation sites, (2) in 1997 the US Golf Association 

restricted the limit of how ‘springy’ golf clubs could be (JOHNSON, 2015). Zr-based BMGs 

can transfer up to 99% of the applied energy to the golf plate, whereas steel golf plates 

transfer 60% and titanium transfer 70% (WANG, DONG and SHEK, 2004). BMGs were 

also applied in other high-end sporting goods such as tennis rackets, and may find 

applications for baseball bats, bicycle frames, hunting bows, and skis (WANG, DONG and 

SHEK, 2004). 

Inoue et al. (2003), informed the use of Fe-based BMGs powders as shot-peening 

balls. Shoot peening generates a residual compressive stress field onto the surface of 

metals. They reported that the residual stress caused by BMGs shot-peening balls, 

leading to increased hardness and resilience, is far superior to that of conventional 

crystalline shot-peening balls.  

Present novelty and rarity make BMGs attractive for high-end lifestyle products. 

“The ability to take high polish and resist abrasion and corrosion suggest the use of 

metallic glasses for jewelry, spectacle frames, watch cases, pens, mobile-phone cases” 

(ASHBY and GREER, 2006, p. 326). 

Ishida et al. (2007) detailed the construction of 2.4 mm Ni-based BMG microgears. 

It presents high durability, extraordinary dimensional as-cast stability, and wear 

resistance. These microgears can be used as micromotor parts for cell phones, 

computers, electronic and medical devices.  

Li and Zheng (2016), reported of Zr-based BMGs for biomedical implants, with 

much higher hardness than that of conventional crystalline biomedical 316L SS, Ti alloys 

and Zr alloys, and high yield strength that is considerably higher than that of those above 

mentioned conventional crystalline metallic biomaterials. Besides the mechanical 

properties, alloys suitable for biomedical applications such as implants must have great 
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biocompatibility. Li and Zheng (2016) also showed that Zr-based BMGs presented better 

biocompatibility than the conventional crystalline 316L stainless steel, Zr and Zr-based 

alloys, as well as Ti and Ti-based alloys, for both, in vitro cell culture and in vivo rabbit 

implantations. Table 2.1 summarizes the potential applications of BMGs related to their 

intrinsic properties. 

 

Table 2.1 – Possible application fields for BMGs (WANG, DONG and SHEK, 2004). 

Properties Application 

High strength Machinery structural materials 

High hardness Cutting materials 

High fracture toughness Die materials 

High fatigue strength Bonding materials 

High corrosion resistance Corrosion resistance materials 

High elastic energy Sporting goods materials 

High wear resistance Writing appliance materials 

High reflection ratio Optical precision materials 

High hydrogen storage Hydrogen storage materials 

Good soft magnetism Soft magnetic materials 

High frequency permeability High magnetostrictive materials 

High viscous flowability Composite materials 

High acoustic attenuation  Acoustic absorption materials 

Self-sharping properties Penetrator 

High wear resistance and manufacturability Medical devices materials 

 

2.2   Resistance Welding 

 

The resistance welding process was invented and patented in 1885 by an 

American named Elihu Thompson (KERSTENS, 2009). The discovery was made during 

a lecture and demonstration about electricity in 1884. In response to a question from 

someone in the audience, Thompson created and produced an experiment that yielded 

the first resistance weld. It comprehends a group of welding process in which the Joule 

effect and pressure are used to bond metals pieces together. The four main processes 
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are: resistance spot welding (RSW), projection welding (PW), seam welding (SW), and 

resistance upset welding (UW).  

 

2.2.1 Resistance Upset Welding  

 

Kerstens (2009, p. 11), describes the upset welding process as:  

 

The two ends of a work-piece are brought together under a high welding 
or upsetting force before the application of the welding current. Due to the 
contact resistance of the two workpieces the interface becomes warmer 
and when the material is warm enough, an extra upsetting pressure is 
applied, material extrudes out-wards forming an upset, and the two 
workpieces join.  

 

The literature related to this process to date has been limited (KERSTENS, 2009). 

Resistance upset welding, unusually of other resistance welding processes, is a solid-

state welding process. It involves the interaction of electrical, thermal, mechanical and 

metallurgical phenomena (KERSTENS, 2009). In comparison with fusion welding 

processes, the metallurgical properties and chemical composition are not significantly 

modified leading to better mechanical properties (KANNE, 1994). Simplicity, welding 

speed, capability of remote control and independence of welding quality from the operator 

skill are the other advantages of this process (KANNE, 1994). Temperatures are lower 

than for fusion welding, and there are no transformations or solidification stresses induced 

by melting. The fact that is a solid-state process enables to weld within the supercooled 

liquid temperature (ΔTx), and hence below the BMG crystallization temperature (Tx). This 

feature allied to short welding cycles and high cooling rates allows for the hypothesis that, 

with correct welding schedules, a heat-affected zone without devitrification may occur. 

“Because no melting is present in solid-state welds, the microstructure is very different 

from the solidification structures found in fusion welds. Improved properties of the weld 

result from the solid-state metallurgical structure” (KANNE, 1994). The distinct 

characterization of a welded zone (WZ) and a heat-affected zone (HAZ) cannot be done 

for UW. Rather, only a HAZ can be characterized and a high and low temperature zone 

are typical (KERSTENS, 2009). Another advantage compared to fusion processes include 

minor quantity of volumetric defects, such as cracks and voids.  
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In resistance upset welding the workpieces are not overlapped. Two parts to be 

joined are clamped in electrodes connected to the secondary of the resistance welding 

transformer (RWMA, 2003). The pieces are joined end-to-end and pressure is applied 

between them by the movable clamps while current flows through the electrodes. The 

main parameters controlled are current density, electrode force, and welding time. Figure 

2.8 shows the schematic illustration of the resistance upset welding.  

The UW process has been used to weld a wide range of metals including, carbon-

steel, stainless steel, aluminum alloys, brass, cooper, and nickel alloys (KEARNS, 1980). 

As to the author’s knowledge, this is the first attempt to weld BMGs by the UW process. 

 

Figure 2.8 – a) Schematic illustration of the resistance upset welding. b) The characteristic upset flow 
in upset welding.  

 

Source: Kerstens (2009). 

