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Preface

Metallic glasses with long-range disordered atomic structure possess unique mechanical,
chemical, and physical properties compared to their crystalline counterparts, and they are
regarded as very promising engineering and functional materials, attracting increasing at‐
tention from both scientific and industrial communities. Although great progress has been
achieved for metallic glasses in the last two decades, three main problems, including dimen‐
sional limit, poor tension plasticity, and difficulty in machining and shaping, still hugely
hinder their wider applications as practical structural and functional materials. Thus, further
investigation of the preparation, properties, and processing of metallic glasses is urgently
required. This book provides its readers with recent achievements and developments of
these aspects, and six chapters are included.

Chapter 1 is the introductory chapter, which explains the nature and purpose of the book, as
well as its contents.

Chapter 2 reviews some pivotal aspects during the thermoplastic forming of metallic
glasses, including mainly the evaluation of thermoplastic formability and its relationship
with material flowing characteristic, thermoplastic forming techniques for processing metal‐
lic glass components with high quality, and the potential applications of these thermoplas‐
tic-formed textures.

Chapter 3 reviews recent developments in the structure of metallic glasses and their me‐
chanical properties and deformation behaviors investigated by atomic-level simulations.

Chapter 4 focuses on the fabrication and mechanical properties of metallic glass matrix com‐
posites, which has been confirmed to be a significant method for improving the room-tem‐
perature plasticity of metallic glasses.

Chapters 5 and 6 focus on the tribo-electrochemical aspect of metallic glasses, including basic
knowledge, tribocorrosion, passivity breakdown, and tribological and corrosion behaviors.

Several colleagues have contributed to this work, and I am very grateful for their help in its
completion. This book is expected to assist students and researchers in their work, and con‐
tribute to new developments in the field of metallic glasses.

Hu Huang
Jilin University, China



Preface

Metallic glasses with long-range disordered atomic structure possess unique mechanical,
chemical, and physical properties compared to their crystalline counterparts, and they are
regarded as very promising engineering and functional materials, attracting increasing at‐
tention from both scientific and industrial communities. Although great progress has been
achieved for metallic glasses in the last two decades, three main problems, including dimen‐
sional limit, poor tension plasticity, and difficulty in machining and shaping, still hugely
hinder their wider applications as practical structural and functional materials. Thus, further
investigation of the preparation, properties, and processing of metallic glasses is urgently
required. This book provides its readers with recent achievements and developments of
these aspects, and six chapters are included.

Chapter 1 is the introductory chapter, which explains the nature and purpose of the book, as
well as its contents.

Chapter 2 reviews some pivotal aspects during the thermoplastic forming of metallic
glasses, including mainly the evaluation of thermoplastic formability and its relationship
with material flowing characteristic, thermoplastic forming techniques for processing metal‐
lic glass components with high quality, and the potential applications of these thermoplas‐
tic-formed textures.

Chapter 3 reviews recent developments in the structure of metallic glasses and their me‐
chanical properties and deformation behaviors investigated by atomic-level simulations.

Chapter 4 focuses on the fabrication and mechanical properties of metallic glass matrix com‐
posites, which has been confirmed to be a significant method for improving the room-tem‐
perature plasticity of metallic glasses.

Chapters 5 and 6 focus on the tribo-electrochemical aspect of metallic glasses, including basic
knowledge, tribocorrosion, passivity breakdown, and tribological and corrosion behaviors.

Several colleagues have contributed to this work, and I am very grateful for their help in its
completion. This book is expected to assist students and researchers in their work, and con‐
tribute to new developments in the field of metallic glasses.

Hu Huang
Jilin University, China



Section 1

Introduction



Section 1

Introduction



Chapter 1

Introductory Chapter: Properties and Processing of
Metallic Glasses

Hu Huang

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78665

Provisional chapter

DOI: 10.5772/intechopen.78665

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Introductory Chapter: Properties and Processing of 
Metallic Glasses

Hu Huang

Additional information is available at the end of the chapter

1. Introduction

With an amorphous atomic structure, metallic glasses (MGs) (also called amorphous alloys) own 
some unique features compared to the conventional metal alloys, which make them versatile mate-
rials [1–7]. For example, MGs commonly show very high strength [8, 9], and thus they are very 
promising materials for fabrication of aircraft frames. High hardness and excellent resistance to 
wear make them potential candidates for contact applications such as phone’s shell. The high elas-
ticity makes them suitable for applications as golf clubs or spring [10]. High-strength, low elastic 
modulus, and good corrosion resistance make MGs promising applications as biomedical materi-
als [2]. Although great progress has been achieved for MGs in the past decades, their practical 
applications as structural and functional materials are greatly impeded due to three main problems 
[1, 11], that is, dimensional limit, poor tension plasticity, and hard-to-machining and shaping.

As the formation of amorphous structure requires a high cooling rate, the size of MGs is greatly 
limited. Although some MGs with relatively good glass forming ability (GFA) are developed 
recently, the size of MG sample is quite small compared to that of conventional metal alloys. 
Currently, some new methods such as laser additive manufacturing are employed to produce 
MGs [12–15], which are promising to solve the problem of dimensional limit. However, addi-
tional issues such as crystallization and crack appear, which require further investigation.

For applications as structural materials, tensile plasticity is necessary. However, most MGs 
exhibit brittle fracture under tensile stress due to the fast propagation of single or very few 
shear bands [16, 17]. Therefore, improving the tensile plasticity of MGs is a very significant 
topic for their practical applications. Recently, some methods such as introduction of second-
ary phase into the glass matrix (i.e., fabrication of metallic glass matrix composites (MGMC)) 
[18–20], mechanical pre-deformation [21], surface modification [22–25] are proposed to tune 
the tensile plasticity of MGs, achieving some progress. However, the foundational mechanism 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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and physical nature for plastic deformation and improvement of the plasticity of MGs are still 
not very clear. Further investigation by advanced experiments and simulations is required.

For practical applications of MGs, shaping them into parts is the first step. Due to the super-
plasticity within the supercooled liquid region (SCLR), thermoplastic forming provides a 
unique method for processing MGs, which has been widely employed and investigated [4, 
26, 27]. However, the flexibility of this method is quite low, and this method also requires 
expensive molds. Furthermore, it may be only suitable for MGs with large SCLR; otherwise, 
crystallization may occur. Apart from thermoplastic forming, conventional machining such as 
diamond cutting [28–32], and non-conventional machinings such as micro-electrical discharge 
machining (micro-EDM) and laser irradiation [33–36] are also attempted for processing MGs. 
Some progress is achieved by these methods but also challenges remain [29, 36, 37]. Further 
investigations on these processing methods as well as developing new methods are required.

2. The structure of this book

According to the description in Section 1, to solve the problems that hinder the practical appli-
cations of MGs, further investigation on preparation, properties, and processing of MGs is 
urgently required. This book aims to present some recent achievements and developments 
on properties and processing of MGs, mainly including thermoplastic forming of metallic 
glasses, atomic-level simulation on mechanical deformation of metallic glasses, metallic glass 
matrix composites, as well as tribo-electrochemical applications of metallic glasses.
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Abstract

Metallic glasses (MGs) are an unusual class of materials that possess an amorphous 
atomic-level structure and display a plethora of desirable mechanical, chemical and 
physical properties, which makes them one of the most promising engineering materials. 
However, the poor processability of metallic glasses greatly hindered their engineering 
applications. Though some techniques have been developed to fabricate metallic glass 
components, the unique superplasticity of supercooled liquid metallic glasses attracts 
enduring attentions, which allows thermoplastic forming of metallic glasses on length 
scales ranging from atomic-size to centimeter and especially offers an alluring prospect 
in the field of microfabrication. While some pivotal aspects during thermoplastic forming 
of metallic glasses should be addressed, for example, the evaluation of thermoplastic 
formability and its relationship with material flowing characteristic, the required ther-
moplastic forming techniques for processing MG components with high quality and the 
potential applications of these thermoplastic formed textures are compressively reviewed 
in this chapter.

Keywords: metallic glasses, thermoplastic forming, formability, supercooled liquid 
region, vibration loading, superhydrophobic

1. Introduction

Unlike crystalline metals where dislocations or grain boundaries carry the plastic deformation, 
metallic glasses (MGs) usually deform inhomogeneous plastic deformation at ambient tem-
perature caused by high localization of shear stress, resulting in fail catastrophe with zero ten-
sile plasticity [1], which severely constraints their structural applications in macro-scale. This 
challenge tends to be mediated by reducing the sample size or feature below a critical length 
scale (<1 mm), wherein large tensile-plasticity and enhanced strength could be observed [2, 3],  
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exhibiting size-dependent deformation behavior. Furthermore, MGs also illustrate size-
dependent crystallization kinetics at nano-scale, such as the crystallization temperature rap-
idly increases with reduction in the diameter of nanorods, disclosing the enhanced thermal 
stability [4]. Consequently, the potential applications of MGs in micro- and nano-fields such 
as micro and nano-electro mechanical systems (MEMS/NEMS) have attracted enduring atten-
tions [5]. However, the poor manufacturing ability origins from the high strength and ambi-
ent-temperature brittleness has been the Achilles’ heel to structural applications of MGs [6, 7]. 
In the past decade, efforts have been devoted to fabricate MGs components with precise and 
versatile geometries, though the main techniques mainly focus on mold casting [8], thermo-
plastic forming [5, 8–26] and additive manufacturing [27–29]. By comparing with mold casting 
and additive manufacturing, the superiorities of thermoplastic forming is worth noting, for 
example, (1) the existence of supercooled liquid regime (SCLR) between the glass-transition 
temperature (Tg) and the crystallization temperature (Tx) allows thermoplastic forming (TPF) 
of MGs under low-forming strength [6], which breaks through the limitations of poor process-
ability of MGs at ambient temperature; (2) net-shaping of precise and versatile geometries 
with minimum size of atom-scale could be realized, that were previously unachievable with 
any conventional crystalline metals; (3) the absence of phase transition of MGs during solidi-
fication endows them small solidification shrinkage (1/20 of typical casting alloys) [30], which 
is beneficial to the net-shaping with high precision and (4)as mentioned earlier, MGs maintain 
more excellent mechanical properties than crystalline metals.

In investigating the thermoplastic micro-forming of MGs, formability, namely the filling abil-
ity of supercooled liquid MGs in the mold, has been proposed to the MGs processability 
in the supercooled liquid region [31]. For MGs with various alloy compositions, previous 
literatures have reported that the thermoplastic formability was related to fragility of the 
supercooled liquid MGs and the width of supercooled liquid region. While for an MG with 
certain composition, the low viscosity and the long processing time are always appreciated 
[8, 32], in which the viscosity of supercooled liquid MGs is determined by processing param-
eters such as temperature, stress and strain rate [33]. The forming parameters actually affect 
the materials flow characteristics (i.e. Newtonian and non-Newtonian flow) [34]; therefore, 
the fundamental understanding the correlation between materials flow characteristics and 
thermoplastic formability is attractive with great significance. To improve the thermoplastic 
formability of supercooled liquid MGs, various forming techniques have been developed; 
these novel methods could also hot-process MGs components with macro size. It is worth not-
ing that the potential applications of these thermoplastic formed parts especially the micro-
components/patterns have been probed, which would broaden the real application of MGs. 
On the basis of the above descriptions, this chapter reviews the related aspects and provides 
in-depth understanding of the fundamental issues.

2. Thermoplastic formability

In order to evaluate the filling ability of supercooled liquid MG, micro-nano imprinting 
experiments on geometrical transferability of V-grooved die shapes to the material was first 
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carried out by Saotome et al. [35, 36], who regarded that the micro-nano formability of super-
cooled liquid MGs could be quantified by the percentage of flowed area (  R  

f
   ), expressed as,

   R  f   =  A  f   /  A  g    (1)

where,   A  
f
    is the flowed area into the V-groove,   A  

g
    is the area of the V-groove. They found that 

the supercooled liquid MGs exhibit superior formability on micro-nanometer scales. It is easy 
to find that the alloys used in thermoplastic forming are generally with wide temperature 
ranges of supercooled liquid region,  Δ  T  

x
   =  T  

x
   −  T  

g
   , to reduce the risk of crystallization. Large  

Δ  T  
x
    indicates that the MGs have opportunities to obtain low viscosity, long forming time, 

and enhance the thermoplastic formability. Accordingly,  Δ  T  
x
    is also regarded as one of the 

important indicators of the formability [31, 37], similar to the normalized parameter ( S ) [30] 
that should reflect better the formability of a MG, particularly when comparing different MG 
alloy families,

  S = Δ  T  x   /  ( T  l   −  T  g  )   (2)

in which   T  
l
    is the melting temperature. While for MGs with different compositions, fragility 

parameter ( m ) [38],

  m = ∂  log η / ∂ ( T  g   / T)  |    T= T  g  
     (3)

was proposed to measure the formability of supercooled liquid MG [37]. As the Angell plots 
of conventional MGs and high entropy MG as shown in Figure 1, wherein the temperature 
dependent viscosity among alloys exhibits various steepness index, that is, fragility parameter 
( m ). A large steepness index corresponds to fragile liquid behavior, such as Pt57.5Cu14.7Ni5.3P22.5 
MG shows the largest value of fragility, exhibits fragile liquids with the best micro-formabil-
ity, is ideal candidate for near-net shape processing with fine printability. While a small index 
corresponds to strong liquid and exhibits poor formability, such as the thermoplastic form-
ing of TiZrHfNiCuBe, high entropy MG becomes arduous with reducing mold size to tens 
micrometer, owing to the strong supercooled TiZrHfNiCuBe high entropy MG with small 
value of  m  [39]. Similar results are also observed by Schroers [31], who proposed a simple and 
precise standard to characterize the formability of BMGs, and the maximum diameter ( d ) of 
the hot-formed disc was taken as a measure of the MG’s formability.

It is essential that all these parameters (such as   R  
f
    ,  Δ  T  

x
   ,  m  and  d ) in evaluating the thermoplastic 

formability of MGs focus on amorphous alloys with various compositions. As for MG with 
certain composition, it is well understood that low viscosity is crucial to improve the thermo-
plastic formability of supercooled liquid MG. The viscosity of MGs not only depends on the 
temperature but is also sensitive to the strain rate. For example, with increasing strain rates 
under a certain temperature in the supercooled liquid region, there is a remarkable decrease in 
the viscosity, accompanied by the transitioning from Newtonian to non-Newtonian behavior 
[40]. In this case, thermoplastic forming becomes increasingly difficult, rather than enhance-
ment [41]. In order to probe the physical origin of this phenomenon, Li et al. [34] established a 
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Figure 2. Thermoplastic forming map that reveals the relationship between the formability and the flow characteristics 
[34].

thermoplastic forming map (see Figure 2), which reveals an inherent relationship between the 
thermoplastic formability and the flow characteristics, namely, Newtonian flow facilitates the 
forming capability, while the thermoplastic forming in a non-Newtonian flow regime tends 
to be difficult. Li et al. believe that this scenario is caused by the spatio-temporally homoge-
neous/inhomogeneous flow of MGs in Newtonian/non-Newtonian flow regime.

Figure 1. Angell plots of conventional MGs and high entropy MG [39].
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3. Thermoplastic forming techniques

Thermoplastic forming map clarifies the relationship between flow features and formability 
and provides the selection of processing parameters. However, the Newtonian flow usually 
locates at regions with high processing temperature and low strain rate, which would induce 
the crystallization of amorphous alloys. In addition, the interfacial effect between amorphous 
alloys and mold materials becomes prominent during micro- and nano-scale forming, which 
seriously hinders the forming of metallic glasses [5, 9]. In order to improve the formability of 
supercooled MGs, various forming techniques have been developed.

By comparison with the hot-embossing technique as mentioned earlier, injection molding 
[42] as a net-shaping method for MGs exhibits superiorities in development of commercial 
manufacturing processes with minimized production cycle and high-volume production. 
Wherein the feedstock melt is gathered and forced into the part forming mold cavity at 
high pressure and velocity. As a potential forming process for MG parts, the injection 
molding is conducted at temperatures much lower than direct casting, which can improve 

Figure 3. These shapes were previously unachievable with any other metal processing method that can be fabricated by 
blow molding [46].
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Figure 4. Using the rapid uniform heating approach with heating rates in the order of 106 K/s, the undercooled liquid is 
accessible at any temperature above the glass transition, through the melting point and beyond, where the liquid enters 
the equilibrium state.

the lifetime of the mold. Furthermore, the processing is accomplished in the laminar flow 
regime; therefore, higher quality and reliable parts could be obtained by comparison with 
the current mold-casting technique [8, 42]. However, the viscosity of the supercooled liq-
uid MGs is much higher than that of the plastics melt, which poses a challenge for mass 
production.

In order to improve the thermoplastic formability of supercooled liquid MGs, micro-back-
extrusion was proposed by Wu et al. [14], and a three-dimensional cup-shaped object with 
wall thickness of 0.05 mm was successfully fabricated. To reduce the contact area between 
MGs and mold materials, rolling was developed by Schroers et al. [43] who not only 
hot-rolled high-quality MG sheets but also replicated micro-patterns with featured size 
of 300 nm. The micro-replication of MGs through hot-rolling is actually similar to hot-
embossing process, wherein the high viscosity and interfacial effect are main reasons 
limit the processability. Subsequently, Schroers et al. [44, 45] developed blow molding 
(see Figure 3), which allows blowing hollow products by using gas pressure to inflate the 
thermoplastic MGs enclosed in the mold. The low-forming pressure and high-dimensional 
accuracy indicates that this net-shaping technology could bring economic and environ-
mental benefits.

Recently, an ultra-fast MGs’ hot-processing technique was probed by Johnson et al. [47], as 
illustrated in Figure 4. When rapidly and uniformly heating a metallic glass at rates of 106 K/s 
to temperatures spanning the undercooled liquid region, rapid thermoplastic forming of the 
undercooled liquid into complex net shapes is implemented under rheological conditions 
typically used in molding of plastics. Owing to the millisecond time window, this method is 
able to “beat” the intervening crystallization and successfully process even marginal glass-
forming alloys with very limited stability against crystallization that are not processable by 
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conventional heating. Take advantage of unique rheological property along with the clas-
sic Lorentz force concept, electromagnetic coupling of electric current and a magnetic field 
was then thermoplastically shape a metallic glass without conventional heating sources or 
applied mechanical forces [48].