 

Kearns (1980, pp. 76-77) described the essential operational steps to produce an 

upset welded joint as follows: 

 

(1) Load the machine with the parts aligned end-to-end; 
(2) Clamp the parts securely; 
(3) Apply a welding force; 
(4) Initiate the welding current; 
(5) Apply an upsetting force; 
(6) Cut off the welding current; 
(7) Release the upsetting force; 
(8) Unclamp the weldment; 
(9) Return the movable platen and unload the weldment. 
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2.2.2 Welding Current  

 

There are currently four main types of resistance welding power suppliers. The 

single-phase AC provides alternating current in the same frequency as the input power 

line (SALEM, 2011). The most commonly used power supply is the single-phase AC, due 

to its ease of use in practical applications (ZHOU and CAI, 2015). Podržaj et al. (2008) 

reported that this power source utilizes two silicon controlled rectifiers (SCRs) that are 

connected in parallel: one that passes the current during the positive half cycle and the 

other during the negative half cycle. Other types of power supplies are the three-phase 

medium frequency direct current (MFDC), the more modern capacitor discharge (CD) 

power supply, which provides the weld current by discharging the energy stored in a 

capacitor bank (SALEM, 2011). There is also the direct current (linear DC) power supply, 

which provides pure DC weld current through power transistors working in their linear 

range (SALEM, 2011).  

Most resistance welding power suppliers employ an electrical transformer to 

convert the electrical current to the high values needed for the process to be established 

(BRITO, 2007). A transformer is a very simple static (or stationary) electro-magnetic 

passive electrical device that works on the principle of Faraday’s law of induction by 

converting electrical energy from one value to another. Mutual induction is the process by 

which a coil of wire magnetically induces a voltage into another coil located near it, but 

electrically isolated. Figure 2.9 shows a single-phase voltage transformer construction.  

 

Figure 2.9 – Single-phase transformer construction.  

 

Source: EletronicTutorials (2016).  
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Where; 

  Vp-  is the primary voltage; 

  Vs -  is the secondary voltage; 

  Np -  is the number of windings in the primary coil; 

  Ns -  is the number of windings in the secondary coil; 

  Φ -  is the flux linkage. 

 

Whenever an alternated voltage is applied to the primary coil (Vp), a voltage induction will 

occur in the secondary coil (Vs) by means of an electromagnetic field (Φ), analogously, 

currents (Ip) and (Is) will result. In resistance welding the weld occurs in the secondary 

circuit of the transformer. The magnitude of voltage or current induced in the secondary 

coil is a function of the number of windings in each coil as formulated (BRITO, 2007): 

 

                                
𝐼𝑝

𝐼𝑠
=

𝑉𝑝

𝑉𝑠
=

𝑁𝑝

𝑁𝑠
                               (Eq. 2.8) 

 

Where; 

Ip is the primary current (A) 

Is is the secondary current (A) 

In electrical resistance welding the bonding occurs by heat generated by electric 

power sources and a force between the metals to be joined to form an electric resistance 

region for transient current (SENKARA and ZHANG, 2006). This process is accomplished 

by a short circuit of the electrical source via the weld metal to bring them to a molten state 

in the case of RSW, and to a relaxed solid state in UW under an applied force so that the 

metals will merge to form a single set. The resistance welding processes do not require 

filler material. The heat required to cause the metal to molten is a derivative function of 

the electrical resistance of metals and their contact interfaces (in micro-Ohms) divided by 

a variable voltage output of the electrical source to produce a welding current. The thermal 

energy of resistance welding process is defined by (KERSTENS, 2009):  
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                                                  𝑄 =  𝐼2𝑅𝑒  𝑡                                      (Eq. 2.9) 

 

Where; 

Q is the thermal energy (J); 

I is the electric current (A); 

Re is the electric resistance (Ω.m); 

t is welding time (s). 

 

2.2.3 Electrical Resistance 

 

The electrical resistance of the upset welding process is the resistance between 

the electrodes. The initial value is referred as static resistance and the change with time 

during a welding cycle is referred to as dynamic resistance (FURLANETTO, 2010), they 

are both interdependent. The static resistance can be measured using an ohmmeter 

linked to the electrodes; it has a bulk resistance component and a contact resistance 

component. Bulk resistance is related to the electrical resistivity and geometry of the 

material being welded and usually increases with temperature (SENKARA and ZHANG, 

2006). It can be calculated for upset welding using equation (2.10) (KERSTENS, 2009), 

where, (Rb) is bulk resistance, (ρb) material resistivity, (ρRT) is the material resistivity at 

room temperature, (Z) length of the contact body, (A) contact surface, (T) temperature, 

(Trt) room temperature, and (α) is the coefficient of temperature dependency of the 

resistivity: 

 

                                 𝑅𝑏 =
𝑍

𝐴
𝜌𝑏(𝑇) =

𝑍

𝐴
𝜌𝑅𝑇[1 + 𝛼(𝑇 − 𝑇𝑅𝑇)]            (Eq. 2.10) 

 

According to Umetsu et al. (2012), metallic glass (as-cast) Zr55Al10Cu(35 – x)Nix, 

where (x = 0, 5 or 10), shows a slight drop in resistivity with temperature increase shown 
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in Figure 2.10, while the crystallized alloy (after heating) will show an increase in resistivity 

with temperature increase. 

 

Figure 2.10 – Electrical resistivity of Zr based BMG dependence with temperature. 

 

     Source: Umetsu et al. (2012).  

 

Contact resistance relates to workpiece-workpiece interface and is dependable of 

the welding force applied, surface conditions and temperature. “Presence of oil, oxides, 

dirt, scale, paints or any other foreign content causes a change in the resistance” 

(SENKARA and ZHANG, 2006, pp. 22). It is also very sensitive to welding pressure. The 

greater the welding force the higher drop of the initial contact resistance. This is due to 

the irregularity of the contact area of the workpieces. Only a small area is in real contact 

with the other workpiece due to crests and troughs at the contact interface (SENKARA 

and ZHANG, 2006).  Consequently, lower values of resistance are expected with pressure 

rise since the resistivity is dependent to the workpieces contact interface by the following 

constriction resistance equation (Eq. 2.11), for metals with clean surfaces (TAN, 2004): 

 

                              𝑅𝑐 = 0.89𝜌 (
𝜉𝐻

𝑛𝐹
)

1/2

                    (Eq. 2.11) 

 

Where; 

Rc is the contact resistance (µΩ.m); 
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ρ is the resistivity of contact spots (µΩ.m); 

ξ pressure factor (varies from 0.2 for surfaces with high elastic action to 1.0 for totally 

plastic contact); 

H is the hardness (Brinell); 

n is the contact spot number (totally polished surfaces tend to 1.0); 

F is the compressive force (N). 

Tan (2004), also describes a mathematical model for metals with a thin film or 

contaminants on the surface. The contact resistance is the sum of the constriction 

resistance and the film resistance which can be computed by equation 2.12; 

 

                                 𝑅𝐹 =
𝜌𝑡𝜉𝐻

𝐹
                         (Eq. 2.12)      

 

Where; 

RF is the film resistance; 

ρt is film resistance per unit area or tunnel resistivity (µΩ.m). 

The total resistance (RT) is composed by the sum of the bulk resistance and the 

contact resistance (constriction + film resistance) (Eq. 2.13), and changes during a 

welding cycle will establish the dynamic resistance of the process. The dynamic resistance 

can be determined dividing the instantaneous voltage by the instantaneous current.  

 

                 𝑅𝑇 = 𝑅𝐵 + 𝑅𝐶 = 𝑅𝐵 + (𝑅𝐶 + 𝑅𝐹)            (Eq. 2.13) 

 

At the beginning of the welding process, (stage I) contact resistance is dominant.  

As temperature increases, the breakdown of contaminants in the interface (oxides, oil, 

etc.), which have a higher resistivity value, and the increment of total contact area of the 

interface in the workpieces due to asperity softening decreases the contact resistance 

(stage II) and bulk resistance plays a major role (stage III) with an increment in the total 

resistance with temperature rise. The dynamic resistance during welding is schematically 
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shown in Figure 2.11. “With this method several interesting phenomena can be observed 

by relating the resistance variation to break-down of surface asperities, heating, melting 

and expulsion of various materials between electrodes” (KERSTENS, 2009). 

 

Figure 2.11 – Theoretical dynamic resistance curve for resistance spot welding. 

 

Source: Tan et al. (2004). 

 

The resistance welding process is the sum of all the individual resistances that 

constitute the circuit. Figure 2.12 shows a representation of the total circuit resistance for 

the upset welding process. (RE) is the electrode resistance, (RCE) is the electrode-

workpiece contact resistance, (RB1) and (RB2) are the bulk resistance of the material, and 

(RC) the contact resistance at the interface.  
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  Figure 2.12 – Schematic representation of the total resistance in upset welding. 

 

  Source: adapted from Brito (2007). 

 

2.2.4 Welding Force  

 

As previously mentioned, the application of a welding force characterizes the 

resistance welding processes to join the metals parts during the process.  Frequently, the 

welding pressure can be divided in two stages:  a pre-upset force and an upset force. The 

pre-upset welding force is the pressure applied before the electrical current is turned on 

and responsible for the contact resistance between the workpieces. The pre-upset force 

must be lower than the material’s yield strength to avoid plastic deformation (RWMA, 

2003; Tang et al., 2003). The upset force is applied when current is flowing through the 

workpieces and heating of the interface takes place. When the material is warm enough, 

an extra upsetting pressure is applied, material extrudes out-wards forming an upset, and 

the two workpieces join. The welding force is an important parameter for resistance 

welding, since it directly affects the contact resistance between the materials (SONG et 

al., 2005). Figure 2.13 illustrates the relation between the contact resistance and welding 

pressure for a cooper-cooper joint. 
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Figure 2.13 – Resistance of the Cu/Cu joint as a function of pressure, for the joints with simply brushed 
surfaces, and for the joints brushed and filled with either graphite paste or conductive paste 

 

Source: Souza et al. (2006). 

 

The welding force, usually expressed as a static value, varies dynamically during 

the process, and is affected by mechanical characteristics of the equipment (friction 

between the electrode and workpieces and inertia of the moving parts of the machine) 

and the electro-magnetic field formed during welding (SENKARA and ZHANG, 2006). 

Tang et al (2003) indicates that the welding force increases during welding due to thermal 

expansion experienced by the material. Figure 2.14 shows the dynamical change in 

welding force during the resistance welding process.  

 

Figure 2.14 – Welding force dynamics.  

 

Source: Senkara and Zhang (2006). 
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2.2.5 Welding Time 

 

An important parameter of the UW process is controlling the welding time. In most 

cases, hundreds of thousands of amperes are required for welding. Such amperage 

values flowing through a relatively high resistance will generate great amount of heat in a 

short period. To ensure good quality welds, one must have complete control over the time 

that the current flows between workpieces. In fact, in many welding applications, time is 

the only parameter that can be truly controlled. The automatic machines use electronic 

timers that function based on the number of AC cycles that pass through the circuit (Singh 

and Arora, 2013). For this reason, it is usual in the literature related to resistance welding 

to describe the welding time as cycles (60 cycles = 1 s for 60 Hz electric installations). If 

the current flow through the workpieces is constant, the amount of heat generated is 

proportional to the welding time, as can be inferred from equation 2.4.  

 

2.3  Resistance Welding of Bulk Metallic Glasses 

 

Since the development of metallic glasses, three major topics have limited its use 

in structural engineering: limitation of size (diameter or length), lack of workability, related 

to low ductility, and lack of weldability (KAWAMURA, 2004). Introduction of BMGs 

overcame two of the three major subjects limiting their usage, limitation of size and 

workability (KAWAMURA, 2004). The lack of weldability is still a topic to be studied and 

researched. The key objective, when studying welding of BMGs, is to determine suitable 

conditions, under which the joint retains the amorphous characteristic of the original 

material. This is important for preventing failure of the joint due to brittle fracture caused 

by local crystallization (WANG et al., 2014). 

 

It is well known that most amorphous alloys become brittle by 
crystallization, structural relaxation, or phase separation due to heating. 
Particularly, Zr-based BMGs, are easily oxidized, which leads to not only 
embrittlement but also an increase in the critical cooling rate required for 
glass formation (YOKOYAMA et al., 2002, p. 1260).  
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Consequently, it is difficult to weld BMGs using conventional fusion processes even in the 

presence of an inert gas (FUJIWARA et al., 2008; PEREIRA, 2009).  