Based on improvements of formability made in the traditional metal formed by employing 
ultrasonic vibration [49], and considering that the viscosity is closely related to the dynamic 
relaxation of the alloy system, namely the shortening of the relaxation time, reduced viscosity 
is caused. Li et al. [50] introduced vibrational loading in thermoplastic forming of MGs; the 
intriguing finding was that the formability of supercooled liquid MGs is facilitated by vibra-
tional loading (Figure 5). This technique exhibits potential applications in micro-/nano-scale 
forming of MGs. By increasing loading frequency to about 20 KHz, Ma et al. [51] used high 
frequency ultrasonic beating method to fabricate micro- to macro-scale structures, avoiding 
crystallization and oxidation of MGs.

4. Potential applications

The above thermoplastic forming techniques endow MGs with superiority in net-shaping pre-
cise and versatile structures comprising of macro-/micro-/nano-sized features. Through nano-
imprinting, Schroers et al. [5, 8, 9] fabricated metallic glass nanowires with very high aspect ratios 
(>200); these nanorods not only exhibit enhanced thermal stability [4] but also display superb 
durability combined with high electrocatalytic activity toward methanol, ethanol oxidation and 

Figure 5. The displacement-temperature (time) curves of Zr35Ti30Be26.75Cu8.25 MG after vibrational tension under various 
loading frequencies ranging from 0.05 to 10 Hz (temperature rises from 23 to 365°C with scanning rate of 5°C/min−1) [50].
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intriguing finding was that the formability of supercooled liquid MGs is facilitated by vibra-
tional loading (Figure 5). This technique exhibits potential applications in micro-/nano-scale 
forming of MGs. By increasing loading frequency to about 20 KHz, Ma et al. [51] used high 
frequency ultrasonic beating method to fabricate micro- to macro-scale structures, avoiding 
crystallization and oxidation of MGs.

4. Potential applications

The above thermoplastic forming techniques endow MGs with superiority in net-shaping pre-
cise and versatile structures comprising of macro-/micro-/nano-sized features. Through nano-
imprinting, Schroers et al. [5, 8, 9] fabricated metallic glass nanowires with very high aspect ratios 
(>200); these nanorods not only exhibit enhanced thermal stability [4] but also display superb 
durability combined with high electrocatalytic activity toward methanol, ethanol oxidation and 

Figure 5. The displacement-temperature (time) curves of Zr35Ti30Be26.75Cu8.25 MG after vibrational tension under various 
loading frequencies ranging from 0.05 to 10 Hz (temperature rises from 23 to 365°C with scanning rate of 5°C/min−1) [50].
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CO, exhibiting great potential in energy conversion/storage and sensors fields [52]. The superb 
durability and high-surface area of these MG nano-structures motivate the generation of first 
functional proton exchange membrane micro fuel cells (MFCs). Such novel MFCs have been 
identified as a promising alternative power sources for portable electronics [53].

In addition to the potential applications in energy sector, the micro-/nano-gratings hot-
imprinted on MGs surfaces also exhibit excellent spectroscopic performance [54, 55]. For 
example, Chu et al. [54] fabricated nano-scale gratings, and Ma et al. [55] hot-embossed 
micro-scale gratings with fine periodicity on Pd-based MGs surfaces, both surface exhibit 
beautiful optical properties such as rainbow-like spectrum when shone by fluorescent lamp 
light, as shown in Figure 6. Inoue et al. [56] pointed out that these nano-imprinted MG sur-
faces exhibit potential applications as anti-reflection materials, electrode materials, hologram 
technology, next generation ultra-high density of information data storage material and cell 
culture medium for bio-chips.

By integrating macro-, micro- and nano-scale features in a sequential order, Kumar et al. [13] 
hot-embossed hierarchical structures and displayed potential applications in optical devices, 
electrochemical activity and cellular response. Through micro-imprinting, some micro-lens 
arrays [57], micro-channel geometries [58] have been fabricated, showing potential applica-
tions in aspheric lens and fuel cell interconnect plates, respectively. Furthermore, the thermo-
plastic formed MG components have been used as a master mold (see Figure 7) to imprint 
polymers (such as PMMA) [10, 24, 59, 60], and an integrated PMMA micro-channel part was 
fabricated, implying that MG is a robust, attractive and viable mold material for thermoplastic 
imprinting of polymer devices [10]. Bardt et al. [23] thermoplastic formed some complex 3-D 
micro-topologies and envisaged potential application as high-Q micro-resonators, microwave 
waveguides, microsurgical tools and devices, connectors for higher frequency operations, 
micro-scale motors and transmission components, microfluidic arrays, and free-form reflec-
tive micro-optics.

The hot-embossed surface micro-components can be used in MEMS, biochips, such as micro-
spring, micro-gear, micro-motor, micro-fan, micro-honeycomb structure, micro-gyroscope 
and micro-accelerometer structure and micro-turbines; some beautiful surface features such as 
micro-bats and micro-poetry of Tang Dynasty “Yellow Crane Tower” have also been fabricated 

Figure 6. (a) Photographs of polished BMG plate (left) and BMG grating (right) when fluorescent lamp light shines upon 
them (b) photographs of Si die (left) and BMG grating (right) under the shine of fluorescent lamp light [55].
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by Li et al. [6] through thermoplastic forming. Similar to micro-/nano-scale hot-imprinting, the 
TPF-based blow molding has also been used to fabricate ultra-smooth and symmetric 3-D 
metallic glass resonators, which demonstrates precision over 5 orders of magnitude without 
the use of cleanroom facilities or traditional microfabrication techniques, displaying potential 
applications in future MEMS vibratory devices, such as accelerometers and gyroscopes, with 
reduced energy dissipation mechanisms, increased performance and low costs [61].

The thermoplastic micro-forming technique also exhibits great potential in fabrication super-
hydrophobic surfaces with long lifespan in service, as demonstrated by Li et al. [62, 63]. Who 
found that without any modification or post-treatment, superhydrophobic surfaces with 
good stability could be fabricated by hot-embossing honeycomb patterns on Pd40Cu30Ni10P20 
MG [62]. By constructing micro-/nano-hierarchical structures on Zr35Ti30Be26.75Cu8.25 MG sur-
face, Li et al. [63] not only fabricated superhydrophobic MG surface with water contact angle 
over 150°, but also found that these surfaces exhibit strong adhesion with water droplets. The 
combined properties of both superhydrophobicity and strong adhesion toward liquid exhibit 
promising applications as dry adhesives and transport of liquid micro-droplets, as well as 
desirable mechanical and corrosion resistance showing potential applications in modern 
industries [64]. Furthermore, Li et al. revealed that MGs surfaces with hot-embossed textures 
exhibit low friction coefficient especially under dry contact (see Figure 8), which indicates that 
the lifetime of the textured surfaces could be optimized by minimizing friction [65].

Figure 7. SEM micrographs of the silicon master (a) with single (c) and continuous bends structure (e); the corresponding 
hot-embossed metallic glass micro-channel structure (b, d, and f) [10].
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5. Summary and outlook

Thermoplastic forming provides a promising method to fabricate MGs topological structures 
and components at various scale sizes, which provides alluring prospects in broadening 
the application of MGs. The chapter reviews some crucial issues such as the thermoplastic 
formability, processing techniques and potential applications. Some challenges still exist and 
impede the practical applications: (1) only few amorphous alloys with excellent glass forming 
ability, anti-oxidation ability and wide supercooled liquid region, and so on can meet the 
requirement of thermoplastic forming, (2) the current TPF techniques face challenges in fabri-
cating complicated 3-D structures, (3) the material flow is seriously affected by the interfacial 
effect on the micro- and nano-scale and the root physical mechanism remains vaguely under-
stood and needs to be settled, and (4) large-scale manufacture is necessary to improve produc-
tivity and reduce the cost, if the market of commercial application is developed. Therefore, 
developing a novel forming technique becomes urgently necessary to breakthrough the alloy 
systems’ limitations. Recent literatures [27–29] have revealed that additive manufacturing (3D 
printing) is a promising technique for the production of bulk metallic glass (BMG) compo-
nents without size and alloy system limitations. The authors believe micro-3D printing would 
provide new opportunities for the creation of small, complex and free-form MG components 
that were previously unachievable, which would open a new window for MGs fabrication.
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Metallic glasses (MGs), also named amorphous alloys for their disordered atomic structure, 
behave excellent mechanical behaviors, including high elastic modulus, high yield stress, and 
extreme high hardness, compared with traditional crystalline alloys. Considering their excel-
lent mechanical performance in micro-nano scale, MGs have a great application potential in 
ultra-precision systems. The research work on MGs has been proceeding for over 50 years 
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both experimentally and theoretically. Meanwhile, the corresponding simulation methods 
with aids of computer science have also been developed to provide assistance for the experi-
mental research from the theoretical aspect. The most used simulation methods for the MGs 
are finite element method (FEM) and molecular dynamics (MD) method. FEM constructs a 
constitutive model of MG at the macroscopic scale on time and space, which is coincident with 
experimental works. For this advantage, it is usually employed to investigate the mechanical 
properties and shear bands (SBs) formation in the bulk MG systems [1–4]. Although a MG is 
usually regarded as isotropic and homogeneous from the macroscopic scale, a homogeneous 
constitutive model is not sufficient for the generation and localization of SBs in a typical brittle 
MG system. For the improvement, two different SB formation theories, free volume theory 
[1, 2] and shear transition zone (STZ) theory [3, 4] were employed in constitutive model to 
provide nucleation possibilities in the MG model, and they are proved quiet effective when 
depicting the formation process of SBs. However, these FEM simulations are basing on a 
fuzzy description of flow events according to the two immature theories, but neglect intrinsic 
dynamics of the flow events from atomic aspect. Furthermore, the theoretical frames and con-
stitutive model for the research of MGs have to build on accurate description of their atomic 
structure. Since, the lack of effective experimental tools on characterizing the atomic structure 
of MGs, resolving the intrinsic structure only from experimental methods is unreasonable. 
Recently, MD methods are developed to offer possibility for the investigation on MGs from 
atomic level. By simulating the atoms movements and tracking atoms trajectories, MD simu-
lation can calculate the basic thermal information of a MG ensemble, including temperature, 
potential energy, as well as some derived information such as atom shear stress, atom shear 
strain, and structure evolution and so on. Thus, MD simulation method is an effective tool 
when investigating the intrinsic structure of MG, and its connection with mechanical proper-
ties, as well as the elastic to plastic deformation transition.

In this chapter, we mainly take a review on the former research work on the connections 
between structure and properties in MGs. We began with the current understanding in the 
structure of MGs and then discuss their proper connection with some mechanical behaviors. 
Afterwards, more specific discussion on the SBs formation and development will be given 
based on various mechanics of MD simulations. Finally, based on the limitation of MGs in 
their applications, we discussed several multi-component materials derived from cast MGs, 
and have an outlook on the development trend of MG preparation and application.

2. Structure of metallic glasses

The essential feature of MG is considered as disordered, but there is still no exactly model 
to describe the total features of amorphous structure. The little research on the atomic struc-
ture of amorphous system, as well as the correlation of amorphous structure and mechanical 
behaviors, has obstructed the development on design and implication of amorphous materi-
als seriously. Thus, the characterization and modeling of amorphous structure has been one 
of the most important and challenge research works in condense physics and material science 
area, and it is also the basis of research work on the mechanical behavior of MGs.
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The first model of atomic structure in MG was developed by Bernal, and it was described as 
a dense random packed structure of equal-sized spheres with the absence of medium-range 
and long-range order [5]. Bernal used the active hard balls to describe a liquid-like amor-
phous system, and analyzed the radial distribution function of the model, and found to have 
a good consistence with that of liquid system. This model provided a possibility of modeling 
and characterization based on the computer science. The further development of amorphous 
structure modeling has been based on Bernal’s work, and more developed characterization 
methods have been raised from the aspects of statistic and topology with the aids of MD sim-
ulations. The most used characterization methods of MGs with MD simulation are presented 
as the following in this section, including pair distribution function, Honeycutt-Andersen 
analysis, and Voronoi tessellation method.

2.1. Pair distribution function

Pair distribution function (PDF) is the most classical and important statistical analysis method 
in amorphous systems; it is widely used in the characterization of liquids and amorphous 
materials. It is a pair correlation representing the probability of finding atoms, and described 
as a function of distance r from an average center atom. In a monatomic system, PDF is 
defined as:

  g (r)  =   1 ______ 4π  r   2  ρN    ∑ 
i=1

  
N
     ∑ 
j=1,j≠i

  
N
   δ (r −   |   r ̄    ij   |  ) ,  (1)

where    |   r ̄     ij   |    is the interatomic distance between atom i and atom j, and  ρ  is the number density of 
atoms in the system with N atoms. According to the PDF curve of a MG, the short-to-medium 
range order information can be manifested by the peak position, peak width, and relative inten-
sity, etc. Conventionally, the nearest-neighbor shell atoms contribute to the first peak, which 
represents short range order (SRO) in the MG. A further distance up to 1–2 nm contributes 
the medium-range order (MRO). With distance r going larger, PDF gradually converges to 
unity, which means the atoms are randomly distributed, represents the long-range disorder. 
The structure evolution from liquid to glass can be shown from the PDF curves during the 
cooling procedure. Figure 1 displays the PDF curves of a binary Cu64Zr36 MG in different 
temperature regions during its preparation process. It can be clearly seen that with decreas-
ing temperature during quenching process, the second peak of total PDF gradually splits and 
becomes more pronounced, which indicates the formation of the glass phase and enhance-
ment of SRO. Furthermore, the appearing temperature of the split is usually relevant to the 
glass transition temperature (Tg), indicating the generally formation and stability of the glass 
structure.

PDF is concise and clear for the characterization of amorphous materials, especially when 
detecting the amorphous phase transferred from a crystalline system; thus, PDF method is 
widely used to verify the effective MG models in MD simulations [6]. However, this method 
is only established on a statistic basis, without considering the exactly certain structure of 
MGs. It cannot provide the specific topology description of a certain amorphous system, thus 
has a limitation when further revealing the atomic structure geometry of MGs.
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both experimentally and theoretically. Meanwhile, the corresponding simulation methods 
with aids of computer science have also been developed to provide assistance for the experi-
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constitutive model of MG at the macroscopic scale on time and space, which is coincident with 
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lation can calculate the basic thermal information of a MG ensemble, including temperature, 
potential energy, as well as some derived information such as atom shear stress, atom shear 
strain, and structure evolution and so on. Thus, MD simulation method is an effective tool 
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als seriously. Thus, the characterization and modeling of amorphous structure has been one 
of the most important and challenge research works in condense physics and material science 
area, and it is also the basis of research work on the mechanical behavior of MGs.
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The first model of atomic structure in MG was developed by Bernal, and it was described as 
a dense random packed structure of equal-sized spheres with the absence of medium-range 
and long-range order [5]. Bernal used the active hard balls to describe a liquid-like amor-
phous system, and analyzed the radial distribution function of the model, and found to have 
a good consistence with that of liquid system. This model provided a possibility of modeling 
and characterization based on the computer science. The further development of amorphous 
structure modeling has been based on Bernal’s work, and more developed characterization 
methods have been raised from the aspects of statistic and topology with the aids of MD sim-
ulations. The most used characterization methods of MGs with MD simulation are presented 
as the following in this section, including pair distribution function, Honeycutt-Andersen 
analysis, and Voronoi tessellation method.

2.1. Pair distribution function

Pair distribution function (PDF) is the most classical and important statistical analysis method 
in amorphous systems; it is widely used in the characterization of liquids and amorphous 
materials. It is a pair correlation representing the probability of finding atoms, and described 
as a function of distance r from an average center atom. In a monatomic system, PDF is 
defined as:
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where    |   r ̄     ij   |    is the interatomic distance between atom i and atom j, and  ρ  is the number density of 
atoms in the system with N atoms. According to the PDF curve of a MG, the short-to-medium 
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the medium-range order (MRO). With distance r going larger, PDF gradually converges to 
unity, which means the atoms are randomly distributed, represents the long-range disorder. 
The structure evolution from liquid to glass can be shown from the PDF curves during the 
cooling procedure. Figure 1 displays the PDF curves of a binary Cu64Zr36 MG in different 
temperature regions during its preparation process. It can be clearly seen that with decreas-
ing temperature during quenching process, the second peak of total PDF gradually splits and 
becomes more pronounced, which indicates the formation of the glass phase and enhance-
ment of SRO. Furthermore, the appearing temperature of the split is usually relevant to the 
glass transition temperature (Tg), indicating the generally formation and stability of the glass 
structure.

PDF is concise and clear for the characterization of amorphous materials, especially when 
detecting the amorphous phase transferred from a crystalline system; thus, PDF method is 
widely used to verify the effective MG models in MD simulations [6]. However, this method 
is only established on a statistic basis, without considering the exactly certain structure of 
MGs. It cannot provide the specific topology description of a certain amorphous system, thus 
has a limitation when further revealing the atomic structure geometry of MGs.
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2.2. Honeycutt-Andersen analysis

A widely used and effective analysis method for the topology structure of crystalline systems is 
common neighbor analysis (CNA), which is proposed by Clarke and Jónsson [7]. CNA is mainly 
to describe a bonding correlation between neighboring atoms in highly regular ordered systems 
with integers jkl: (a) j for the number of near neighbors they have in common; (b) k for the num-
ber of bonds among the shared neighbors; (c) and l represents the number of bonds in the longest 
bonding chain in k type bonds. It can effectively detect general structure and abnormal structure 
in crystalline materials, but when used for various disordered structures, it cannot describe an 
accurate amorphous local structure and might have a misleading to structure analysis of MG.

Similar with CNA analysis method, Honeycutt-Andersen (H-A) analysis method uses a mul-
tiple integers ijkl to describe more unregularly ordered and complicated bond types [8]. The 
additional number i in the H-A indices ijkl indicates whether or not the near neighbors are 
bonded, i = 1 for bonded pairs and i = 2 for nonbonding atoms, and l is used to distinguish 
different bond geometries in case the first three numbers are same. The cutoff distance is 
derived from PDF curves for the particular pair of atoms. Different structures have different 
H-A indices to represent distinguished bond types. In the MGs, 1551 and 2331 are usually the 
characteristics of icosahedral ordering, which mainly contribute to SRO in MGs.