Kawamura, Kagao and Ohno (2001) were the first to disclose a successful welding 

of Pd40Ni40P20 and Zr55Al10Cu30Ni5 alloys by friction and pulse-current methods, 

respectively. The welded samples were 2.5 mm in thickness, 7 mm in width, and 50 mm 

in length. By successful it is understood that a non-crystallized interface and heat-affected 

zone were achieved, as well no visible defects were observed at the interface. Figure 

2.15a shows the final welded sample for the Pd-based BMG by the friction method and 

Figure 2.15b the final welded sample for the Zr-based BMG welded using the pulse-

current process.  

 

Figure 2.15 – External appearance of the joined BMGs 

 

Source: Kawamura, Kagao and Ohno (2001). 

 

Figure 2.16 shows that the micro-area X-ray diffraction confirmed a single glassy 

phase for both alloys, exhibiting only a halo pattern and no detectable crystalline peaks, 

which indicates the absence of crystalline phases. The diffraction patterns were taken 

from several points at the interface and heat affected zone. 
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Figure 2.16 – Micro-area X-ray diffraction patterns for the Pd40Ni40P20 and Zr55Al10Cu30Ni5 welded 
samples 

 

Source: Kawamura, Kagao and Ohno (2001). 

 

Shamlaye et al. (2012), reported on resistance welding experiments using a 

Gleebe 350 Thermomechanical simulator. Mg-based amorphous metals were joined 

below the materials liquidus temperature and above the glass transition temperature. The 

bonding temperature of the plates was 400 °C for 0.87 seconds, and the welding pressure 

245 N. Four 10 mm x 10 mm x 1 mm sheets were welded simultaneously. The results 

showed that it is possible to join this type of material with presence of small crystalline 

phases in the molten region (Figure 2.17). The Gleebe 350 can simulate a resistance 

upset welding process. All welding parameters (pressure, time, current, heating rate) can 

be precisely controlled, which is not expected when weld is made using a conventional 

resistance upset welder. 
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Figure 2.17 – Mg-based glass X-ray diffraction pattern as manufactured and after the resistance 
welding joining 

 

Source: Shamlaye et al.  (2012). 

 

Kuroda et al. (2009) also carried out investigation using a Gleebe 

Thermomechanical simulator for a Zr55Cu30Al10Ni5 alloy with 50 µm thickness samples. 

The welding schedule was done at 723 K, 20 MPa, for 5, 10, or 20 s, in a He atmosphere. 

With increase in welding time from 5 to 20 s, the joining efficiency increased 80%. X-ray 

diffraction results showed that for welding times of 5 and 10 s, no crystalline peak was 

detected. For the 20 s welding schedule, however, crystallization peaks for NiZr2 and 

Al5Ni3Zr2 were observed with halo patterns. The NiZr2 phase is the first crystallite phase 

to be formed during the crystallization of some Zr-based metallic glasses. “As the 

temperature of the metallic glass rises above the Tg, the time to crystallization is 

shortened. As the welding time is increased, the rate of crystallization increases” 

(KURODA et al., 2009). Figure 2.18 shows a transmission electron microscopy (TEM) 

bright-field image of the bonding interface for the Zr-based metallic glass subjected to the 

20 s schedule. The nanostructures can be easily seen at the bonding interface (region A), 

while the base metal retained its amorphous structure (region B). The electron diffraction 

patterns of the selected regions A and B confirmed it (Figure 2.19). 
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Figure 2.18 – TEM bright-field image of the cross section at the bonding interface of the Zr-based 
metallic glass for the resistance welding at 723K for 20 s. 

 

Source: Kuroda et al. (2009). 

 

Figure 2.19 – Selected area electron diffraction patterns of mark A and mark B in Fig. 2.18 (a) 
Bonding interface (area A). (b) Near the interface (area B) 

 

Source: Kuroda et al. (2009). 

 

Oliveira et al. (2002) described an electromechanical process for joining metallic 

glasses. Pd-based BMGs were joined and showed no devitrification after bonding. A 200 
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A/mm2 welding current was used and a welding force of 400 N/mm2 applied. The 

methodology did not describe the welding time. The metallic glasses can deform 

homogeneously, like thermoplastic polymers, in the supercooled liquid region. The 

simultaneous application of pressure in this "superplastic" region can be used to form 

various parts. The electromechanical process uses this feature combined with the 

advantage of the high electrical resistivity of glassy metals compared to traditional metals 

and alloys. This resistivity is comparable to the resistivity of metals in the liquid state, in 

the range of 150 to 200 (Ohm.cm). The highest current density occurs at the interface 

between the electrode and the metal part or between the metal parts. This causes the 

heating to be rapid and the localized viscous flow making the conformation also rapid 

without undesirable crystallization or oxidation. During this process, as the deformation 

increases the contact interface increases by reducing the rate of heating and 

consequently the increase in temperature. This dynamic process is the key to achieving 

a low viscosity at the beginning of the process and a high viscosity at the end making the 

thermoconformation fast and preventing crystallization. 

Johnson et al. (2012) reported on a technique for fabricating metallic structural cells 

used in military aircraft and space rockets, produced with a vitreous metallic matrix 

composite. They did not specify which class of glassy metal was used. The joining is 

carried out using a capacitive discharger and all contact points of the cell matrix reach 

temperatures of 700 °C, which is below the liquidus line and above the solidus line, in 10 

milliseconds. The ductile particles dispersed in the matrix do not undergo reaction. The 

resulting material has a high-energy absorption capacity and does not need to be 

machined. They conclude that the described technique opens possibility for the 

manufacture of parts for the aerospace sector in large scale 

Makhanlall et al. (2012), conducted experiments with resistance spot welding of 

glassy metals Ti40Zr25Ni3Cu12Be20 and concluded that the welding current and welding 

time exerted a strong control over the amorphous nature of the weld nuggets produced. 

With increased welding energy, welding nugget and crystalline volumetric fraction tend to 

increase. While the nugget diameter increase makes the joint stronger, the increase in the 

crystalline volumetric fraction weakens the welded joint. They also conclude that with 

careful control of welding parameters (time and current), the crystalline volumetric fraction 
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of the molten region and the heat-affected zone can be reduced to a minimum. Table 2.2 

shows the crystalline volume fraction of welded joints by RSW as a function of the welding 

parameters. 

 
Table 2.2 - Crystalline volume fraction of welded joints as a function of welding parameters. 

Time (cycle) 
Current (KA) 

5 6 7 8 

2 0% 4.5% 9.2% 17.2% 

3 8.4% 12.8% 14% 37.3% 

4 34.1% 37.2% 57.8% 61.2% 

5 56.1% 57.8% 62.1% 67.8% 

Source: Makhanlall et al. (2012). 

 

Combining the information coming from Table 2.2 and Figure 2.19, provides 

evidence that crystallized volume fraction is a critical parameter limiting weld spot 

performance in BMGs. While higher heat inputs yield bigger weld nugget diameters (Fig. 

2.20) and higher tensile shear load values, the crystallized volume fraction also increases. 

With the increased crystalized volume fraction, there is a clear drop in shear load values. 

Crystallized volume fraction controls the joint mechanical response in an antagonistic 

fashion.  
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Figure 2.20 – Effects of welding parameters on joint tensile shear force and spot weld size: (a) 5 
kA; (b) 6 kA; (c) 7 kA; and (d) 8 kA. 

 

Source: Makhanlall et al. (2012). 

 

Wang et al. (2014) carried out resistance spot welding experiments of a 

Ti40Zr25Ni3Cu12Be20 alloy and reported that the critical cooling temperature (CCT) to 

achieve an amorphous microstructure in the molten zone was 1 x 10-3 K.s-1, and that the 

critical temperature is the crucial factor in determining whether the welded zone will 

preserve the original amorphous structure. The proposed model for the CCT calculation 

for the RSW process is: 
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Where Tp is peak temperature in the molten zone, α is the thermal expansion coefficient 

of the base metal, k is the thermal conductivity of the base metal, ke is the coefficient of 

thermal conductivity of the electrode, de the electrode diameter, x the distance to the 

center of the welding nugget and, t is the welding time and d the sample thickness.  
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3. MATERIALS AND METHODOLOGY  

 

3.1  Samples Preparation 

 

For the experimental part of this thesis, a Zr-based BMG was chosen. This alloy 

was selected due to its good GFA, with cooling rates as low as 1-100 k.s-1, and a wide 

supercooled liquid region (LIU; WU and ZHANG, 2002). Zr-based BMGs also present high 

mechanical strength that makes them promising for structural applications (TELFORD, 

2004). Zr52.5Ti5Cu17.9Al10Ni14.6 (Vit 105) quinary alloys were prepared from a commercial 

crystalline ingot (Liquidmetal Co.) by arc melting in a purified argon atmosphere, according 

to Deó and Oliveira (2014). The alloy represents the nominal atomic percentage of the 

mixture. Bulk glassy alloy rods with 17 mm in length and 4 mm diameter were cut using a 

copper-diamond fast saw from the as-cast alloy rod. Transverse cross-section samples 

were cut from the centered region of the as-cast alloys and polished. Samples were then 

etched with a solution of (10% HF; 90% HNO3) 10/90 distilled water. Welded samples 

were longitudinally cut, polished specimens were prepared and etched with the same 

solution. Differential scanning calorimetry analysis (DSC), X-ray diffraction analysis 

(DRX), scanning electron microscopy (SEM) were used to characterize the base metal 

and the HAZ. The crystalline volume fraction quantification using optical microscopy 

images and the ZEISS AxioVs40 V4.8.2.0 software according to ASTM (2016) was 

performed to characterize the base metal as well as the HAZ. Vickers microhardness 

testing was carried out to determine the alloy hardness after welding. A thermal imaging 

camera was used during the welding experiments. Fig 3.1 shows the schematic illustration 

of the alloy synthesis facility.  
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Figure 3.1 – a) panoramic view of the arc-meting oven, b) base plate of the oven with the commercial 
alloy mixture c) cooper mold d) Zr-based BMG sample.  

 
      Source: Author of this thesis (2017). 

 

3.2 Microstructural, Mechanical and Thermal Characterization 

 

3.2.1 Differential Scanning Calorimetry 

 

Differential scanning calorimetry is used to evaluate the thermodynamics of phase 

transitions that occurs to a material under a heating schedule. Transitions include first-

order, and second-order.  However, it does not inform into the atomic rearrangements that 

occur during the transition or the identity and number of the phases. A DSC measures the 

amount of energy absorbed, in case of endothermic transitions, or released, in the case 

of exothermic transitions, as it is heated, cooled, or kept at a constant temperature. 

Because the glass transition is a second-order transition, DSC may be used to measure 
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Tg, as defined by the onset of the endothermic event, as well as the onset of crystallization 

temperature Tx. The glass-forming ability of the BMG can be estimated directly from these 

parameters. In this experiment, DSC was performed for the as-cast Vit 105 alloy in the 

continuous heating mode. Tg, Tx, and Tl were determined using a NETZSCH DSC 404 

equipment with a heating rate of 0.33 K.s-1 up to 1000 K from room temperature. With the 

DSC results it was also possible to determine the ΔTx of the amorphous alloy. Figure 3.2 

shows typical differential scanning calorimetry plots for bulk metallic glasses showing Tg 

and Tx transitions. Table 3.1 summarizes the DSC parameters and treatment for the as-

cast VIT 105 alloy.  

 

Figure 3.2 – Typical DSC curves for bulk metallic glasses. 

 

Source: LIU; WU and ZHANG (2002). 
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Table 3.1 – Differential Scanning Calorimetry parameters for the as-cast VIT 105 alloy.  

Heating 

Rate (k/s) 

Sample 

Mass 

(mg) 

Reference Crucible 

Sample 

Crucible 

Mass (mg) 

Reference 

Crucible Mass 

(mg) 

Gas 
Flow 

Rate(ml/min) 

0.33  12.7 Empty Al2O3 261.4 318.6 Argon 100 

Source: Author of this thesis (2017).  

 

3.2.2 X-Ray Diffraction Technique 

 

“X-ray diffraction is frequently used to evaluate if a sample is fully amorphous from 

the characteristic diffuse intensity peak, and to detect and identify crystalline phases from 

their characteristic Bragg peaks in the diffraction patterns” (Miller and Liaw, 2008, p.121). 