H-A indices can be employed to analyze SRO structures of MG. Duan et al. took the H-A 
analysis on Cu50Zr50 MG during the preparation process [9]. At the liquid state, the bond types 
with H-A indices 1441 and 1661 dominated the initial B2 phase crystalline model, and had 
the proportions 42 and 56%, respectively. When the temperature went to the totally melting 
liquid phase, the proportions dropped to 7 and 6%. The amorphous bond type 1431, 1541, and 
1551 increased to 16, 12, and 14%, respectively. During a quenching process, the amorphous 
H-A indices were monitored, they found out that 1431 and 1541 pairs do not change much, 
while the icosahedral 1551 and 2331 pairs increased uniformly as the system being super-
cooled until a local maxima at 700 K, indicating the final state came to be stable amorphous 
state. Therefore, as the MG system is cooled from its liquid state, the icosahedral symmetry 
keeps increasing and this SRO structure has been proved a correlation with stability and gen-
eration of a MG system.

Figure 1. Partial distribution function of Cu-Zr MG during quenching process.
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2.3. Voronoi tessellation

H-A analysis method can reveal the topology SRO structure effectively, but fail to obtain 
the specific geometry features of SRO structure. Voronoi tessellation is a polyhedral analysis 
method developed by introducing the concept of Voronoi polyhedral, which is defined as a 
closed convex polyhedral enclosed by the vertical bisectors of the nearest-neighbor atoms 
and center atom [10]. Usually, ik is used to represent the number of polygon with k edges in 
a Voronoi polyhedral, and a four-number vector < i3,i4,i5,i6 > is chosen as the Voronoi index, 
to describe the arrangement and symmetry of the nearest-neighbor atoms around the center 
atom. For example, an icosahedral with Voronoi index < 0,0,12,0 > has 12 pentagons enclosed, 
and a polyhedral with index < 0,3,6,0 > has 3 quadrilaterals and 6 pentagons enclosed. The 
polyhedral with same Voronoi index can be concluded as one type cluster. After analyzing 
all the local clusters compositions in MG, the motifs are summarized as a series of typical 
Voronoi polyhedral types and can be regard as mainly contributions to SRO structure.

Among these mentioned analysis methods, the Voronoi tessellation method is the most 
accurate and effective tool for typical structure identification in MGs, and also be used by 
many researchers [10–13]. Cheng et al. used this method to describe the structure evolution 
of Cu-Zr MG during quenching process [11]. Five most popular Voronoi polyhedral types 
were elected, which accounting for over 75% of all Cu-centered polyhedral. These clusters 
had common characteristics of high symmetry and a CN of 12, while the other fragmented 
clusters have low symmetry and usually irregular polyhedral with unfavorable CNs or highly 
distorted shapes. The polyhedral with Voronoi index < 0,0,12,0 > have a symmetrical fivefold 
geometry and icosahedral structure, and defined as “full icosahedra” (FI). FI clusters were 
found increase sharply during the quenching process, especially during the supercooled liq-
uid regime. While the cluster motifs of MG with lower symmetry had a gradually change 
with the sample cooling. But the fragmental ones, which might the motifs of equilibrium 
liquid at melting temperature, decreased sharply accompanying with formation of glass state. 
These observations suggested that FI cluster mostly contributed to SRO and dominated the 
solid-like nature of MGs, and with lower cooling rate, the fraction of FI increased and made 
the generated MG a more stable one, which was consistent with glass formation cooling rate 
dependence. We will have a more detailed discuss on the cooling rate effect in Section 3.

2.4. MRO structures in MG

By combining experimental characterization tools such as XRD, EXAFS, and RMC together 
with ab initio simulation method, Sheng et al. resolved the MRO structure of various MGs 
[6]. With application of Voronoi tessellation, the formation of local solute-centered coordina-
tion polyhedral with strong chemical favoring unlike bonds was found and defined with 
“quasi-equivalent cluster”. On the basis of the quasi-equivalent clusters, the MRO was fur-
ther proposed to be dense packing of these clusters by sharing shell atoms, and regard as 
general feature of MG. Three basic icosahedra linkages were concluded as face-sharing (FS), 
edge-sharing (ES) and vertex-sharing (VS). Figure 2 shows the typical connections of SRO 
and MRO structure in three MGs. Liu analyzed various MGs structure by PDF data and MD 
simulation. They indicated that the MRO structure can be interpreted as spherical-periodic 
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and center atom [10]. Usually, ik is used to represent the number of polygon with k edges in 
a Voronoi polyhedral, and a four-number vector < i3,i4,i5,i6 > is chosen as the Voronoi index, 
to describe the arrangement and symmetry of the nearest-neighbor atoms around the center 
atom. For example, an icosahedral with Voronoi index < 0,0,12,0 > has 12 pentagons enclosed, 
and a polyhedral with index < 0,3,6,0 > has 3 quadrilaterals and 6 pentagons enclosed. The 
polyhedral with same Voronoi index can be concluded as one type cluster. After analyzing 
all the local clusters compositions in MG, the motifs are summarized as a series of typical 
Voronoi polyhedral types and can be regard as mainly contributions to SRO structure.

Among these mentioned analysis methods, the Voronoi tessellation method is the most 
accurate and effective tool for typical structure identification in MGs, and also be used by 
many researchers [10–13]. Cheng et al. used this method to describe the structure evolution 
of Cu-Zr MG during quenching process [11]. Five most popular Voronoi polyhedral types 
were elected, which accounting for over 75% of all Cu-centered polyhedral. These clusters 
had common characteristics of high symmetry and a CN of 12, while the other fragmented 
clusters have low symmetry and usually irregular polyhedral with unfavorable CNs or highly 
distorted shapes. The polyhedral with Voronoi index < 0,0,12,0 > have a symmetrical fivefold 
geometry and icosahedral structure, and defined as “full icosahedra” (FI). FI clusters were 
found increase sharply during the quenching process, especially during the supercooled liq-
uid regime. While the cluster motifs of MG with lower symmetry had a gradually change 
with the sample cooling. But the fragmental ones, which might the motifs of equilibrium 
liquid at melting temperature, decreased sharply accompanying with formation of glass state. 
These observations suggested that FI cluster mostly contributed to SRO and dominated the 
solid-like nature of MGs, and with lower cooling rate, the fraction of FI increased and made 
the generated MG a more stable one, which was consistent with glass formation cooling rate 
dependence. We will have a more detailed discuss on the cooling rate effect in Section 3.

2.4. MRO structures in MG

By combining experimental characterization tools such as XRD, EXAFS, and RMC together 
with ab initio simulation method, Sheng et al. resolved the MRO structure of various MGs 
[6]. With application of Voronoi tessellation, the formation of local solute-centered coordina-
tion polyhedral with strong chemical favoring unlike bonds was found and defined with 
“quasi-equivalent cluster”. On the basis of the quasi-equivalent clusters, the MRO was fur-
ther proposed to be dense packing of these clusters by sharing shell atoms, and regard as 
general feature of MG. Three basic icosahedra linkages were concluded as face-sharing (FS), 
edge-sharing (ES) and vertex-sharing (VS). Figure 2 shows the typical connections of SRO 
and MRO structure in three MGs. Liu analyzed various MGs structure by PDF data and MD 
simulation. They indicated that the MRO structure can be interpreted as spherical-periodic 
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order and local translational symmetry, and the increasing of MRO structures proceeded 
throughout the glass transition process [14].

The combining of PDF and topological analysis method can also reveal the formation of 
MRO. Liang identified icosahedral clusters from an Mg-Zn MG using H-A analysis method, 
and found some neighbor clusters have linkage with structure packed and atoms shared [15]. 
The icosahedra linkages of intercross-sharing (IS), FS, ES, and VS were also detected. By eval-
uating the average distances between center atoms in each linking cluster, Liang found the 
distribution of the distances had a coincidence with the second peak splitting of PDF curve. 
With more clusters interacted into a network, MRO came to formation in the glass.

With the increase in simulation dimension, it was also found that the clusters tend to form 
large and interconnecting networks. Ward further extended the range of correlated packing of 
the icosahedral clusters, and found the diversities of the network diffusivity in compositions 
about the binary Cu-Zr MGs [12]. With 30% fraction of Zr atoms, the MG had higher fraction 
of Cu-centered FI clusters, which tended to form a single large network. With the promotion of 

Figure 2. Typical connections of SRO clusters and MRO structures in MGs [6].
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Zr atoms, the fraction of Cu-centered FI decreased severely, and the formed networks tended 
to be diffusive with decrease in size and increase in number. At 50% fraction for Zr atoms, the 
number of networks reached the maximum and had a downward tendency with the further 
increase of Zr atoms fraction. It was noted that the compositions of Cu70Zr30 and Cu50Zr50 both 
had high glass-forming ability, differences in network forming proved that the presence of 
networks is neither a sufficient nor necessary condition for the formation of glass phase, but 
networks formation does have dependence on the preparing procedures, and a strong effect 
on mechanical behavior of MG as well. The detailed explanation will be given in Section 3.

Another found by Cheng is that an addition of a small percentage of Al in the original Cu-Zr 
binary MG can lead to dramatically increased population of FI clusters and their spatial con-
nectivity (shown in Figure 3) [12]. It has been known that the ideal icosahedral dense packing 
requires several factors: an atomic size ratio of 0.902 for a hard-packing model [16], and nega-
tive mixing heat of atoms. For binary Cu-Zr MG, the atomic size ratio is 0.804, Al atom has 

Figure 3. (a) Histogram showing differences in SRO components and fractions in Cu-Zr-Al ternary MG and Cu-Zr binary 
MG; (b) combinations of Cu-Zr-Al atoms in Cu-centered FI SRO in Cu-Zr-Al ternary MG and (c) Cu-Zr binary MG [13].

Mechanical Properties and Deformation Behaviors of Metallic Glasses Investigated…
http://dx.doi.org/10.5772/intechopen.76830

33



order and local translational symmetry, and the increasing of MRO structures proceeded 
throughout the glass transition process [14].

The combining of PDF and topological analysis method can also reveal the formation of 
MRO. Liang identified icosahedral clusters from an Mg-Zn MG using H-A analysis method, 
and found some neighbor clusters have linkage with structure packed and atoms shared [15]. 
The icosahedra linkages of intercross-sharing (IS), FS, ES, and VS were also detected. By eval-
uating the average distances between center atoms in each linking cluster, Liang found the 
distribution of the distances had a coincidence with the second peak splitting of PDF curve. 
With more clusters interacted into a network, MRO came to formation in the glass.

With the increase in simulation dimension, it was also found that the clusters tend to form 
large and interconnecting networks. Ward further extended the range of correlated packing of 
the icosahedral clusters, and found the diversities of the network diffusivity in compositions 
about the binary Cu-Zr MGs [12]. With 30% fraction of Zr atoms, the MG had higher fraction 
of Cu-centered FI clusters, which tended to form a single large network. With the promotion of 

Figure 2. Typical connections of SRO clusters and MRO structures in MGs [6].

Metallic Glasses - Properties and Processing32

Zr atoms, the fraction of Cu-centered FI decreased severely, and the formed networks tended 
to be diffusive with decrease in size and increase in number. At 50% fraction for Zr atoms, the 
number of networks reached the maximum and had a downward tendency with the further 
increase of Zr atoms fraction. It was noted that the compositions of Cu70Zr30 and Cu50Zr50 both 
had high glass-forming ability, differences in network forming proved that the presence of 
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nectivity (shown in Figure 3) [12]. It has been known that the ideal icosahedral dense packing 
requires several factors: an atomic size ratio of 0.902 for a hard-packing model [16], and nega-
tive mixing heat of atoms. For binary Cu-Zr MG, the atomic size ratio is 0.804, Al atom has 
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a radius in between of Zr and Cu atoms, the three atomic sizes can adjust the coordination 
polyhedron around the Cu atom, and increases the possibility of comfortable arrangements 
to reach FI. Furthermore, the negative mixing heat of Al with Zr and Cu drives Al to scatter 
in the Cu-Zr matrix. A more ideal ratio of 0.905 of Zr-Al atoms make Al surrounded by Zr 
become the topologically optimal way for FI packing. Similar with the binary Cu-Zr MG men-
tioned above, the FIs in this ternary MG overlapped and connected with the bonding forms 
of tetrahedral sharing (TS, same as IS), FS, ES, and VS, and then interconnected with each 
other resulting in the formation of networks (shown in Figure 4). The degree of connectivity 
of FI might serve as the backbone of the MG structures, and induced the more stable structure 
and improvement of mechanical properties in ternary glass compared with the binary glass. 
A further study taken by Tang suggested that those SRO clusters with low degree five-fold 
symmetry structure could also tend to form interconnected networks [17]. But different with 
the solid-like networks formed by FI clusters, the low five-fold symmetry clusters built up 
liquid-like networks. Compared with the solid-like networks, the liquid-like ones were less 
resistant to shear events and usually fertile sites for plastic deformation.

Figure 4. (a) A supercluster consisting four types of connections VS, ES, FS and TS; (b) a large supercluster consisting 
of over 700 atoms; (c) higher degree of connectivity of FI shown in Cu-Zr-Al MG compared with (d) Cu-Zr MG [13].
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3. Correlation of structure and mechanical properties

The correlation of structure and mechanical properties is a central theme of materials 
research, no matter crystalline materials or amorphous ones. The properties of MGs change 
pronouncedly with the internal structures change. Several works have been done for the 
influence of changes in composition proportions and variation in the processing conditions 
for MGs of a fixed composition, but what really governs the properties of MG from the sight 
of atomic-level structures has to be concerned for its quantitative and predictive theory estab-
lishment. The icosahedral cluster structures usually have a more dense packing efficiency, 
and the distributions are not even in space with connection of icosahedral existing. Thus, the 
MG structure has intrinsic fluctuations, and the local atomic-level area has heterogeneity in 
structure and dynamics, and the nanoscale mechanical heterogeneity had been proved with 
the using of dynamics force microscopy [18]. The mechanical response of MG sample can be 
significantly influenced by various local structure motifs, relative fractions, and their distribu-
tions in space. In other words, the structural heterogeneity necessarily leads to mechanical 
heterogeneity and decide the mechanical behavior of the MG [10, 19].

According to Wakeda’s investigations on the shear deformation of CuxZr1-x (x = 0.30–0.85) 
MGs, the local geometrical structures had large variation with the change of proportions, and 
affected the yield and fracture behavior of the MGs [20]. With application of Voronoi polyhe-
dral analysis method, the local structures were characterized by pentagons and free volume, 
and these two factors were found related to each other. The pentagonal regions corresponded 
to the densely packed structure and nonpentagonal regions corresponded to the free volume 
structure. With shear simulation taken on the various MGs, it was found the pentagon-rich 
region tends to undergo elastic deformation, while the pentagon-poor was easily deformed 
plastically. Pentagon-rich local area had more formation of fivefold symmetry structure, and 
more relevant to the FI cluster, thus the aggregation of pentagons could be regard as formation 
of SRO. The results indicated the pentagonal SRO contributed the structural stability as well as 
elastic strength, while the opposite ones closely related to yield and fracture behavior in MGs.

The preparation processing of MG also has a significant influence on the formation of SRO 
cluster types and contents, and induces local SRO structure heterogeneity in MG. Cheng 
found that the mechanical behavior and dynamics responses varied with different cool-
ing rates of MG [11]. When applied the same tensile loading procedure to the MG samples 
prepared under different cooling rates, the sample with lower cooling rate showed a strong 
tendency to form a single and highly localized SB, while the one with higher cooling rate had 
a more homogeneous deformation. To obtain a quantitative evaluation of strain localization, 
the degree of strain localization parameter was defined as:

  ψ =  √ 
___________________

    1 __ N    ∑ i=1  N      ( η  i  Mises  −  η  ave  Mises )    2   ,  (2)

where, a larger  ψ  means larger fluctuations in the atomic strain and a more localized deforma-
tion mode. The strain localization degree  ψ  was found negatively correlated with cooling rates 
and positively correlated with the fraction of Cu-centered FI clusters. A shear deformation 
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the degree of strain localization parameter was defined as:

  ψ =  √ 
___________________

    1 __ N    ∑ i=1  N      ( η  i  Mises  −  η  ave  Mises )    2   ,  (2)

where, a larger  ψ  means larger fluctuations in the atomic strain and a more localized deforma-
tion mode. The strain localization degree  ψ  was found negatively correlated with cooling rates 
and positively correlated with the fraction of Cu-centered FI clusters. A shear deformation 
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simulation also showed the MG with lower cooling rate had higher shear stress compared 
with higher cooling rates. And the analysis on shear modulus showed a consistent tendency 
with strain localization phenomenon. These results showed the dynamics heterogeneity have 
a significant dependence on cooling rate, and revealed that the MG structure and mechanical 
behavior can be regulated by controlling the quenching process and cooling rates.

Since SBs formation is a significant signal for catastrophic failure of MG, the structure evolu-
tion analysis of SBs is necessary for the dynamics investigation during a deformation. Cao 
et al. studied the correlation of cluster evolution with the shear localization initiation in a 
Cu-Zr MG in the SB regime [21]. Fractions of several dominant cluster types in the SB forming 
region were analyzed during deformation, as shown in Figure 5. The breakdown of FI clus-
ters was identified as a structural signature of the initiation of shear localization. With distort-
ing of the FI backbone into less-shear-resistant, uncomfortable clusters, the shear localization 
propagating to a major SB with a velocity close to speed of voice. Feng et al. took quantitative 
treatment on the atomic structure of SBs in Cu-Zr MG and found the “liquid-like” features 
of SB [22]. With the method of H-A analysis, bonded pair types and distributions in SB are 
more similar to supercooled liquid compared with the MG matrix (shown in Figure 6). The 
SRO analysis results showed heterogeneous structure distribution in clusters. Zr-centered 
<0,2,8,5 > clusters exhibited strong spatial correlations and tendency to connect with each 
other in the SB, and formed interpenetrating solid-like backbone in SB (shown in Figure 7). Ju 
et al. took another view on the correlation of the mechanical properties and the local structural 
rearrangement of Mg-Zn-Ca MG by using H-A analysis method [23]. From the H-A index 
analysis on the system, the numbers of 1551 and 1431 local structures decreased with the 
increasing strain until 0.05, and the H-A indices of different types remained almost constant 
when the strain became larger than 0.05. The distributions of atomic local shear strain during 
the tension process showed the stages of the initialization of STZs, the extension of STZs, and 
the formation of shear bands along a direction 45° from the tensile direction.