Diffraction occurs when a wave front is scattered by a periodic array with long-range order, 

producing constructive interference at specific angles. The electrons in an atom 

coherently scatter electromagnetic radiation, hence, each atom can be considered a 

coherent point scatter (SPEAKMAN, 2017).  The strength in which an atom scatter 

radiation is proportional to the number of electrons in its electron sphere. Atoms in a long-

range ordered crystal are arranged in a periodic manner and thus can diffract radiation 

when the constructive interference of Bragg’s law is met (Eq. 3.1): 

 

                                2𝑑 𝑠𝑖𝑛 𝜃 = 𝜆                                    Eq. 3.1          

 

where: 

d – interplanar distance; 

ϴ - diffraction angle; 

λ – wavelength; 

Hence the wavelength of X-rays is at the same scale as the interplanar distance of 

atoms in a crystal, it can be used to determine information about the crystal structure, 

including phase identification, lattice parameters, and crystallite size.  

The most widely used method for producing X-rays is by causing a high-energy 

electron (generated at the cathode of the cathode tube) to collide with a metal target 

(anode) (BLEICHER and SASAKI, 2000). Figure 3.3 shows an analysis of the 
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phenomenon at the atomic level. When this electron reaches the target (I), an electron of 

the K-layer of an atom of the material is released in the form of photoelectron (II), causing 

a vacancy in that layer. To occupy the space left by this electron, another electron from 

an outermost layer passes to the K (III) layer, releasing energy in the form of an X-ray (IV) 

photon. The energy of this photon corresponds to the energy difference between the two 

layers.  

 

Figure 3.3 – X-ray production.  

 

Source: Bleicher and Sasaki (2000).  

 

X-ray diffraction technique was used to confirm the amorphous structure of the VIT 

105 alloys produced for the welding procedure. After the welding procedure, transverse 

cross-section samples were cut from the heat-affected zone to determine whether 

recrystallization occurred during the welding operation.  XRD was performed in the 

continuous scan mode, using cooper as target with a scan range from 10° to 90° 2ϴ 

degrees. The scan rate was 0.5° (degree/min). All XRD data were analyzed by the X’Pert 

Highscore Plus software to determine crystalline phases and/or to determine the 

amorphous structure of the as-cast alloys as well the welded samples.  

 

3.2.3 Optical Microscopy  

 

Optical microscopy (OM) is by far the most widely used technique for 

microstructure characterization of metals. For BMGs, OM can be used to, identify phases, 

quantify amorphous and crystalline volume fractions, and estimate volumetric defects, 

such as voids and cracks, among other utilities. One of its disadvantages is not being 

capable to be used in submicron scale. Therefore, light microscopy is usually done with 
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other complementary microstructural characterization techniques in the case of metallic 

glasses.  

Optical microscopy allows images to be magnified through light that, after focusing 

on the sample, passes through a set of objective (forming and enlarging) and ocular 

(enlarging) lenses. In addition to enlarging the image of an object, the microscope serves 

to increase the resolving power of the human eye (0.1 - 0.2 mm). Resolving power is the 

ability to distinguish two points very close to one another. Optical microscopes have a 

resolution limit in the order of 0.2 μm, that is, the lenses of these microscopes can show 

two distinct points if they are distant of at least 0.2 μm (MURPHY, 2001).  

In this study, mirror-like polished samples with a surface roughness of 1 μm were 

analyzed using a ZEISS model optical microscope to quantify the volume fraction of the 

amorphous phase (Vf) of all as-cast 105 Vit alloy samples, as well as the heat-affected 

zones of all welded samples. Transverse-section images of the welded samples were 

prepared and phase quantification accomplished using the ZEISS AxioVs40 V4.8.2.0 

software according to ASTM E1245-03 (2016). 

 

3.2.4 Scanning Electron Microscopy 

 

 Scanning electron microscopy is used whenever there is a need for very powerful 

magnification of a specimen’s topography. With a scanning electron microscope, it is 

possible to achieve magnifications about 300,000 times. SEM inspection is often used in 

the analysis of cracks and fracture surfaces, bond failures, physical defects, phase 

determination, quantification and distribution among other useful utilities.  

 A beam of electrons is focused on a small spot volume of the specimen, resulting 

in energy transfer to the spot. The electrons bombarding the topography of the specimen 

are known as primary electrons which remove electrons from the specimen itself. These 

dislodged electrons are known as secondary electrons. They are attracted and collected 

by a positively biased grid or detector, and then translated into a signal. 

 To produce the SEM image, the electron beam is scanned across the area of 

interest, producing many such signals. These signals are then amplified, analyzed, and 

translated into images of the topography being inspected.  
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3.2.5  Thermal Imaging  

 

Infrared thermography, or thermal imaging, is the non-contact method that 

detects radiation in the long-infrared range of the electromagnetic spectrum  to produce 

images of that radiation, called thermogramms. All matter above the absolute zero 

temperature emit infrared radiation, which makes it possible to detect variation of a body’s 

temperature using special infrared video cameras.  

 During resistance upset welding, the heat distribution around the interface of 

specimens S3, S4, S5 and S6 were measured using a FLIR T650sc thermal imaging 

camera, according to Shin et al. (2005), to record peak temperature (Tp), heating and 

cooling rates and, heat distribution in the samples interface. From the images analysis, 

the heating rate was determined from room temperature up to peak temperature (Tp), and 

cooling rate determined from Tp to Tg. 

 

3.2.6 Microhardness Testing  

  

 Microindentation testing is an outstanding way to investigate the elasto-plastic 

behavior of materials. It allows to gain insight into a materials micromechanisms of plastic 

deformation and their response to multiaxial loading (RAMAMURTY, 2005). Vickers 

microhardness was measured using a BUEHLER VH1102 model at the joining interfaces 

and positions -1 and +1 mm from the interface with a 2 N force. At each position, 6 

microindentations were performed and the mean, standard deviation and statistical error 

within a 90% confidence interval calculated.  

 

3.3 Welding Procedure  

 

A partial factorial design with two factors (welding current and welding time), 3 

levels for welding current, 2 levels for welding time, experiment was designed for the 

welding procedure. An extra weld with higher welding energy was produced for 

comparison. For welding current, the levels were 26, 28 and 30% of the nominal electrical 

current of the welding machine. For welding time (t), 1.16 and, 1.25 seconds were used. 

https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Infrared
https://en.wikipedia.org/wiki/Electromagnetic_spectrum
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The welding pressure was setup at 1 MPa. A resistance upset welder, 20 kVA AC, 60 Hz 

was used. The bonding surfaces were mechanically grinded up to 600-mesh using SiC 

abrasive paper to improve contact resistance. Then it was cleaned by an ultrasonic 

treatment in acetone for 300 s. All welds were done under an argon flux of 10 l/min to 

minimize surface oxidation.  