Figure 5. Variations of five dominant SRO clusters with the sample strain increasing in the SB region [21].

Metallic Glasses - Properties and Processing36

The researching work about MG structure revealed the interconnection of icosahedra clusters 
was the intrinsic nature of MGs. The networks forming by neighboring icosahedra to medium 
range is negligible for the correlation of structure and mechanical properties in MGs. Lee et al. 
extended the structural hierarchy to a longer range by connecting MRO structures to large 
networks [24]. As we mentioned above, the MRO structures are constructed by connecting the 
neighboring SROs with each other. In Lee’s works, interpenetrating connection of icosahedra 
(ICOI) structure was constructed by icosahedra, and it was illustrated as a typical MRO structure 
to explore correlation of structure and mechanical properties. To find out which pattern motif 
mostly contributed to structure stability, the potential energy of the center atom of the individual 

Figure 6. Comparison of several bonded pair types in the matrix, the SB, and supercooled liquid [22].

Figure 7. Connectivity of the network formed by the central atoms of the <0,2,8,5 > clusters [22].
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icosahedra participating in the connection scheme of each patterns were calculated. It was found 
the icosahedra with volume shared type had a lower potential energy and stable structure, 
Cu65Zr35 had larger fractions of ICOIs with close connection of ICOIs compared to Cu50Zr50, and 
together with more dense atomic packing. With addition of shear simulations, Cu65Zr35 was 
found more resistant to applied load and showed higher elastic modulus and yield stress. The 
highly connected MROs constituted a compact icosahedral network over an extended range, 
which was resistant to stress-induced shear transformations under applied load. The breaking 
of ICOI networks during shear deformation are shown in Figure 8. This work presented the 
connectivity of MROs and showed its significant influence on the mechanical properties of MG.

4. Shear bands in MGs

This part moves on to a view of larger scale on the shear bands and their connection with 
the deformation of MGs, which is believed as a breakthrough of atom scale deformation in 
simulations with experimental phenomenon in macro scale. MGs have a similar performance 
in experiments with other amorphous materials such as silica glasses and polymers [25, 26], 
with blunt tip applied on the surface, typical slip line patterns will be shown in the cross 
surface, and the slip lines are regard caused by shear stress, thus called shear bands.

The formation and spreading of highly localized SBs is widely believed responsible for the 
failure of brittle MGs. But the ductile MGs could show homogeneous deformation without 

Figure 8. The breaking of ICOI networks in the during shear deformation [24].
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localization of SBs under the same mechanical loading. To describe the plastic flow and reveal 
the deformation transition mechanism, the initiation of SBs from a shear transformation is a 
fundamental problem for the starting. One of the most popular explanations is STZ theory 
raised by Argon [27]. According to the theory, STZs are the clusters composed of tens to hun-
dreds of atoms, and the basic elements undergoing the plastic flow in MG. When a shear stress 
is applied on the MG, the atoms in the cluster have relative movements, and deformation takes 
place inside the cluster. The distortion of STZ is an activation process, and needs a certain 
activation energy and volume, to transfer a STZ from a high energy state to a lower one.

The propagation of a SB from a collection of STZs is next problem to be concerned. Ogata et al. 
performed shear deformation on Cu-Zr bulk MG with MD simulations [28], and observed the 
nucleation and localization of SBs during shear deformation. The nucleation of SB was taken 
place from a local atomic rearrangement like STZ, and this local deformation induced releas-
ing of elastic strain energy in the shear plane, and activated the generation of more STZs. Then, 
the STZs interacted with each other and formed a SB in the shear direction. Furthermore, the 
generation of SB enhanced the elastic strain energy of the surrounding materials in the in-
plane directions, made the spreading of SB more localized.

Shimizu et al. described the propagating and developing of SB as a growth process of embry-
onic shear band (ESB) [29, 30]. An ESB appeared at the concentrator of a group of activated 
STZs. When the far-field shear stress exceeds the glue traction with temperature rising induced 
by frictional heating, and the length of the ESB increased to a critical length over 100 nm, the 
ESB would become maturing to a localized SB. An aged-rejuvenation-glue-liquid (ARGL) SB 
model was used for the description of the shear front, and four zones were defined as aged 
glass, rejuvenated glass, glue, and liquid (illustrated in Figure 9). The temperature distributes 
from room temperature at aged glass end to over the glass transition temperature at the liquid 
end. Their model was supported by the temperature rising phenomenon, which can reach a 
maximum over 1000 K, can also be verified from the research work by Lewandowski et al. 
[31]. They planted a fusible tin coating to observe the temperature rise during bend-test on 
MG, and observed melting in the SBs formation area, thus deduced that local temperature rise 
in the bands can reach a few thousand kelvin.

For a further understanding on SBs, the mechanical properties of SBs were investigated by 
Zhou et al. by testing samples with pre-existing SBs with tensile MD simulations [32]. It was 
demonstrated that pre-deformation lowered material strength and triggered enhanced strain 
fluctuation before sample yielding, leading to highly dispersed plastic shearing in the entire 

Figure 9. The aged-rejuvenation-glue-liquid (ARGL) shear band model [29].
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localization of SBs under the same mechanical loading. To describe the plastic flow and reveal 
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raised by Argon [27]. According to the theory, STZs are the clusters composed of tens to hun-
dreds of atoms, and the basic elements undergoing the plastic flow in MG. When a shear stress 
is applied on the MG, the atoms in the cluster have relative movements, and deformation takes 
place inside the cluster. The distortion of STZ is an activation process, and needs a certain 
activation energy and volume, to transfer a STZ from a high energy state to a lower one.

The propagation of a SB from a collection of STZs is next problem to be concerned. Ogata et al. 
performed shear deformation on Cu-Zr bulk MG with MD simulations [28], and observed the 
nucleation and localization of SBs during shear deformation. The nucleation of SB was taken 
place from a local atomic rearrangement like STZ, and this local deformation induced releas-
ing of elastic strain energy in the shear plane, and activated the generation of more STZs. Then, 
the STZs interacted with each other and formed a SB in the shear direction. Furthermore, the 
generation of SB enhanced the elastic strain energy of the surrounding materials in the in-
plane directions, made the spreading of SB more localized.

Shimizu et al. described the propagating and developing of SB as a growth process of embry-
onic shear band (ESB) [29, 30]. An ESB appeared at the concentrator of a group of activated 
STZs. When the far-field shear stress exceeds the glue traction with temperature rising induced 
by frictional heating, and the length of the ESB increased to a critical length over 100 nm, the 
ESB would become maturing to a localized SB. An aged-rejuvenation-glue-liquid (ARGL) SB 
model was used for the description of the shear front, and four zones were defined as aged 
glass, rejuvenated glass, glue, and liquid (illustrated in Figure 9). The temperature distributes 
from room temperature at aged glass end to over the glass transition temperature at the liquid 
end. Their model was supported by the temperature rising phenomenon, which can reach a 
maximum over 1000 K, can also be verified from the research work by Lewandowski et al. 
[31]. They planted a fusible tin coating to observe the temperature rise during bend-test on 
MG, and observed melting in the SBs formation area, thus deduced that local temperature rise 
in the bands can reach a few thousand kelvin.

For a further understanding on SBs, the mechanical properties of SBs were investigated by 
Zhou et al. by testing samples with pre-existing SBs with tensile MD simulations [32]. It was 
demonstrated that pre-deformation lowered material strength and triggered enhanced strain 
fluctuation before sample yielding, leading to highly dispersed plastic shearing in the entire 
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sample. The transition in deformation mode from highly localized shear banding to nonlo-
calized plastic deformation was associated with the competition between the yield strength 
of the material and the critical stress required for the formation of mature SBs in the load-
bearing materials. Zhong et al. extracted the SB part of a shear banding deformed MG, and 
applied tensile stress on the SB sample [33]. The SB tended to have softened tensile behavior 
and homogenous deformation, with lower tensile stress compared with MG matrix and no 
obvious localization of atomic strain.

Basing on the above investigation, the cavitation and propagation of SBs seems have a relation 
with various factors, such as size scale, cooling rate, temperature, composition, etc. Li et al. took 
MD simulations to investigate the tensile deformation behavior of MG samples with multimil-
lion atoms [34]. They found small rob samples showed remarkable resistance to formation of 
SBs, and behaved unusual necking phenomenon. Three factors were concluded as contribu-
tion to the deformation mode size effects: surface effect, sample loading geometry, and finite 
sample size. With a further study on the shear banding behavior of double-notched sample, 
they indicated a critical dimension size about 10–20 nm was needed for the nucleation of SBs 
[35]. Gao et al. found the size effects in the deformation of Cu-Zr MG. With the model diameter 
gradually decreasing, the deformation mode of MG evolved from highly localized SB formation 
to homogenous deformation, but the stress increased significantly during the tensile process 
[36]. Zhong et al. also had an interest in the size effects, and they found with decreasing film 
thickness of MG, a transition from the localized deformation to the nonlocalized deformation 
indeed occurred [37]. Their further study revealed that the critical thickness for this transition 
was sensitive to the composition, and it was correlated with the average activation energy of 
the atomic level plastic deformation events [38].

Cheng et al. demonstrated the effects of cooling rate and composition on localization of defor-
mation [11, 12]: with a lower cooling rate, the MG exhibited higher strength but easier trend 
to strain localization; the MG with composition of Cu64Zr36 with high proportion of FI clusters, 
was more resistant to the initiation of flows but increased propensity to strain localization, 
while Cu40Zr60 was on the opposite side. Zhong et al. utilized this property and created several 
composites by controlling the layers thickness and numbers of the two MGs, and investigated 
the deformation behavior of these composites [39]. They found out that MG samples with 
high layer numbers present obviously nonlocalized deformation behavior, the criterion for 
the deformation mode change for MGs was suggested as the competition between the elastic 
energy densities stored and the energy density needed for forming one mature SB in MGs. A 
further investigation on the annealing effects revealed that the localizing degree of SBs could 
also be regulated by annealing, with free volume deduction detected during the structural 
relaxation process [33]. Nanoindentation simulations on binary MG taken by Shi et al. also 
presented that the SB morphology under indenter had great dependence on indentation rate 
[40, 41]. At a lower loading rate, SBs showed wing-like morphology and easily propagated 
to the surface. In the opposite, wedge-like SBs came to formation and penetrated downward 
to MG matrix at higher loading rate. In our previous MD simulation work on Cu-Zr MG, we 
also observed more localized SBs under indentation at lower temperature, and more homo-
geneous deformation morphology at room temperature, which coincided with the brittleness 
characteristic of most MGs at low temperature [42].

Metallic Glasses - Properties and Processing40

The spreading of SBs can also be triggered or suppressed by cyclic loads, and it is relevant 
to soften or harden behaviors of MGs. Sha et al. performed MD simulations of tension-
compression fatigue on Cu50Zr50 MG [43]. They observed the initiation and propagation of a 
major SB throughout the MG sample under cyclic loading. The cycling loads accelerated the 
accumulation of STZs, and triggered the spreading of SB once the aggregates of STZ reached 
the critical size for shear banding. Meanwhile, the fully formation of the SB was accompanied 
with stress drops, and this indicated the soften behavior of MG under uniform axial loads. 
While Deng et al. observed hardening behavior of Cu-Zr MG under cyclic indentation loads 
in MD simulations [44]. They indicated the post plastic deformation induced by the earlier 
indentations suppressed the SB formation by locally stiffening some portions of the original 
shear banding path, and then a higher load was needed for a secondary path of shear band-
ing yield. Our works demonstrated this hardening behavior could be more severe under 
higher indentation loads or temperature [42]. In fact, these factors would induce higher 
plasticity in the deforming region, which formed more complex shear banding morphology 
and prevented localized SBs formation. These works performed that softening or hardening 
phenomenon could happen in MGs, due to SBs spreading or suppression under different 
types of cyclic loads.

5. Deformation behaviors of nanoglass

With highly inhomogeneous deformation dominated by localized SBs, MGs are easily 
encountered with catastrophically failure. Some pre-deformation process, like cold rolling, 
leads to a pseudocomposite structure consisting of a softer phase inside pre-induced SBs and 
a harder phase in the undeformed regions [45, 46]. These microstructural features improve 
the macroscopic plasticity by promoting the nucleation of secondary SBs and SB branching, 
as well as by limiting SB propagation due to the intersection of SBs. An alternative method 
to prevent a major SB development is regulating the volume-interface ratio and density by 
introducing particle interfaces into the matrix of MG [47]. Such a MG could be produced via 
cold compaction of glassy nanoparticles, and is therefore called a nanoglass (NG).

According to the definition of nanoglass, Sopu et al. constructed a 3D periodic Cu-Zr nano-
glass with an idealized nanostructure consisting of columnar grains with a hexagonal cross 
section [48]. Applied with tensile stress during a mechanical test simulation, multiple embry-
onic SBs were formed along the interfaces and eventually started to propagate through the 
grain interiors in the NGs. Since the elastic energy was released homogeneously in the whole 
sample, the local energy release was not sufficient to accelerate any SBs; thus, NGs deformed 
homogeneously in contrast to the MGs, which exhibited localized deformation in one major 
SB, shown in Figure 10. Comparing the strain localization parameters of the NGs and MGs 
calculated according to Eq. (1), a more homogeneous deformation in the NGs was supported. 
Moreover, with an annealing treatment to the NGs, the glass particle interfaces seemed have 
a partial recovery of icosahedral SRO, led to the increase of strain localization.

Adibi et al. constructed a more random distributed NG by involving Poisson-Voronoi tessel-
lation method, using the cast Cu-Zr MG structure as a source of material for the glassy grains 
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while Cu40Zr60 was on the opposite side. Zhong et al. utilized this property and created several 
composites by controlling the layers thickness and numbers of the two MGs, and investigated 
the deformation behavior of these composites [39]. They found out that MG samples with 
high layer numbers present obviously nonlocalized deformation behavior, the criterion for 
the deformation mode change for MGs was suggested as the competition between the elastic 
energy densities stored and the energy density needed for forming one mature SB in MGs. A 
further investigation on the annealing effects revealed that the localizing degree of SBs could 
also be regulated by annealing, with free volume deduction detected during the structural 
relaxation process [33]. Nanoindentation simulations on binary MG taken by Shi et al. also 
presented that the SB morphology under indenter had great dependence on indentation rate 
[40, 41]. At a lower loading rate, SBs showed wing-like morphology and easily propagated 
to the surface. In the opposite, wedge-like SBs came to formation and penetrated downward 
to MG matrix at higher loading rate. In our previous MD simulation work on Cu-Zr MG, we 
also observed more localized SBs under indentation at lower temperature, and more homo-
geneous deformation morphology at room temperature, which coincided with the brittleness 
characteristic of most MGs at low temperature [42].
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encountered with catastrophically failure. Some pre-deformation process, like cold rolling, 
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a harder phase in the undeformed regions [45, 46]. These microstructural features improve 
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(shown in Figure 11). Three specimens were selected with average glassy grain sizes from 5 to 
15 nm to investigate deformation mode transition. The deformation modes of the NGs gener-
ally transferred from localized shear banding to homogeneous plastic flow with the grain 
sizes decreasing, and the fine-grained even became superplastically deformed during tensile 
testing [49]. The effects of composition and grain size were investigated more specifically by 
involving Voronoi polyhedral analysis method [50]. They found that the mechanical behavior 
of NGs was regulated by both the grain boundary thickness and the fraction of atoms at inter-
faces intrinsically. The mechanical behavior of NGs had a composition dependence similar to 
their parent MG, while the intrinsic deformation behavior only depended on the grain size, 
and not affected by the composition.

Sha et al. constructed a sandwich architecture composed of NG and MG [51]. The con-
structed composite had a higher strength than pure NG, and larger plasticity than MG. The 
improving of plasticity was contributed by the glass-glass interfaces in NG layers and a 
compressive residual stress in the MG layer. They indicated a strong ductile MG could be 

Figure 10. Local atomic shear strain distributions for MG, inhomogeneous NG and homogeneous NG at tensile of 8 and 
16% [48].
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constructed as sandwich architecture, and with a NG surface coated on the surface, MGs 
could be protected from localized SBs. They further conducted tensile load along the verti-
cal direction to the laminates [52]. The change in the loading direction caused the differ-
ences not only in the location of SB initiation but also the critical distance between NG layers 
for failure mode transition. The MG-NG nanolaminate structure with NG layers closely 
packed and interfaces oriented parallel to the loading direction was identified as the most 
effective heterostructure. Adibi et al. constructed another NG-MG nanolaminates by com-
bining layers of MG and NG [53], and further investigated mechanical properties of these 
nanopillar-shaped nanolaminates with tensile loading simulations. Compared with pure 
MG and NG, the MG-MG nanolaminate exhibited delayed SB formation and diffused shear 
banding failure, the NG-MG nanolaminate showed exceptional plasticity to a strain of 0.15 
prior to a necking-type failure. These works suggest the MG composites constructed by 
NG and MG laminates can offer promise for creating structures that combine outstanding 
strength and ductility.

6. Conclusion and outlook

Throughout the review, we enumerated pronounced work on the structure analysis, the con-
nection of structure with the mechanical properties, shear bands initiation and development. 
With the application of structural analysis methods, the existence of SRO and MRO in MGs 
is confirmed. The SRO types and proportions vary with MG compositions and preparation 
process. Several SRO motifs with high five-fold symmetry structure, as well as their intercon-
nected networks, are found to be great contributing factors to the solid-like characteristics of 
MG, which means they are closely correlated with mechanical properties and deformation 
patterns of MGs. The intrinsic dynamics of shear banding events were investigated from the 
mechanics simulations, which provided convincingly supports for the shear banding theories. 
Furthermore, we also demonstrated recent MD simulations works on mechanical behaviors 
and deformation properties of several designed nanoglass. They behaved ductile deformation 
ability and might be a promising derived material from casted MGs.

Figure 11. Schematic of the process to generate a NG film sample with Adibi’s method [49].
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These works proved the atomic-level computational simulation plays a significant role in 
researching work of MG. However, limited by accurate potential descriptions, computational 
capacity and simulation methods, computational simulations of MG are still unable to build a 
consistent theoretical frame with experimental research both in time and space. Thus, devel-
oping effective multi-scale simulation methods and advanced experimental characterization 
methods is the most urgent and challenging work for the research of metallic glasses.
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Abstract

In this chapter, we will firstly introduce the metallic glass and its deformation char-
acteristics briefly. Then we will focus on the fabrication and mechanical properties of 
metallic glass matrix composites, including ex-situ particle/fiber reinforced, in-situ pre-
cipitated phase reinforced and etc. The alloy systems will cover from Zr-based, Ti-based 
to Mg-based and etc. We will also introduce the latest research on both new reinforc-
ing phases and fabrication processes, including porous particles, shape memory phases, 
novel dealloying in metallic melt method, selective phase leaching method and so on. 
The microstructures, mechanical properties of each kind of composites, as well as the 
optimization methods, will be discussed in detail.
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1. Introduction

1.1. What is metallic glass?

The metallic glass or bulk metallic glass (BMG) is the alloy without crystals, or so-called non-
crystalline alloys. In BMGs, the microstructure is so-called amorphous state, referring to the 
long-range disordered structures between atoms inside a material. The amorphous materials 
can be produced by non-crystalized cooling from melting state or vapor deposition, mechani-
cal alloying methods, etc. To date, the amorphous materials occupy a large proportion in 
nature materials, from conventional oxide glass to amorphous semi-conductor, then to amor-
phous metals or bulk metallic glasses. The amorphous materials have been very important 
engineering materials to support the modern economy, as well as economic and social devel-
opments. Besides the daily-used glassy materials, in high-tech fields, amorphous materials 
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have been also applied a lot to optical communication, laser technology, new solar battery, 
power transmission materials and so on.

Unlike the conventional oxide glasses, the amorphous alloys or metallic glasses possess metal-
lic bond between atoms instead of covalent bond. Thus, the characteristics related with metals 
are maintained, such as opacity, good toughness, etc. We can say the amorphous structure is 
faultless for the lack of dislocations or grain boundaries. We can also say the amorphous struc-
ture or random-arranged structure is full of defects because you can find no periodicity in it.

Even though both amorphous alloys and bulk metallic glasses are noncrystalline materials, 
which are obtained from rapid cooling from liquid state, hindering the crystallization kinet-
ics [1]. The high rate of heat transfer required to prevent crystallization often limits these 
noncrystalline materials to thin samples or ribbon-shaped samples. These noncrystalline 
materials are called amorphous alloys. Recently, bulk metallic glasses with slower nucleation 
kinetics in undercooled liquids have been processed by conventional casting at cooling rate of 
10−1–10−2 K/s [2–6]. The critical size can be larger than 1 mm rods; these “bulk” noncrystalline 
alloys are called bulk metallic glasses. Figure 1 illustrates the conditions for processing both 
the more recently developed bulk amorphous alloys as well as traditional metallic glass alloys 
developed before 1990 [4]. The plot correlating critical cooling rate and maximum sample 
thickness as a function of the reduced glass transition temperature (Tg/Tm) shows a clear ten-
dency for the glass-forming ability to increase with increasing Tg/Tm, as such these alloys have 
lower critical cooling rates and larger possible bulk cross-sectional dimensions.

Figure 1. Plot correlating critical cooling rate (Rc), maximum sample thickness (tmax), and reduced glass transition 
temperature (Tg/Tm) for bulk metallic alloys illustrating conditions for processing both the more recently developed bulk 
amorphous alloys as well as ordinary amorphous alloys developed before 1990 [4].
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The criteria [7–10] for slow crystallization kinetics, a stabilized supercooled liquid and high 
glass-forming ability, resulting in the formation of bulk metallic glasses, have been shown to 
include:

1. Multi-component alloys of increased complexity and size of crystal unit cells such that the 
energetic advantage of an ordered structure is reduced by increasing the configurational 
entropy of the supercooled liquid phases.

2. Atomic radius mismatch between elements, which leads to higher packing density and 
smaller free volume, requiring a greater volume increase for crystallization, as well as 
limiting the solubility of these atoms in crystalline states.

3. Negative heat of mixing between the elements, which increases the energy barrier at 
the solid–liquid interface and accelerates atomic diffusivity, thus slowing local atomic 
rearrangements and crystal nucleation rate, thereby extending the supercooled liquid 
temperature.

4. Alloy composition close to deep eutectic, which forms a liquid stable at low temperatures 
that can freeze into the glassy state.

1.2. Why study metallic glass?

The research and developments of BMGs indicate that compared with traditional crystalline 
materials, BMGs have an advantage in usability. The main points are as follows:

1. Better mechanical properties such as high yielding strength, large elastic strain limit, 
mainly perfect elasticity before yielding, mainly perfect plasticity after yielding, no work 
hardening, high fatigue resistance and high abrasive resistance. With the developments of 
BMGs, the ultimate strength of metallic materials is renewed again and again. The strength 
of Mg-based BMGs has increased from 600 to 800 MPa [11]. The strength of Cu-based 
BMGs is over 2000 MPa [12]. Especially for Co-Fe-Ta-B alloy, the strength is over 5000 MPa 
[12], which sets up a record in natural world.

2. Good processability. Near glass transition temperature (Tg), the elongation of La-Al-Ni 
BMGs can be 15,000% [13]. Other BMGs also show super-plasticity to varying degrees, 
thus according to different application, BMGs can be manufactured into micro- or nano-
level by machining deformation.

3. Better corrosion resistance against many kinds of medium. The corrosion resistance of Fe-
Cr-Mo-B-P BMGs is 10,000 times higher than conventional stainless steel and can be used 
in much severed environments [14].

4. Good physical properties such as soft and hard magnetism, unique expansive quantity. 
For example, the saturation magnetization of Fe-based amorphous alloys can be over 1.5 T 
and coercivity is lower than 1 A/m2 [15]. When some BMGs are annealed to form nanocrys-
talline alloys, better soft or hard magnetism can be obtained, which are considered as ex-
cellent substitute for conventional materials.
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For the better physical, chemical, mechanical properties and precision shaping abilities of 
BMGs than conventional materials, BMGs have shown important application value in aero-
space device, precision machine, information technology and so on. The researches of BMGs 
have attracted a lot of attentions from physical, chemical and material scientists.

1.3. Room-temperature brittleness of metallic glass

Because of the metallic bonding in amorphous alloys, strain can be accommodated at the 
atomic level through changes in neighborhood; atomic bonds can be broken and reformed 
at the atomic scale. However, unlike crystalline metals and alloys, metallic glasses do not 
exhibit long-range translational symmetry. Thus, the deformation mechanisms such as dislo-
cations, which allow changes in atomic neighborhood at low energies or stresses, do not exist 
in metallic glasses. The local rearrangement of atoms in metallic glasses is a relatively high-
energy or high-stress process. The exact nature of local atomic motion in deforming metallic 
glasses is not fully understood, although there is general consensus that the fundamental unit 
must be a local rearrangement of atoms accommodating the shear strain. An example of such 
a local rearrangement is depicted in the two-dimensional schematic of Figure 2a, originally 
proposed by Argon and Kuo [16] on the basis of an atomic-analog bubble-raft model, called 
a “shear transformation zone” (STZ) [17–20]. The STZ is essentially a local cluster of atoms 
that undergoes an inelastic shear distortion from one relatively low energy configuration to 
a second such configuration, crossing an activated configuration of higher energy and vol-
ume. The STZs are common to deformation of all amorphous metals, although details of the 
structure, size and energy scales of STZs may vary from one glass to the other. In a metallic 
glass body experiencing uniform stress, the STZ that is activated first is selected from among 
many potential sites on the basis of energetics, which vary with the local atomic arrangements 
[21–23]. The continued propagation of the applied shear strain occurs when one STZ creates a 
localized distortion of the surrounding material, which triggers the formation of large planar 
bands of STZs along the maximum shear stress plane, or so-called “shear bands”, as shown 
in Figure 2b. For most BMGs, the deformation occurs in homogeneous through plastic strains 

Figure 2. Schematic illustrating of (a) “shear transformation zone” in which strain accommodation occurs through 
localized cluster of atoms undergoing intense distortion and (b) shear band formation along maximum shear stress 
plane.
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concentrated in localized shear bands at room temperature. Once a shear band initiates, the 
propagation of it can be very fast (~1000 m/s), thus, the BMGs fracture catastrophically after 
elastic deformation. Therefore, the room-temperature brittleness, especially under the uni-
axial compression or tension, has been one fatal problem for the wide application of BMGs.

1.4. How to overcome the problem?

To date, there are several ways that have been developed to improve the room-temperature 
plasticity of BMGs, including intruding a secondary phase to develop a composite micro-
structure, surface coating, composition adjustment to induce intrinsic heterogeneity, severe 
plastic deformation such as shot peening and high pressure torsion [24–27]. Although intro-
ducing a secondary phase to make a composite structure seems to be most primal methods, it 
is reported that composite structure is one of the most efficient method and very easy to real-
ize. Furthermore, there are many combinations of amorphous matrix and reinforcing phases, 
giving an infinite possibility to improve the mechanical properties of BMGs.

For now, there are mainly two ways to introduce the secondary phases, ex-situ direct adding 
and in-situ precipitation. For ex-situ method, the various combinations of secondary particle 
or fiber and the amorphous matrix makes the fabrication process easier to design. But the 
interface bonding between the secondary phase and the matrix is not strong because of the 
formation of surface oxide layers, which degrades the mechanical properties of them. For 
in-situ method, even though the interface bonding is stronger than those ex-situ composites 
because the secondary phases are intrinsically formed in the melt during cooling, but the fab-
rication process is very difficult to design. Furthermore, for ex-situ method, the size and vol-
ume fraction of secondary phases can be easily controlled by using various sized particles or 
fibers with various amounts when adding. However, for in-situ method, it is difficult to opti-
mize the microstructures because the optimization process is related with the composition 
adjustment. Hereafter, we will introduce the researches on both ex-situ and in-situ BMGMCs, 
including their composite structure and mechanical properties.

2. Ex-situ BMGMCs

The selection of ex-situ secondary phases includes fibers, particles, pores and porous par-
ticles. Hereafter, we will introduce the microstructures and mechanical properties of each 
kind of ex-situ BMGMCs.

2.1. Fiber-reinforced BMGMCs

The fiber-reinforced BMGMCs mainly focus on tungsten fiber, steel fiber and carbon fiber 
[28–34]. Dandliker et al. have firstly fabricated the tungsten and carbon-steel continuous wire 
reinforced Zr-based BMGMCs by quenching the metallic melt to a glass after infiltrating the 
reinforcement [28]. The continuous long fibers in the glass matrix can efficiently hinder the 
propagation of main shear bands, improving the plastic strain from 0% of monolithic BMG 
to over 2% of those reinforced with steel wires. Kim et al. have successfully fabricated carbon 
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fiber reinforced Zr-based BMGMCs by infiltrating the alloy melt to the bundle of carbon fibers 
in a quartz tube which are cleaned and preheated [30]. Figure 3a shows the backscattered SEM 
image of the carbon fiber reinforced composite. The carbon fibers are uniformly distributed 
in the matrix and the matrix appears to be uniform and free of heterogeneity. The volume 
fraction of carbon fibers is about 50% and the diameter is about 5 μm. They also found that a 
carbide reaction zone is formed surrounding the carbon fibers, as shown in Figure 3b, start-
ing from the carbon fibers, a diffusion zone of Ni, Cu within the fiber, a crystallize reaction 
zone of (Zr + Ti)C and ZrC, to the BMG matrix. Qiu et al. cast the sample in a resistive furnace 
by melting the ingots in an evacuated quartz tube packed with the tungsten fibers, followed 
by pressure infiltration [34]. After pressurization the tube was quenched in a supersaturated 
brine solution. The nominal diameter of the fibers is 250 μm. The volume fraction of the fibers 
varies from 10 to 70%.

During compression test, unlike the catastrophic fracture of monolithic BMG, the composites 
reinforced with tungsten fibers shows yielding and plastic deformation. The yielding strength 
also increases with a higher volume fraction of fibers. They also found that the failure mode 
changes with various volume fractions of fibers. The monolithic glass fractures on 45° planes. 
As the volume fraction of fiber increases, failure mode shifts from shear to localized buckling 
and tilting.

2.2. Particle-reinforced BMGMCs

The particle-reinforce BMGMCs includes ceramic particles, metal particles and the matrix 
includes Zr-based, Ti-based and Mg-based alloy system [35–43].

Choi-Yim and Johnson have firstly introduced ceramic particle such as SiC, WC and TiC, and 
the metal particles W and Ta into Zr-based and Cu-based BMG matrix [35]. A mixture of the 
pre-alloyed metallic glass forming elements and secondary phase material are combined by 
induction melting the glass forming alloy together with the solid secondary phase material 
on a water-cooled copper boat under a Ti-gettered argon atmosphere. The volume fractions of 
particles range from 5 to 30% and the sizes of the particles vary between 20 and 80 μm. Figure 4  

Figure 3. (a) Backscattered SEM image of carbon fiber reinforced bulk metallic glass composite; (b) dark field TEM of the 
interfacial region between a carbon fiber and the matrix.
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shows the uniformly distributed WC particles in the metallic glass matrix with the volume 
fraction of 10%. The matrix composition is chosen for several reasons. A relatively low melt-
ing temperature suppresses the chemical interactions between the reinforcement particles and 
the glass. A low glass transition temperature decreases differential thermal stresses which 
arise between the reinforcement and the matrix during freezing and cooling.

Zhang et al. have introduced Ta particles into Zr-Cu-Al-Ag BMG matrix, the average size of 
Ta particles is about 40 μm and the volume fraction varies from 5 to 20% [36]. The compos-
ite is prepared by induction melting the Zr-Cu-Al-Ag alloy together with Ta powder in a 
quartz tube and subsequently injecting through a nozzle into a copper mold. Figure 5a shows 
the SEM images of the as-cast BMGMCs containing 10% Ta, consisting of homogeneously 
dispersed particles embedded in the metallic glass matrix. Figure 5b shows the compres-
sive stress-strain curves of the composites containing 5–20% Ta. The monolithic glassy alloy 
fails immediately after yielding at 1885 MPa. However, the composites exhibit apparent work 
hardening and plastic strain. For 10% Ta-containing composite, the yield strength, fracture 
strength and plastic strain are 1717, 2600 MPa and 31%, respectively. The composite contain-
ing 20% Ta shows no plasticity which may originate from the crystallization of the matrix. Ta 
particles play an important role in the initiation and propagation of the multiple shear bands. 
The differences in Young’s modulus between Ta particles and glassy matrix generates high-
stress concentration occurs at the interfaces, which promotes the initiation of shear bands at 
the interface prior to the formation of shear bands on the maximum shear surface.

Pan et al. have added Nb particles into Mg-based BMG matrix to fabricate the ex-situ parti-
cle-reinforced BMGMCs [43]. The size of Nb particles is 20–50 μm, the volume fraction var-
ies from 4 to 8%. The particles are added during inductively melting the master alloy. The 
composite alloy is remelted by induction in a quartz tube and injected with argon pressure 
into copper molds. Figure 5c shows the SEM micrograph of the cross-sectional surface of 
the composite with 8% Nb particles, which exhibits the uniform distribution of the particles 

Figure 4. An optical micrograph showing uniformly distributed WC particles in the matrix.
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quartz tube and subsequently injecting through a nozzle into a copper mold. Figure 5a shows 
the SEM images of the as-cast BMGMCs containing 10% Ta, consisting of homogeneously 
dispersed particles embedded in the metallic glass matrix. Figure 5b shows the compres-
sive stress-strain curves of the composites containing 5–20% Ta. The monolithic glassy alloy 
fails immediately after yielding at 1885 MPa. However, the composites exhibit apparent work 
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ing 20% Ta shows no plasticity which may originate from the crystallization of the matrix. Ta 
particles play an important role in the initiation and propagation of the multiple shear bands. 
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without interfacial reaction. Figure 5b shows stress-strain curves for monolithic BMG and 
Nb-containing composite with 4 and 8% Nb particles. The BMG fails just after the elastic limit 
of 2%, but the composites yield at about 900 MPa and exhibit significantly plastic strain as well 
as work hardening and softening. The overall engineering plastic strain is determined to be 
about 12.1% for 8% Nb-containing composite. Ductile Nb particles serve as obstacles to impede 
shear bands propagation. When encountering an Nb particle, the shear band has to be either 
blocked or bypass around the particle due to the strong bonding between the particles and the 
matrix. Furthermore, if the sear deformation travels into the ductile Nb particles, the particle 
can dramatically plastic deform by dislocation mode to absorb the shear strain and prevent the 
catastrophic failure from taking place by the free propagation of unstable shear bands.

2.3. Other kind of ex-situ BMGMCs

Besides fiber and particle reinforcement, recently, some new kind of secondary phases have 
been introduced to BMG matrix, such as pores and porous particles [43–46].

Wada et al. introduced pores into Pd-based BMG matrix [44]. The master alloy melts are 
subjected to four distinct hydrogenation treatments at 853 K in tubes of fused silica: (i) 12 h 
at 1 MPa, then oil quench, (ii) the same, then water quench; (iii) 3 h at 4 MPa, then oil quench, 
and (iv) the same, then water quench to form porous rods. The porosities of BMG rods are 
calculated to be 1.7–3.7% from their density. The pore size is observed to be 20–30 μm, as 
shown in Figure 6a. The stability of the fine uniform pore distribution during casting follows 
from the high viscosity of the melt. Compressive stress-strain curves are strongly affected by 
porosity, as shown in Figure 6b. The porous alloy with the highest porosity of 3.7% shows 
the plastic strain over 18%, greatly enhanced compared to the pore-free BMG. But during ten-
sion, no plasticity can be observed. The shear band pattern is affected by the pores acting as 
stress concentrators. The pores are comparable in radius with the notch roots giving enhanced 
toughness, and are expected to induce extensive shear banding.

Figure 5. (a) SEM image of the as-cast BMGMC containing 10% Ta; (b) compressive stress-strain curves of the BMGMCs 
containing 0–20% Ta; (c) SEM image of the composite containing 8% Nb (inset shows the XRD pattern); (d) compressive 
stress-strain curves for single phase BMG and Nb-containing composite (4 and 8%).