The electrical data during the welding process was collected using a MINIPA 

oscilloscope. An oscilloscope probe and a Rogowski coil (FURLANETTO, 2010) were 

coupled to the electrodes and the machine secondary conductor, respectively. From the 

electrical data, the thermal energy was calculated according to equation 2.9. From this 

point on, samples are to be labeled (S1, S2, S3, S4, S5, S6 and, S7), according to their 

thermal energies as shown in table 3.2.  

 

Table 3.2 Experimental design, sample labels and resulting thermal energies from the welding operation.  

                                            Level 

Welding current (%) 26 28 30 35 

Welding time (s) 1.16 1.25 1.16 1.25 1.16 1.25 1.25 

Sample label S1 S2 S3 S4 S5 S6 S7 

Thermal energy (J) 3157 3700 3770 4350 5750 5960 > 10000 

Source: Authors of this thesis (2017).  
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4. RESULTS AND DISCUSSION  

 

4.1 Base Metal Characterization 

 

4.1.1 Differential Scanning Calorimetry  

 

 Figure 4.1 presents the DSC thermogram of the as-cast VIT 105 BMG at a 0.33 

K/s heating rate. It is evident the Tg, Tx and the Tl at 394, 460 and 825 ºC, respectively. 

These results are in good agreement with the values described by Hofmann et al. (2016). 

From the results, the width of ΔTx was computed, according to Eq. 2.2, showing the good 

glass stability of this alloy composition. It is important to know the value of ΔTx when 

welding BMGs since in this temperature interval they can be easily deformed without 

devitrification occurring. The results from the DSC curves are summarized in table 4.1. 

 

Fig. 4.1 – Differential scanning calorimetry curve of the as-cast VIT 105 BMG at a 0.33 K/s 
heating rate showing Tg, Tx and Tl. 

 

Source: Authors of this Thesis (2017). 
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Table 4.1 – DSC results for the as-cast VIT 105 alloy. 

Tg (ºC) Tx (ºC) Tl (ºC) ΔTx (ºC) 

394 460 825 66 

Source: Authors of this thesis (2017). 

 

4.1.2 X-ray Diffraction Pattern 

 

Figure 4.2 presents the diffraction pattern of the as-cast alloy. Only broad and 

diffuse peaks around 2θ (38° and 65°) are evident. These broad peaks correspond to the 

medium and short-range atomic arrangements of the glassy phase. The XRD technique 

has no sensibility to detect crystal structures with volume fraction below 3-5 %, therefore, 

no crystalline peaks are revealed, despite minor crystalline fraction was detected by OM. 

 

Fig. 4.2 – X-ray diffraction pattern of the as-cast VIT 105 base metal. 

 

Source: Authors of this thesis (2017). 
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4.1.3 Microscopy Analysis 

 

The amorphous phase volume fraction (Vf) of all as-cast samples used in the 

welding experiment are shown in Figure 4.3. All samples have Vf above 98% proving the 

good GFA of the alloy composition and the effectiveness of the casting method. The mean 

Vf of the samples produced was 99.2 ±0.36% for a 90% confidence interval. 

 

Figure 4.3 – The amorphous phase volume fraction of the as-cast VIT 105 samples before welding. 

 
Source: Authors of this thesis (2017). 

 

4.2 Heat-Affected Zone Characterization 

 

Figure 4.4 shows the outer appearance of welded samples S3 and S6. One may 

notice the different shape of the protrusions formed during the UW process in the HAZ 

with the increase in thermal energies. For sample S6, the higher deformation is attributed 

to excessive viscous flow in the supercooled liquid state. In addition, it is clear to observe 
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the greater surface oxidation with the increase in thermal energy. This is due to the 

diffusion temperature dependence of oxygen in the metal surface.  

 

Fig. 4.4 – Outer appearance of samples S3 (3770 J) and S6 (5960 J) after the resistance upset 
welding process with different parameters setup. 

 

 Source: Authors of this thesis (2017). 

 

4.2.1 X-ray Diffraction Patterns  

 

Figure 4.5 shows the diffraction patterns of samples, S3, S5, and S7. From the 

diffraction patterns, it is distinct to observe the evolution of crystallization in the HAZ with 

the increase in thermal energy. For sample S3, only a broad and diffuse peak is seen 

confirming the amorphous nature of the joint. For sample S5, diffraction peaks are of the 

NiZr2 “big cube” phase, which are in accordance with the results found by Kuroda et al. 

(2009), for resistance welding of a Zr-based BMG. In addition to crystalline peaks, a 

discrete diffuse and broad peak is yet present representing the amorphous phase. For 

sample S7, peaks of crystalline compounds are evident for the CuZr2 tetragonal phase. 

According to Wang et al. (2000), “despite the complexity of different crystallization paths, 

the main final crystallized product in the Zr-based BMGs is Zr2Cu”. Baricco et al. (2001) 
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have noticed a similar crystallization behavior during thermal annealing of a Zr-based 

BMG at different temperatures. For lower temperatures, the NiZr2 “big cube” phase 

precipitates while annealing at higher temperatures the CuZr2 phase forms. For sample 

S7, the amorphous diffuse peak is barely noticed. It is a strong evidence that for the 

highest thermal energy, the welding process occurred beyond the optimum ΔTx interval 

and complete crystallization of the HAZ occurred. 

 

Figure 4.5. XRD patterns of the HAZ for samples, S3, S5, and S7. The XRD patterns represent a 
0.6 mm X-ray beam line at the weld interface. 