Metallic Glasses - Properties and Processing58

Jang et al. have introduced porous Mo particles into Mg-Cu-Gd-Ag BMG matrix [45]. During 
master alloy melting, high purity porous Mo particles with a spherical shape and a size of 
20–70 μm are added in the matrix alloy. The volume fraction of porous Mo particles ranges 
from 10 to 25%. For the introduced porous particles, the overall microstructure of the compos-
ite is separated into larger-scale compartment, ~50 μm between Mo particles, and the fine-scale 
compartment, 1–5 μm within one porous Mo particle, as shown in Figure 7a and b. The com-
posites containing 20–25 vol% porous Mo particles exhibit superior mechanical performance 
with ultimate compression stress up to 0.95 and 1.1 GPa and plastic strain up to 10%, as shown 
in Figure 7c. Unlike solid particles, the crack propagation in the present composite is arrested 
by the porous Mo particles. For the porous nature of the reinforcing phase, the numbers of par-
ticles are calculated to be 1.4 times higher than those with solid ones, i.e., the mean interspacing 
of the porous Mo particles is less than that of the solid Mo ones. This should favor to the con-
fining the shear-banding behavior, thus enable more halting propagation of the shear bands. 
The porous Mo particles separates and restricts the highly localized shear banding into many 
isolated small regions, and can confine lots of microsized compartments of the matrix within 
porous particles, which results in the formation of multiple shear bands within or around the 
porous particles, promoting the deformation to distribute more uniformly across the sample.

Guo et al. have used an original method, so-called top-down process, to fabricate porous NiTi 
shape memory alloy (SMA) powders [46]. In this process, the multiphase precursor powder of 
Ni-Ti-Gd is firstly produced with B2-NiTi and Ni-Gd phase, then by leaching in nitric acid solu-
tion to remove Ni-Gd phase and leaving pore in the powder, as shown in Figure 8a. The size and 
interspacing between NiTi within one porous particle are as small as 200 nm. The porous NiTi 
powders are subsequently added to Mg-Cu-Gd-Ag glass former liquid to fabricate the BMGMC, 
as shown in Figure 8b, with volume fraction ranged from 5 to 20%. The porous particles are 
homogeneously distributed in the glassy matrix. The composites containing 20 vol% porous NiTi 
particles exhibits the best mechanical properties, including a true plastic strain of up to 10.6% and 
a fracture stress of up to 1173 MPa, as shown in Figure 8c. Similar to porous Mo, many microcracks 
are confined in the inter-particle regions and should result from local shear banding within the 
amorphous matrix. Furthermore, compared with solid particles, the porous particles can generate 

Figure 6. (a) Pore distributed BMG rods, water quenched from a melt held at 853 K for 3 h under 4 MPa hydrogen; (b) 
tensile and compressive stress-strain curves of pore reinforced BMGMCs with different porosities.
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calculated to be 1.7–3.7% from their density. The pore size is observed to be 20–30 μm, as 
shown in Figure 6a. The stability of the fine uniform pore distribution during casting follows 
from the high viscosity of the melt. Compressive stress-strain curves are strongly affected by 
porosity, as shown in Figure 6b. The porous alloy with the highest porosity of 3.7% shows 
the plastic strain over 18%, greatly enhanced compared to the pore-free BMG. But during ten-
sion, no plasticity can be observed. The shear band pattern is affected by the pores acting as 
stress concentrators. The pores are comparable in radius with the notch roots giving enhanced 
toughness, and are expected to induce extensive shear banding.
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by the porous Mo particles. For the porous nature of the reinforcing phase, the numbers of par-
ticles are calculated to be 1.4 times higher than those with solid ones, i.e., the mean interspacing 
of the porous Mo particles is less than that of the solid Mo ones. This should favor to the con-
fining the shear-banding behavior, thus enable more halting propagation of the shear bands. 
The porous Mo particles separates and restricts the highly localized shear banding into many 
isolated small regions, and can confine lots of microsized compartments of the matrix within 
porous particles, which results in the formation of multiple shear bands within or around the 
porous particles, promoting the deformation to distribute more uniformly across the sample.

Guo et al. have used an original method, so-called top-down process, to fabricate porous NiTi 
shape memory alloy (SMA) powders [46]. In this process, the multiphase precursor powder of 
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homogeneously distributed in the glassy matrix. The composites containing 20 vol% porous NiTi 
particles exhibits the best mechanical properties, including a true plastic strain of up to 10.6% and 
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more interfaces, which makes the yield strength follows the load-bearing mode even with low 
volume fraction of particles. This composite also shows very obvious work hardening behavior, 
which is considered to originate from the stress-induced martensitic transformation of B2-NiTi 
phase, which is very attractive and different from those conventional metal or ceramic particles.

3. In-situ BMGMCs

For in-situ BMGMCs, the fabrication process is very important and difficult to design, such 
as how to induce in-situ precipitated phase, how to control the volume fraction and size of 
secondary phase. For different alloy systems, the process and reinforcing phases are quite dif-
ferent, thus, this part will be divided by alloy systems, not by reinforcing phases.

3.1. Zr-based BMGMCs

β-Zr phase is one of the in-situ reinforcements in Zr-based BMGMCs that has been studied a lot. 
Hays et al. have reported the development of β phase reinforced Zr-Ti-Cu-Ni-Be-Nb BMGMCs 
[47]. Both XRD patterns and SEM images suggest the precipitation of β phase during rapid 
quenching. The β phase is in the dendritic and distributed in the glassy matrix homogeneously, 
as shown in Figure 9a. The volume fraction of β phase is estimated to be ~25%. The dendritic 

Figure 7. (a) SEM observation of the porous Mo particles in the BMG matrix, with the inserted XRD pattern; (b) an 
enlarged image of a single porous Mo particle; (c) representative room-temperature compressive engineering stress-
strain curves for the BMGMCs.

Figure 8. (a) Porous NiTi powder by top-down process; (b) SEM images of BMGMCs containing 20 vol% porous 
particles; (c) compressive true stress-strain curves for monolithic base BMG and BMGMCs with various volume fraction 
of porous NiTi addition.
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structures are characterized by primary dendrite axes with lengths of 50–150 μm and radius of 
about 1.5–2 μm. Regular patterns of secondary dendrite arms with spacing of 6–7 μm can be 
observed from SEM images. This composite shows about 5% plastic strain under three point 
bending. Figure 9b shows that the shear bands propagate preferentially through many succes-
sive dendrite arms, occasionally initiate or terminate within the arms, and clearly propagate as 
localized bands through the β-phase arms. This composite also shows good plasticity during 
compression, as shown in Figure 9c. It yields at 1.3 GPa when the β phase yields and deforms, 
and shear band patterns develop, as the glassy matrix is locally loaded beyond its critical shear 
stress. The plastic strain is over 6%. The composite even shows about 5% plastic strain during 
tension. Clear necking and deformation can be observed. The dendritic microstructure of the β 
phase acts to seed the initiation of organized shear band patterns, confines the propagation of 
individual shear bands to domains having a spatial scale of the order of the primary dendritic 
axes length, and lead to shear band spacing which is related to the dendrite arm spacing.

Another important in-situ secondary phase in Zr-based BMGMCs is refractory metal phase. 
Fan et al. have introduced in-situ Ta-rich precipitates in Zr-Cu-Al-Ni-Ta BMGMCs [48]. For 
the high melting temperature of Ta, there are two steps arc-melting during master alloy prep-
aration. Firstly, Zr-Ta ingot is fabricated which forms solid solutions of Zr-Ta, and remain-
ing elements are subsequently mixed with Zr-Ta ingots. The microstructure of the as-cast 
composite samples consists of both glassy matrix and Ta-rich particles with an average size 
of 10–30 μm, as shown in Figure 10a. The particles are oblong in shape and do not appear 
to possess a dendritic structure, they distribute homogeneously among the matrix and the 
volume faction is about 4%. This composite yields at 1.7 GPa and exhibits apparent work 
hardening and significant plastic strain, as shown in Figure 10b. The elastic incompatibil-
ity between the particles and the matrix introduces stress concentrations which may pro-
mote shear band initiation. The particles may also impede shear band propagation. Guo et al. 
have applied dealloying in metallic melt method to further optimize the microstructure and 
mechanical properties of Ta-rich phase reinforced BMGMCs [49]. The dealloying in metal-
lic melt phenomenon occurs when immerging Zr-Ta solid solution precursor in Cu-Al-Ni 
melt. For the negative enthalpy of mixing between Zr and Cu-Al-Ni and positive enthalpy of 
 mixing between Ta and Cu-Al-Ni, Zr is gradually selectively leached from precursor ingot to 

Figure 9. (a) SEM image of in-situ β-Zr reinforced BMGMCs (inset: XRD patterns); (b) shear band patterns array from 
compressive failure region of bend test sample; (c) compressive stress strain curve for the composite.
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the melt and forming a glass-former liquid, while at the same time, remaining Ta breaks into 
small particles and distribute in the melt. By finally quenching, the BMGMCs can be fabri-
cated. Interestingly, the size of Ta-rich particles by dealloying method is much smaller than 
that by conventional arc-melting method, 40 μm of arc-melting sample and 10 μm of dealloy-
ing sample, as shown in Figure 10c and d.

The reason is considered to be that during conventional arc-melting, the Ta-rich particles pre-
cipitate during cooling and its size can be hardly controlled, while during dealloying, for the 
low melting temperature, the Ta-rich particles remain in solid state and finally fine particle 
can be obtained. With these finer particles, the composite by dealloying method shows better 
plasticity than that by arc-melting method under both compression and tension, as shown in 
Figure 10e and f. The plastic strain for arc-melting sample is 3% under compression and 0% 
under tension. However, the value for dealloying sample is 14% under compression and 1.8% 
under tension. As discussed before, the stress concentration at the interfaces between Ta-rich 
particles and glassy matrix contributes a lot to the overall plasticity. For the finer size of particles  
in dealloying samples, the number density of particle and equivalent interface area per mm3 
are quite larger than arc-melting sample, 34.4 × 104, 108 mm2 for dealloying sample and 
0.4 × 104 and 22.5 mm2 for arc-melting sample. Thus, the five times larger area of interfaces in 
dealloying sample can plasticize the sample more.

Recently, B2-CuZr shape memory secondary phase in Zr-based BMGMCs have attracted a lot 
of interests. Unlike conventional metal or ceramic reinforcing phases, the shape memory phase 
can undergo the stress-induced martensitic transformation during deformation, which can 
both further improve the plasticity and give the sample obvious work hardening behavior [50]. 
Xu et al. have induced B2-CuZr phase in Zr-Cu-Al-Co system, as shown in Figure 11a [51]. The 

Figure 10. (a) SEM image of in-situ Ta reinforced BMGMCs; (b) compressive stress-strain curves for as-cast in-situ Ta 
reinforced BMGMCs; (c) SEM images of the sample by conventional arc-melting; (d) SEM images of the sample by novel 
dealloying method; (e) true compressive stress-strain curves and (f) tensile stress-strain curves of monolithic BMG, 
BMGMC by arc-melting (ZT-A) and BMGMC by dealloying (ZT-D).
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spheroidal crystal phases of B2-CuZr (confirmed by XRD, not shown here) are embedded in the 
amorphous matrix. The volume fraction of B2-CuZr is estimated to be about 10%. The compos-
ite exhibits obvious plastic deformation under compression with various strain rates, as shown 
in Figure 11b. Moreover, the flow stress increases with the increasing strain after yielding, 
exhibiting obvious work-hardening behavior. Even though the B2-CuZr reinforced Zr-based 
BMGMCs have shown good plasticity and work-hardening, but the inhomogeneous distribu-
tion of B2-CuZr limits the further improvement of the mechanical properties. During cooling, 
the B2-CuZr phase tends to precipitate in the center of the sample where the cooling rate is 
lower than that near the edge. Guo and Saida have successfully homogenized the distribution 
of B2-CuZr phase by minor doping Ta [52]. During cooling, the primary precipitated Ta-rich 
phase acts as effective nucleants that promoted copious nucleation of the B2-CuZr phase. As 
shown in Figure 11c, the dark phase of shape memory phase forms around the gray phase of 
Ta-rich particle. The total volume fraction of crystalline secondary phase, including both Ta-rich 
particles and B2-CuZr (some transforms to B19’-CuZr because of the residual heat at the inter-
face), is estimated to be ~80% by comparing the heat of crystallization of both the composites 
and monolithic BMG. The volume fraction of Ta-rich particles is estimated to be ~10% based on 
the image analysis. This composite shows a superior plasticity of 8.4% plastic strain during ten-
sion, as well as obvious work-hardening and a unique triple yielding phenomenon, as shown 
in Figure 11d.

Figure 11. (a) Typical OM images of the B2-CuZr reinforced BMGMCs (inset: enlarged parts of rectangular area); (b) true 
stress-strain curves of the composites with various strain rates; (c) SEM image of ta-doped sample; (d) true tensile stress-
strain curves of both monolithic base alloy (Ta0) and Ta-doped multiphase reinforced BMGMC (Ta5).

Metallic Glass Matrix Composites
http://dx.doi.org/10.5772/intechopen.76526

63
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spheroidal crystal phases of B2-CuZr (confirmed by XRD, not shown here) are embedded in the 
amorphous matrix. The volume fraction of B2-CuZr is estimated to be about 10%. The compos-
ite exhibits obvious plastic deformation under compression with various strain rates, as shown 
in Figure 11b. Moreover, the flow stress increases with the increasing strain after yielding, 
exhibiting obvious work-hardening behavior. Even though the B2-CuZr reinforced Zr-based 
BMGMCs have shown good plasticity and work-hardening, but the inhomogeneous distribu-
tion of B2-CuZr limits the further improvement of the mechanical properties. During cooling, 
the B2-CuZr phase tends to precipitate in the center of the sample where the cooling rate is 
lower than that near the edge. Guo and Saida have successfully homogenized the distribution 
of B2-CuZr phase by minor doping Ta [52]. During cooling, the primary precipitated Ta-rich 
phase acts as effective nucleants that promoted copious nucleation of the B2-CuZr phase. As 
shown in Figure 11c, the dark phase of shape memory phase forms around the gray phase of 
Ta-rich particle. The total volume fraction of crystalline secondary phase, including both Ta-rich 
particles and B2-CuZr (some transforms to B19’-CuZr because of the residual heat at the inter-
face), is estimated to be ~80% by comparing the heat of crystallization of both the composites 
and monolithic BMG. The volume fraction of Ta-rich particles is estimated to be ~10% based on 
the image analysis. This composite shows a superior plasticity of 8.4% plastic strain during ten-
sion, as well as obvious work-hardening and a unique triple yielding phenomenon, as shown 
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Figure 12. (a) and (b) SEM images of B2 phase reinforced Ti-based BMGMCs with different composition; (c) stress-strain 
curves of B2 phase reinforced Ti-based BMGMCs; (d) SEM image from the lateral surface of fractured sample.

3.2. Ti-based BMGMCs

The shape memory phase has also been introduced into Ti-based BMGMCs. Hong et al. have 
successfully induced B2 phase in Ti-Cu-Ni-Zr-Sn-Si system [53]. The size and distribution of 
B2 phase can be also tailored by varying the composition, as shown in Figure 12a and b. The 
size of B2 phase varies from 2–5 to 70–150 μm. The volume fraction varies from 10 to 33%. 
The composites also shows good plasticity under compression, the largest plastic strain is 
about 12.7%, as shown in Figure 12c. Furthermore, the yield strength exhibits a tendency to 
decrease with the increase of volume fraction of B2 phase, which originates from the early 
deformation on softer B2 phase. However, the plastic strain increases with more and larger 
B2 phase. The large B2 phase is found to be effective in dissipating the localization of shear 
stress, thus causing branching and multiplication of the shear bands. It is also observable 
that the severe deformation in the B2 phase, formation of wrinkles suggesting the possible 
deformation-induced phase transformation, as shown in Figure 12d.

Another important reinforcement in Ti-based BMGMCs is the β phase. Very good plasticity 
can be even observed for such composites under tension [54]. However, most of these compos-
ites contains Be, which is toxic and should be avoided when used as biomaterials. To induce β 
phase in Be-free alloy system, the β phase stabilizers, such as Ta, V and etc. Yamamoto et al. have 
successfully induced β-Ti phase in Ti-Cu-Ni-Sn-Ta system [55]. As shown in Figure 13a, for the 
low glass-forming ability of the matrix, Ti2Ni also forms besides β-Ti phase. Thus, the plastic-
ity of this composite is not very good, the plastic strain is about 1.6%, as shown in Figure 13b. 
To further improve the mechanical property, Guo and Kato have chosen a better glass former, 
Ti-Zr-Cu-Pd-Sn alloy, and used Mo as the β-Ti phase stabilizer element [56]. By doping 2 at% 

Metallic Glasses - Properties and Processing64

Mo, homogeneously distributed oblong-like β-Ti phase can be observed from Figure 14a. 
The volume fraction and average size of β-Ti are estimated to be about 25 μm and 25%. This 
composite also shows a good plasticity under compression, fracture strength of 2160 MPa and 
plastic strain of 13.4%, as shown in Figure 14b. The nanoindentation test has shown that the 
β-Ti phase is softer than the matrix, indicating the propagation of the main shear band is hin-
dered by the interfaces between the softer β-Ti and glassy matrix. The shear band is deflected, 
branched, or multiplied. Furthermore, after elastic deformation of both β-Ti and matrix to 
the yielding point, the β-Ti appears to yield and deform, contributing to the work-hardening 
behavior. The composite also shows about 3% plastic strain under three point bending test, 
see Figure 14c.

3.3. Mg-based BMGMCs

The researches on in-situ Mg-based BMGMCs are not as much as those in Zr-based or Ti-based 
systems for the difficulty to design proper fabrication process. However, recently, the applica-
tion of novel dealloying in metallic melt method or selective phase leaching method in fabri-
cation of in-situ Mg-based BMGMCs have attracted a lot of attentions.

Figure 13. (a) XRD patterns and (b) stress-strain curves under compression for β phase reinforced Ti-Cu-Ni-Sn-Ta 
BMGMCs.

Figure 14. (a) OM image of Mo-doped β-Ti based BMGMCs; (b) compressive true stress-strain curves for both monolithic 
base alloy and Mo-doped BMGMCs; (c) bending stress-strain curves for both base alloy and BMGMCs (inset: XRD 
patterns for bending samples).
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Figure 12. (a) and (b) SEM images of B2 phase reinforced Ti-based BMGMCs with different composition; (c) stress-strain 
curves of B2 phase reinforced Ti-based BMGMCs; (d) SEM image from the lateral surface of fractured sample.
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size of B2 phase varies from 2–5 to 70–150 μm. The volume fraction varies from 10 to 33%. 
The composites also shows good plasticity under compression, the largest plastic strain is 
about 12.7%, as shown in Figure 12c. Furthermore, the yield strength exhibits a tendency to 
decrease with the increase of volume fraction of B2 phase, which originates from the early 
deformation on softer B2 phase. However, the plastic strain increases with more and larger 
B2 phase. The large B2 phase is found to be effective in dissipating the localization of shear 
stress, thus causing branching and multiplication of the shear bands. It is also observable 
that the severe deformation in the B2 phase, formation of wrinkles suggesting the possible 
deformation-induced phase transformation, as shown in Figure 12d.

Another important reinforcement in Ti-based BMGMCs is the β phase. Very good plasticity 
can be even observed for such composites under tension [54]. However, most of these compos-
ites contains Be, which is toxic and should be avoided when used as biomaterials. To induce β 
phase in Be-free alloy system, the β phase stabilizers, such as Ta, V and etc. Yamamoto et al. have 
successfully induced β-Ti phase in Ti-Cu-Ni-Sn-Ta system [55]. As shown in Figure 13a, for the 
low glass-forming ability of the matrix, Ti2Ni also forms besides β-Ti phase. Thus, the plastic-
ity of this composite is not very good, the plastic strain is about 1.6%, as shown in Figure 13b. 
To further improve the mechanical property, Guo and Kato have chosen a better glass former, 
Ti-Zr-Cu-Pd-Sn alloy, and used Mo as the β-Ti phase stabilizer element [56]. By doping 2 at% 
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Mo, homogeneously distributed oblong-like β-Ti phase can be observed from Figure 14a. 
The volume fraction and average size of β-Ti are estimated to be about 25 μm and 25%. This 
composite also shows a good plasticity under compression, fracture strength of 2160 MPa and 
plastic strain of 13.4%, as shown in Figure 14b. The nanoindentation test has shown that the 
β-Ti phase is softer than the matrix, indicating the propagation of the main shear band is hin-
dered by the interfaces between the softer β-Ti and glassy matrix. The shear band is deflected, 
branched, or multiplied. Furthermore, after elastic deformation of both β-Ti and matrix to 
the yielding point, the β-Ti appears to yield and deform, contributing to the work-hardening 
behavior. The composite also shows about 3% plastic strain under three point bending test, 
see Figure 14c.

3.3. Mg-based BMGMCs

The researches on in-situ Mg-based BMGMCs are not as much as those in Zr-based or Ti-based 
systems for the difficulty to design proper fabrication process. However, recently, the applica-
tion of novel dealloying in metallic melt method or selective phase leaching method in fabri-
cation of in-situ Mg-based BMGMCs have attracted a lot of attentions.

Figure 13. (a) XRD patterns and (b) stress-strain curves under compression for β phase reinforced Ti-Cu-Ni-Sn-Ta 
BMGMCs.

Figure 14. (a) OM image of Mo-doped β-Ti based BMGMCs; (b) compressive true stress-strain curves for both monolithic 
base alloy and Mo-doped BMGMCs; (c) bending stress-strain curves for both base alloy and BMGMCs (inset: XRD 
patterns for bending samples).
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Oka et al. have successfully introduced α-Ti phase in Mg-Cu-Gd BMG system by using novel 
dealloying in metallic melt method [57]. The schematic of this method is shown in Figure 15a.  
For the negative value of heat of mixing (miscible) between Ti-Cu and Gd-Cu while posi-
tive value (immiscible) of Ti-Gd, Ti-Cu and Gd-Cu phases are expected to form in the pre-
alloy. Similarly, for the negative value of heat of mixing between Mg-Gd and Mg-Cu while 
positive value of Mg-Ti. When the Ti-Cu-Gd prealloy consisting of Cu-Gd and Ti-Cu phases 
is immersed in the Mg-melt, the Cu-Gd phase and Cu dealloyed from the Ti-Cu phase are 
expected to dissolve. They will form the Mg-Cu-Gd BMG formable liquid if the Mg, Cu and Gd 
proportions are correctly balanced. The remaining elemental Ti from Ti-Cu phase is thought 
to form the porous structure by a surface diffusion mechanism in the Mg-Cu-Gd alloy liquid. 
Rapid cooling of the semi-solid mother alloy yields Mg-Cu-Gd BMG with in-situ Ti disper-
soids, as shown in Figure 15b. By using this strategy, the in-situ Ti dispersoids have been 
successfully introduced. Furthermore, for the Ti dispersoids are directly dealloyed from Ti-Cu 
phase, thus, the size of them can be reduced by decreasing the size of Ti-Cu phase. By increas-
ing the cooling rate of Ti-Cu-Gd prealloy, the Ti-Cu phase is refined and subsequently the size 
of Ti dispersoids also decreased. As shown in Figure 15c, during four point bending test, the 
composite with large and fine Ti dispersoids shows a fracture strength of 230 and 387 MPa, 
6 and 78% higher than the monolithic BMG, respectively. With fine pore Ti dispersoids, the 
size and inter-particle spacing of Ti phase is estimated to be ~500 nm, which is very close to 
the characteristic plastic processing zone size of reported Mg-based BMG, 100–1000 nm. Thus, 
optimum condition for the composite effect has locally achieved within and surrounding the 
porous Ti dispersoids. Therefore, these regions and surrounded area of glassy near porous Ti 
could deform plastically. However, for the low volume fraction of Ti dispersoids (~2%), mac-
roscopic plasticity is not obtained in this system. Subsequently, Guo et al. have applied similar 
dealloying reaction in Mg-Cu-Gd-Ag system with better glass-forming ability [49]. As shown in 
Figure 16a, homogenous distributed α-Ti phase among the glassy matrix can be observed. The 
average size and volume fraction are estimated to be about 6 μm and 13%, respectively. This 
composite shows improved mechanical properties compared with its monolithic counterpart, 

Figure 15. (a) Schematic showing porous Ti formation by dealloying in metallic melt; (b) schematic showing the 
preparation of the mother alloy; (c) stress-strain curves of BMGMCs using rapid cooling prealloy and slow cooling 
prealloy, under four point bending test.
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that is, ~6.1% of plastic strain and 920 MPa of fracture strength during compression test, see 
Figure 16b. The stress concentration at the interfaces between Ti dispersoids and surrounding 
matrix is in favor of initiating multiple shear bands. Furthermore, when the stress exceeds the 
yield strength of Ti, it can release the stress concentration condition. The suppression of propa-
gation of the single main shear band is enhanced by such yielding, which causes branching, 
blocking or multiplying the shear bands. It is therefore, the sample is deformed with a signifi-
cant plasticity. The composite also shows improved fracture stress and strain during four point 
bending test, 331 MPa of fracture stress and 0.42% of fracture strain, as shown in Figure 16c.  
The calculated fracture toughness of this composite is ~1.73 MPa m1/2, 45% higher than its 
monolithic counterpart. However, it is still low and cannot lead to plasticity during bending.

As stated above, the shape memory phase has attracted a lot of interest recently for its unique 
stress-induced martensitic transformation behavior. However, the research on shape memory 
phase reinforced BMGMCs mainly focus on Zr-based or Ti-based BMGMCs. Guo and Kato 
have successfully induced in-situ B2-NiTi shape memory phase in Mg-Ni-Gd-Ag BMGMCs 
by using novel selective phase leaching in metallic melt method [58]. A schematic of the novel 
designed process is shown in Figure 17a, which contains roughly three steps: Ni-Ti-Gd precur-
sor preparation by arc-melting, master alloy preparation by induction melting and composite 
preparation by copper mold casting. From the Ni-Ti, Ti-Gd and Ni-Gd phase diagrams, it is 
possible to prepare a Ni-Ti-Gd ternary precursor consisting of only NiTi and Ni-Gd phases 
if the proportions of Ti, Ni, and Gd are properly balanced. Then, the temperature of master 
alloy preparation is kept low enough for NiTi dispersoids not to melt or dissolve, but high 
enough for the Ni-Gd phase to dissolve into the Mg-Ag melt, owing to their different reactivi-
ties. Moreover, the amounts of Mg-Ag melt and dissolved Ni-Gd was properly balanced to 
form the glass-forming matrix. Finally, Mg-based BMGMCs, an Mg-Ni-Gd-Ag BMG matrix 
with in-situ NiTi dispersoids, is fabricated by casting this semi-solid melt into a copper mold. 
By using such strategy, the in-situ B2-NiTi phase have been successfully induced, as shown in 
Figure 17b, the average size is ~8 μm and the volume fraction is ~15%. As shown in Figure 17c,  
the composite shows a higher fracture stress (~906 MPa), plastic strain (~7%), and work 
hardening than its monolithic counterpart. The shear bands were considered to be obstructed 
by the in-situ ductile NiTi dispersoids, which deflected their propagation and caused branch-
ing or multiplying of the shear bands, typically observed in ductile metal reinforced BMGMCs 
and is known as the “blocking effect”. Moreover, a stress-induced phase transformation from 

Figure 16. (a) SEM images of in-situ Ti reinforced Mg-based BMGMC by dealloying method (inset: XRD patterns of both 
BMGMC and its monolithic counterpart); (b) true compressive stress-strain curves of both BMGMC and its base alloy 
(inset: SEM images of fractured BMGMC); (c) stress-strain curves by four point banding test.
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Oka et al. have successfully introduced α-Ti phase in Mg-Cu-Gd BMG system by using novel 
dealloying in metallic melt method [57]. The schematic of this method is shown in Figure 15a.  
For the negative value of heat of mixing (miscible) between Ti-Cu and Gd-Cu while posi-
tive value (immiscible) of Ti-Gd, Ti-Cu and Gd-Cu phases are expected to form in the pre-
alloy. Similarly, for the negative value of heat of mixing between Mg-Gd and Mg-Cu while 
positive value of Mg-Ti. When the Ti-Cu-Gd prealloy consisting of Cu-Gd and Ti-Cu phases 
is immersed in the Mg-melt, the Cu-Gd phase and Cu dealloyed from the Ti-Cu phase are 
expected to dissolve. They will form the Mg-Cu-Gd BMG formable liquid if the Mg, Cu and Gd 
proportions are correctly balanced. The remaining elemental Ti from Ti-Cu phase is thought 
to form the porous structure by a surface diffusion mechanism in the Mg-Cu-Gd alloy liquid. 
Rapid cooling of the semi-solid mother alloy yields Mg-Cu-Gd BMG with in-situ Ti disper-
soids, as shown in Figure 15b. By using this strategy, the in-situ Ti dispersoids have been 
successfully introduced. Furthermore, for the Ti dispersoids are directly dealloyed from Ti-Cu 
phase, thus, the size of them can be reduced by decreasing the size of Ti-Cu phase. By increas-
ing the cooling rate of Ti-Cu-Gd prealloy, the Ti-Cu phase is refined and subsequently the size 
of Ti dispersoids also decreased. As shown in Figure 15c, during four point bending test, the 
composite with large and fine Ti dispersoids shows a fracture strength of 230 and 387 MPa, 
6 and 78% higher than the monolithic BMG, respectively. With fine pore Ti dispersoids, the 
size and inter-particle spacing of Ti phase is estimated to be ~500 nm, which is very close to 
the characteristic plastic processing zone size of reported Mg-based BMG, 100–1000 nm. Thus, 
optimum condition for the composite effect has locally achieved within and surrounding the 
porous Ti dispersoids. Therefore, these regions and surrounded area of glassy near porous Ti 
could deform plastically. However, for the low volume fraction of Ti dispersoids (~2%), mac-
roscopic plasticity is not obtained in this system. Subsequently, Guo et al. have applied similar 
dealloying reaction in Mg-Cu-Gd-Ag system with better glass-forming ability [49]. As shown in 
Figure 16a, homogenous distributed α-Ti phase among the glassy matrix can be observed. The 
average size and volume fraction are estimated to be about 6 μm and 13%, respectively. This 
composite shows improved mechanical properties compared with its monolithic counterpart, 

Figure 15. (a) Schematic showing porous Ti formation by dealloying in metallic melt; (b) schematic showing the 
preparation of the mother alloy; (c) stress-strain curves of BMGMCs using rapid cooling prealloy and slow cooling 
prealloy, under four point bending test.
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that is, ~6.1% of plastic strain and 920 MPa of fracture strength during compression test, see 
Figure 16b. The stress concentration at the interfaces between Ti dispersoids and surrounding 
matrix is in favor of initiating multiple shear bands. Furthermore, when the stress exceeds the 
yield strength of Ti, it can release the stress concentration condition. The suppression of propa-
gation of the single main shear band is enhanced by such yielding, which causes branching, 
blocking or multiplying the shear bands. It is therefore, the sample is deformed with a signifi-
cant plasticity. The composite also shows improved fracture stress and strain during four point 
bending test, 331 MPa of fracture stress and 0.42% of fracture strain, as shown in Figure 16c.  
The calculated fracture toughness of this composite is ~1.73 MPa m1/2, 45% higher than its 
monolithic counterpart. However, it is still low and cannot lead to plasticity during bending.

As stated above, the shape memory phase has attracted a lot of interest recently for its unique 
stress-induced martensitic transformation behavior. However, the research on shape memory 
phase reinforced BMGMCs mainly focus on Zr-based or Ti-based BMGMCs. Guo and Kato 
have successfully induced in-situ B2-NiTi shape memory phase in Mg-Ni-Gd-Ag BMGMCs 
by using novel selective phase leaching in metallic melt method [58]. A schematic of the novel 
designed process is shown in Figure 17a, which contains roughly three steps: Ni-Ti-Gd precur-
sor preparation by arc-melting, master alloy preparation by induction melting and composite 
preparation by copper mold casting. From the Ni-Ti, Ti-Gd and Ni-Gd phase diagrams, it is 
possible to prepare a Ni-Ti-Gd ternary precursor consisting of only NiTi and Ni-Gd phases 
if the proportions of Ti, Ni, and Gd are properly balanced. Then, the temperature of master 
alloy preparation is kept low enough for NiTi dispersoids not to melt or dissolve, but high 
enough for the Ni-Gd phase to dissolve into the Mg-Ag melt, owing to their different reactivi-
ties. Moreover, the amounts of Mg-Ag melt and dissolved Ni-Gd was properly balanced to 
form the glass-forming matrix. Finally, Mg-based BMGMCs, an Mg-Ni-Gd-Ag BMG matrix 
with in-situ NiTi dispersoids, is fabricated by casting this semi-solid melt into a copper mold. 
By using such strategy, the in-situ B2-NiTi phase have been successfully induced, as shown in 
Figure 17b, the average size is ~8 μm and the volume fraction is ~15%. As shown in Figure 17c,  
the composite shows a higher fracture stress (~906 MPa), plastic strain (~7%), and work 
hardening than its monolithic counterpart. The shear bands were considered to be obstructed 
by the in-situ ductile NiTi dispersoids, which deflected their propagation and caused branch-
ing or multiplying of the shear bands, typically observed in ductile metal reinforced BMGMCs 
and is known as the “blocking effect”. Moreover, a stress-induced phase transformation from 

Figure 16. (a) SEM images of in-situ Ti reinforced Mg-based BMGMC by dealloying method (inset: XRD patterns of both 
BMGMC and its monolithic counterpart); (b) true compressive stress-strain curves of both BMGMC and its base alloy 
(inset: SEM images of fractured BMGMC); (c) stress-strain curves by four point banding test.
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B2-NiTi to B19’-NiTi during deformation releases the stress concentration around the disper-
soids to restrict free volume accumulation. This process hindered the rapid propagation of 
shear bands, meaning that additional stress was required to move the shear bands, called the 
“TRIP effect”. Since the B2-NiTi phase precipitates during Ni-Ti-Gd precursor preparation 
and has no change from then on, the size of it can be refined by increasing the cooling rate of 
the precursor. Thus, the precursor rods by tilt casting technique are produced with various 
diameters, i.e., various cooling rate. With a higher cooling rate, the size of B2-NiTi is smaller, 
from 8 to 2 μm, as shown in Figure 18a and b. With finer B2-NiTi phase, the composite shows 
higher fracture strength and larger plastic strain, as shown in Figure 18c. The sample with 
finest particle size exhibits the best mechanical properties, i.e., 1096 MPa fracture strength 
and 15.5% plastic strain. The volume fraction of the B2-NiTi phase has also been improved 
by adjusting the composition with higher Ti amount. The volume fraction increases from 
15 to 32% and the optimized composite shows superior plasticity during compression, as 
shown in Figure 19a, a fracture stress of 1212 MPa and a fracture strain of 25.3%. Figure 19b 
summarizes the compressive property data of various in-situ Mg-based BMGMCs, including 
Fe, long-period stacking ordered structure (LPSO), NiZr, AgMg, and quasicrystal reinforced 
composites [59–63]. Both the fracture strength and fracture strain of the optimized B2-NiTi 
reinforced BMGMC are the highest among all in-situ Mg-based BMGMCs reported to date.

Figure 17. (a) Schematic of the fabrication process; (b) SEM image of B2-NiTi reinforced mg-based BMGMC;  
(c) compressive true stress-strain curves for both base alloy and BMGMC.
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4. Conclusion and outlook

In this chapter, both ex-situ and in-situ BMGMCs developed in Zr-based, Ti-based, Mg-based 
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forced ex-situ BMGMCs and B2-phase, β-phase reinforced in-situ BMGMCs. The micro-
structures, mechanical properties as well as deformation mechanisms are discussed for each 
kind of BMGMCs. Compared with nearly zero plasticity of monolithic BMGs, the BMGMCs 
reinforced by secondary phases show significant improvement in plasticity, e.g., β-phase 
reinforced Ti-based BMGMCs show over 10% plastic strain under tension, B2-NiTi rein-
forced Mg-based BMGMCs show over 20% plastic strain under compression, etc. For the 
limitation of the chapter, more works on various reinforcements and alloy systems cannot be 
covered. The detailed deformation mechanisms of BMGMCs are not discussed fully either. 
For further development of BMGMCs, more works should be done on more complex com-
posite structure, the deformation mechanisms, designing novel processing methods, tailor-
ing the microstructures and mechanical properties of the existed BMGMCs. The research on 
BMGMCs will greatly extend the application potentials of amorphous materials as engineer-
ing materials.

Figure 18. SEM images of the composites using rapid cooling precursor: (a) 8 mm rod precursor; (b) 3 mm rod precursor; 
(c) compressive true stress-strain curves of the composites using rapid cooling precursor with various diameter, 8, 5 and 
3 mm.