 

 Source: Authors of this thesis (2017). 
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4.2.2 Thermal Imaging Data 

 

The thermal data acquired using a FLIR T650sc camera, during the welding 

operation of samples S3, S4, S5 and S6 is provided in table 4.2. Peak temperature (Tp), 

time interval above Tx, heating and cooling rates are described. For samples S3 and S4, 

the peak temperatures did not rise above the Tx measured by DSC at a 0.33 k/s (table 

4.1). Notwithstanding, sample S4 revealed a very narrow crystallization line in the HAZ. It 

is known from the literature that the heating rate affect both Tg and Tx. “The crystallization 

process is largely retarded by a delay of the diffusion at a high heating rate” (ICHITSUBO 

et al., 2005). This is reasonable to explain why S4 experienced crystallization in the HAZ 

while S3 retained its amorphous structure. Furthermore, the cooling rate for sample S4 

was lower compared to others. For samples S5 and S6 the time interval that samples 

remained above Tx was sufficient to provide the energy needed for atom diffusion and the 

formation of crystalline compounds. Ultimately, the formation of brittle crystalline phases 

in the HAZ cause the joints to fail. The crystalline phases formed during the devitrification 

of Zr52.5Cu17.9Ni14.6Al10Ti5 BMG are very brittle (SZÉKELY et al., 2002). Cooling-induced 

thermal stresses potentially lead to the nucleation and growth of cracks that propagate 

within the brittle crystalline network and terminate in the amorphous matrix (KOSIBA and 

PAULY, 2017). Figure 4.6 shows the thermograph of sample S3 at the peak temperature. 

 

Table 4.2. Thermal data acquired using a thermal imaging camera during the UW process for S3, S4, S5 
and S6 samples. 

Sample Tp (°C) Time above Tx (ms) Heating rate (°C/s) Cooling rate (°C/s) 

S3 456.3 0 336.7 55.6 

S4 422.8 0 183.2 37.0 

S5 492.0 530 314.5 73.7 

S6 475.2 770 215.5 52.5 

Source: Authors of this thesis (2017). 
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 Figure 4.6 – Thermal image of S3 during the resistance upset welding process.  

 

 Source: Authors of this thesis (2017). 

 

4.2.3 Amorphous Phase Volume Fraction 

 

The results from the Vf at different positions in the welded joints (Fig. 4.7) 

corroborate the previous results. For samples with lower welding energies (S1 and S3) no 

detectable changes in the Vf at the interface (0 mm) and positions -10, -5, 5 and 10 mm 

are observed, confirming that the welding process did not alter the amorphous structure 

of the base metal. One may want to compare the Vf prior to the welding process for all 

samples in Fig. 4.3. With increase in thermal energy, the Vf decreases linearly in the 

welded zone approaching 0% at the joining interface for the sample with the highest 

welding energy (S7). Figure 4.8 shows an optical microscopy image of the weld interface 

for sample S5. It is possible to see the crystalline compounds formed in the HAZ during 

the welding process.  
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Figure 4.7 – The amorphous phase volume fraction of samples S1, S3, S4, S5 and S7 after the 
resistance upset welding process. The joining interface stands for position 0 mm. 

 
 

Source: Authors of this thesis (2017). 
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 Figure 4.8 –Interfacial zone of S5 showing the devitrification of the amorphous phase during the 
UW process (OM). 

 

 Source: Authors of this thesis (2017). 

 

4.2.4 Scanning Electron Microscopy Analysis 

 

At this point, it is important to emphasize that for sample S1, despite that no 

changes to the base metal microstructure occurred, only partial bonding of the interface 

was achieved. This can be seen in the SEM image of the interfacial zone of sample S1 

(Fig. 4.9a). It is worth pointing out that the interface acts as a preferential site for corrosion 

during etching. Nevertheless, an obvious lack of joining in the interface can be observed. 

The microstructure of the interfacial zone of sample S5 is shown in Figure 4.9b. One may 

observe the complete crystallization of the interfacial zone. An interesting feature is that 

the welding energy responsible to produce a sound HAZ with no detectable crystallization 

(S3) is somewhat close to the energies of samples that show lack of joining and an 

amorphous HAZ (S1) to those samples (S4, S5, S6) that crystalline compounds formed 

Amorphous Phase 

Crystalline Coumpounds 
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in the HAZ. This demonstrates that the welding parameters have a very narrow range for 

setup, even though the supercooled liquid window is around 60 °C. 

 

Figure 4.9 – (a) Secondary electron mode (SE) SEM image of sample S1 evidencing a lack of 
joining in the interface. (b) Interfacial zone of sample S5 where crystallization occurred during the welding 
procedure (SE SEM image). 

 

Source: Authors of this thesis (2017). 

 

 Figure 4.10 shows a SE mode SEM image of sample 3. It is possible to see a sound 

weld and no indication of crystalline compounds within the amorphous phase matrix. 
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 Figure 4.10 – SE SEM image of S3 showing a sound joining in the interface of a Zr-based BMG.  

 

Source: Authors of this thesis (2017). 

 

4.2.5 Vickers Microhardness  

 

 To assess the mechanical response of the welded samples, Vickers microhardness 

was performed along the HAZ of welded samples. As can be seen in Fig. 4.11, the 

hardness of samples where no crystallization in the interface was detected (S1 and S3) 

remains relatively, within the measured error, equal to the non-heat-affected zone 

(positions -1, 1 mm). A small increment in hardness at the interface position may be due 

to the formation of nanocrystals with a typical size of 5 to 20 nm. This phenomenon has 

Interfacial Zone 
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been previously reported after annealing of Zr-based BMGs (FAN and INOUE, 2000). 

Crystals with this grain size were not detected neither by XRD nor by SEM analysis, for 

samples S1, S2, and S3. With the increase in welding energy and a large decrease in the 

Vf (Fig. 6), the hardness in the HAZ increases dramatically. The crystalline compounds 

formed during the devitrification of Zr-based BMGs have superior hardness compared to 

the amorphous phase, however, with a substantial loss in ductility (SZÉKELY et al., 2002). 

 

Figure 4.11 – Microhardness profile along the heat-affected zone of the welded samples with 
different thermal energies. Interface stands for position 0 mm. 

 
 Source: Authors of this thesis (2017). 
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5. CONCLUSION 

 

We were successful to join, by the resistance upset technology, 4 mm rods of a Zr-

based bulk metallic glass. The interfacial weld zone did not show signs of crystallization 

and the hardness profile measured along the HAZ was the same as for the base metal.  

The increase in thermal energy has a detrimental effect to HAZ leading to partial 

or full crystallization, which eventually leads the joints to fail.  

Although the alloy has a large supercooled window (ΔTx) of approximately 60 °C 

the welding setup parameters range is very narrow. 
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