Figure 19. Compressive true stress-strain curves of the optimized B2-NiTi reinforced BMGMCs; (b) fracture strength 
versus fracture strain for various in-situ Mg-based BMGMCs to date.
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Abstract

A fundamental quest of modern triboelectrochemistry is to unravel the prevailing failure 
mechanisms when surface interactions are operated in corrosive environments and to 
study how these influence the performance of materials and tools. Both system and materi-
als oriented approaches are thus required to deal with the electrochemical and physico-
chemical changes of matter due to the influence of a mechanical sliding energy between the 
two contacting surfaces (i.e. tribocorrosion damage). In this chapter, metallic glass material 
concepts used in environments where tribocorrosion occurs are described. Concepts to act 
in opposition to wear and corrosion are briefly reported. In particular, a description is given 
of different groups of metallic glasses designed to withstand the effects of combined and 
uncoupled wear and corrosion. Metallic glass composition, structural effect, crystallization 
level, passive film formation, microhardness are often viewed as the most critical elements 
in the performance of tribocorrosion of metallic glasses. Interactions between wear and 
corrosion mechanisms are identified along with some models that aim to inform metallic 
glass selection and predict performance.

Keywords: wear-resistant bulk metallic glasses, corrosion-resistant bulk metallic 
glasses, wear-corrosion synergy, tribocorrosion, triboelectrochemistry

1. Introduction

Metals and their alloys of quasi-crystalline structures have been widely used for thousands 
of years, commencing with the Bronze Age, which took place approximately 3000 down to 
100 years, and passing through the Iron Age [1]. Although, the utilization of these common 
engineering materials, namely ferrous and nonferrous, are still in current use nowadays, how-
ever, they are experiencing much concurrence with a range of novel materials and a bewilder-
ing array of solid products due to the engineering progress, which essentially depends on the 
availability and the intelligent use of materials.
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At the present time, there are available for use in excess of 45,000 different metallic alloys [1]. 
Albeit, the steels and cast irons make up the largest use on a weight basis, the number of dif-
ferent nonferrous alloys exceed the number of ferrous alloys. The primary nonferrous alloys 
are those in which the base metal consists of either aluminum, copper, nickel, magnesium, 
titanium, zirconium or zinc [1].

With the introduction of new metallic alloys and the breakthrough in the production of the 
so-called glassy metals, what was the best choice several years ago may no longer be so. 
Over the years, considerable efforts and great progress have been made in the field of materi-
als selection, in particular through the improvement of the specific properties of different 
sorts of alloys. These growing developments, inter alia, include processes for enhancing their 
metallurgical, mechanical, physical, chemical, and especially their tribocorrosion proper-
ties. Alternatives in the composition have also been formulated to improve the workability 
(e.g., glass-forming ability) of many metallic glass alloys through, commonly, monitoring the 
quenching rate. Critical cooling rate and maximum attainable size, known as critical casting 
thickness, are both direct indicators of glass-forming ability (GFA). The smaller the critical 
cooling rate and/or the larger maximum attainable size, the higher is the GFA.

In order to conduct a meaningful evaluation of a design alloy, all essential data required to 
fit with the most appropriate material must be disposable. It is the purpose of this chapter 
to supply as much of this information as possible for commercially available metallic glass 
materials, and for use in systems where mechanical and chemical surface interactions take 
place and leading to deterioration effects. The main strategies known to meet these require-
ments are outlined. Since mechanical wear and corrosion are broad fields, where the inter-
play between several mechanisms can occur, different approaches to prevent them have been 
contracted. Some of the most common ways are discussed. Examples from different classes of 
metallic glass material are given.

2. A short overview of mechanical properties of metallic glasses

A close relationship exists between properties of materials whose magnitude is usually deter-
mined by their bond strength. The choice of a material is the result of several compromises. 
For instance, the technical appraisal of an alloy will generally be a compromise between 
mechanical resistance, such as fracture toughness and some other properties such as yield 
strength, Young’s modulus, density etc. A convenient way of bringing out these relationships 
is by a series of figures or charts, in which one parameter is plotted as a function of another.

An important relationship is that between fracture toughness and the yield strength, a typi-
cal characteristic of the damage tolerance of materials. Values of most engineering materials, 
including monolithic metallic glasses, and ductile-phase-reinforced metallic glass composites 
[2] are shown in Figure 1.

Generally, ductile metals have very high fracture toughness and fairly low yield strength. 
Metallic glasses, however, show limited plastic yielding and have toughness-strength (Kc-σy) 
relationships that lie between brittle ceramics and marginally tough materials. The lack of 
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plasticity hinders the application of bulk metallic glasses (BMGs) as structural materials, and 
prevent their usage for instance in load-bearing structures. The need for the development of 
new efficient and resistant materials is thus essential in order to ensure this objective.

In this regard, great improvements in fracture toughness have been made as new alloy com-
positions were discovered and optimized to extend the fracture toughness limit for BMGs. 
The occupation of a new region of property space for BMG composites (BMGCs), designated 
by circles, is shown in the Ashby’s map (Figure 1) [2]. Contours correspond to values for the 
plastic-zone radius, K2

c/πσ2
y. In this zone area, plastic deformation predominantly occurs at 

the crack tip because of the high stresses generated by the sharp stress concentration [3]. It 
is mostly this enhanced plasticity scale in BMGCs, which is at the origin of their superiority 
over other technical candidate materials. It is argued to be due to the fact that all the shear 
bands initiated in plastically soft regions with lower yield stress (or lower shear modulus) 
are prevented in the surrounding regions of higher yield stress or stiffness. This enhance-
ment in both ductility and toughness is analogous to the tempering of plastics by inclusion of 
rubber particles [4]. As indicated by the arrow, the conjunction of toughness to the strength, 

Figure 1. Ashby map of the damage tolerance of materials (fracture toughness vs. yield strength) including oxide glasses, 
ceramics, polymers, metals, monolithic metallic glasses (Fe-based glasses, Zr-based glasses, Ti-based glass, Pt-based 
glass) designated by crosses, Pd-based glass designated by a filled star, and ductile-phase-reinforced metallic glass 
composites designated by circles. (reproduced from Demetriou et al. [2] with permission from copyrighted ©Nature, 
2011).
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potentially accessible to metallic glasses extends beyond traditional benchmarks towards 
levels formerly inaccessible to any material (e.g., Pd-based alloys in [2]). One direct result of 
the unique microstructure is the high toughness-to-yield strength ratio, mainly accessible to 
BMGCs. Their strength exceeds that of the strength limit of known crystalline pure metals 
or alloys and approaches that of engineering ceramics, whereas their toughness is markedly 
high, among metallic alloys.

Some recent significant developments have been made towards the design of this kind of 
BMGC materials. This was achieved through the successful implementation of effective 
composite microstructures, which typically combine a strong glassy matrix with ductile crys-
talline reinforcements that suppress fracture while sustaining high strength. This variety of 
composite materials can only be obtained through the commitment of a nanocrystallization 
process [5] or via the reinforcement with ceramic particles [6]. Current studies on BMGCs 
performance are still at the development stage and concern the evaluation of either their 
mechanical properties or their corrosion resistance, but the perspective is very promising.

In recent years, a wide variety of industries including food, medical and pharmaceutical, 
aircraft components, electronics, building materials, and automobile industries have been 
promoting the technological development of newly composite materials including the vit-
reous-based composites to achieve suitable strength/density, and toughness/stiffness ratios.

3. Tribocorrosion fundamentals

An important problem in tribology concerns the interaction between friction processes and 
electrochemical reactions (corrosion) occurring in reactive environments such as aqueous 
media or hot aggressive gases. The effect of mechanical stimuli on chemical degradation of 
materials and, vice-versa, the influence of corrosion on the mechanical response of contacting 
materials are of great concern in many areas of tribology. A new research area, “tribocorro-
sion”, emerged in recent years, mainly driven by the increasing demand from the biomedical 
implant, power generation, marine, and offshore industries. Since tribocorrosion is ubiq-
uitous in many technical applications, it is necessary to employ material means capable of 
withstanding its damage effects.

Tribocorrosion can be defined as “…the process leading to a material degradation (i.e., mate-
rial loss) which results from simultaneous mechanical (materials properties, surface and 
sub-surface transformations, cracking, etc.), chemical, electrochemical (corrosion attack) and/
or biological material removal mechanisms (i.e., bio-tribocorrosion)…” [7]. It is basically an 
integration of two major areas of significance and application in mechanical systems, namely 
Tribology and Corrosion [8, 9]:

Tribocorrosion involves the inter-play between friction, wear (tribological), and corrosion 
(electrochemical) phenomena in a complex way. This includes such diverse phenomena as 
wear-accelerated corrosion, fretting-corrosion, erosion-corrosion, oxidational wear, chemical 
or corrosive wear often described in the literature. Therefore, tribocorrosion (or tribological) 
processes are intricate and not intrinsically fundamental, in the sense that Young’s modulus 
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for example is fundamental, but rather that they depend on the triboelectrochemical system 
approach. In particular they are determined by a combination of a number of more fundamen-
tal properties of the contacting materials, testing parameters, and test conditions, especially 
the nature of the environment in which the tests take place. An important aim of research in 
tribocorrosion field is precisely that of determining the nature of this dependence, so that 
the triboelectrochemical behavior may be predicted from a knowledge of a system approach 
and the more fundamental properties of interacting surfaces. Although, this aim has not been 
achieved yet, a fair progress has been made, and still more work is required to have a good 
comprehension of just which are the important distinctive features determining the surface 
interaction behavior in a triboelectrochemical system.

3.1. Elements of tribocorrosion (instrumentation)

Tribocorrosion of two contacting solids in relative motion is, just as friction, a system param-
eter. A triboelectrochemical system consists of implementing electrochemical techniques to 
a tribological designed system (i.e., tribometer type, and complete material system). That 
mechanical designed system is of a great importance since this will enable to simulate as 
much as possible the entire material system used in the field, and the constraints that have 
associated with it (e.g., similarity of the wear mechanisms active in the laboratory test and in 
the field, such as abrasion, adhesion, fatigue, penetration hardness, bending, existence or not 
of a third body, erosion, corrosion, their combinations, etc.).

Generally, the tribological configuration involves:

• The choice of a tribometer type with respect to its characteristics (e.g., contact noise, vibra-
tions, residual stress …);

• The choice of a body (material specimen under test), and a counter-body (material antago-
nist, usually a ball, a pin, a plate or a disk), which constitutes the contact system geometry 
(e.g., sphere-on-flat, sphere-on-sphere, cylinder-on-flat, flat-on-flat…). This choice has to 
consider the metallurgical and chemical features of the two solid bodies (e.g., inertness, 
composition of contacting materials, microstructure, surface film composition, etc.);

• The choice of a lubricant or other matter between the two bodies (e.g., composition of the 
medium, viscosity, solid particles in suspension, stagnant or stirred, etc.);

• The choice of surrounding media and temperature (e.g., relative humidity, vacuum, com-
position of the corrosive environment, pH, aggressiveness, ionic conductivity, etc.);

• The loading conditions (pressure or force, relative velocity, acceleration, or frequency, a 
working distance, or number of contacts);

• And finally, the choice of the type of relative movement (uni- or bidirectional, continuous 
or reciprocating).

The measuring instruments in tribocorrosion tests allow to monitor in real-time and on-line 
the foregoing system parameters (e.g., contact conditions: normal or tangential force, relative 
displacement, velocity, etc.). The main focus is to promptly control any variation or change 
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associated with these parameters or settings in-situ. They need also to be instrumented with 
electrochemical techniques, which enables the management and the recording of applied elec-
trochemical parameters and/or their responses (e.g., polarization of the contacting materials, 
charge density, etc.). The ultimate goal is to obtain promptly any information on the evolution 
of the input and output chemical-mechanical measurements during the test. These in-situ 
data outcome combined with ex-situ surface characterization techniques (e.g., high resolution 
SEM imaging, TEM, XRD, EDAX, FIB, XPS, Auger spectroscopy, FT-IR, roughness surface 
profilometry, micro- or nanoindentation hardness, etc.) and chemical analyses of post-test 
solutions (e.g., ICP-AES, ICP-MS) allow for the disclosure of the wear-corrosion mode, and 
thereby contributing to a better understanding of the tribocorrosion mechanisms involved 
(corrosion mechanism, wear regime, friction process, etc.).

The typical configuration of a triboelectrochemical cell experiment involves an inert mate-
rial (e.g., corundum counter-body) sliding against the investigated material (i.e., working 
electrode) under mechanoelectrochemical well-controlled conditions. Although metal-on-
metal contact configurations are possible, but the use of an inert counter-body simplifies the 
interpretation of the electrochemical results of the corrosion-wear process. In addition, it is 
most advising to perform the electrochemical measurements under stationary regime condi-
tions, at least prior to starting up of the measurements. The development of relevant models 
for the interpretation of the tribocorrosion mechanism concurrently depends, essentially, on 
the choice of electrochemical techniques to be implemented in a tribocorrosion test and the 
mechanical contact conditions (e.g., relative motion). The state-of-the art and reviews on tri-
boelectrochemical techniques and experiments are available elsewhere [8–13].

3.2. The use of electrochemical techniques in the study of in-situ tribocorrosion 
processes

Corrosion processes are of electrochemical nature and therefore electrochemistry likely inter-
feres with the tribological behavior of tribocorrosion systems. Attempts were made in recent 
years to control wear by electrochemical methods in engineering and biomedical systems. These 
electrochemical techniques provide a very convenient way to measure the rate of corrosion 
processes in either the laboratory or the field. Such methods can also be used in many different 
ways to assess either their efficiency of monitoring corrosion material degradation (e.g., con-
crete steels, and marine alloy structures) or their capability for material protection (e.g., inhibi-
tors, protective layers, coatings, and appropriate metals and alloys). The theoretical bases and 
the practical implementation of the electrochemical techniques have been published in books 
and review articles [8, 9, 11, 14] and this material is compendiously repeated here only to the 
extent that it is needed to define the terminology as well as the utility of the topic for the chapter.

In mechanical lubricated contact systems where surface interactions do occur, these techniques 
offer the possibility to simulate different corrosion conditions under well-controlled electro-
chemical environments. This can be done for instance by the measurements of open-circuit 
potential (Eoc or Ecor) during a corrosion-wear test, measurements of cyclic potentiodynamic 
polarization curves under wear and pure corrosion conditions, records of the current-induced 

Metallic Glasses - Properties and Processing82

applied potential resulting in an infinitesimal disturbance of the surface (potentiostatic con-
trol), measurements of current-induced single step anodic potential pulse (for the study of 
film repair, or repassivation), measurements of electrochemical noise for on-line tribocorro-
sion monitoring, measurements of electrochemical impedance, measurement of the linear 
polarization resistance (LPR), etc.

Since most of the undertaken studies on chemical degradation of glassy materials involve 
the use of cyclic potentiodynamic polarization method, it would be interesting to outline the 
conditions and limitations of this electrochemical technique for its use in tribocorrosion.

3.2.1. Measurements of cyclic potentiodynamic polarization curves

The susceptibility of metals to localized corrosion is usually expressed by the breakdown 
potential, Eb, or designated to, as the pitting potential, Epit, and the repassivation potential, Er 
or termed the protection potential, Ep. At the breakdown potential, localized corrosion starts. 
The Epit of a metal is often associated with the potential at which the current density suddenly 
increases and with the breakdown of its passive surface film. The higher the potential (more 
noble), the less likely the alloy is to cause the initiation of localized corrosion. At the repas-
sivation potential, pitting stops.

A cyclic potentiodynamic polarization technique can be employed to determine both Eb and 
Er of a corrosion system under wear (i.e., tribocorrosion) and pure corrosion conditions.

Many researchers [15–21] have successfully used the potentiodynamic anodic polarization 
technique to study the corrosion, the wear-corrosion synergism, and the tribocorrosion 
behavior of metallic alloy systems including the BMGs in various electrolytes [17–21].

ASTM G61-86 provides a procedure for conducting cyclic potentiodynamic polarization mea-
surements [22]. By convention a cathodic current is negative whereas an anodic current is 
positive [23].

This technique uses a typical three-electrode system (WE working electrode or metal being 
investigated, RE (SHE, reference electrode), and CE (Platinum or Graphite, counter-electrode)) 
controlled by a potentiostat as shown in Figure 2. The potential, which applies to the WE, is 
usually swept from the active (cathodic) direction to the noble (anodic) one, while tracking the 
current density continuously until it reaches a selected value of current density, where after, 
the scan is inverted in the active direction, until the hysteresis loop closes or until the corro-
sion potential is reached. The potential of the WE can be considered as the “driving force” of 
the corrosion system, while, the anodic current density can be regarded as proportional to the 
corrosion rate of the WE.

A typical plot of polarization curve generated by this method as E–log (i) is shown in Figure 3. 
If a specified material is susceptible to localized corrosion, a hysteresis loop as shown in 
Figure 3 will be observed as the potential scan is reversed. Otherwise, a uniform corrosion 
takes place in the transpassive or oxygen evolution region. Note that the larger the area of the 
hysteresis loop, the lower the ability of the metal to repassivate.
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Figure 2. Schematic view of a tribocorrosion experimental set-up under potentiodynamic polarization conditions. 
Potential (E), and current density (i) measurements are performed on a working electrode (WE) sliding against a 
counterbody ball (unidirectional reciprocating sliding, sphere-on-flat) with respect to a RE reference electrode (e.g. Ag/
AgCl (3 M KCl)) via a V voltmeter and CE counter-electrode (platinum or graphite) via an A ammeter respectively. FN 
normal force, FT tangential force, f sliding frequency, D displacement amplitude.

Figure 3. Schematic view of a hypothetical cyclic potentiodynamic polarization (cathodic and anodic) plot for 
determining localized corrosion parameters.
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The approach to be considered for getting a quick picture of the electrochemical behavior of a 
metal under polarization is to identify some of the key corrosion parameters directly from the 
cyclic potentiodynamic scan mode (Figure 3), mainly:

• The corrosion behavior of a metal is assessed at Ecor (or Eoc) and other potentials.

• The process is designated as anodic polarization when the potential is above the Ecor, and 
cathodic polarization when the potential is below the Ecor.

• The corrosion potential, Ecor, corresponds to the potential at which the current density 
approaches or theoretically equal zero (i ≈ 0).

• At cathodic potentials lower than Ecor, the cathodic reactions takes place (H2 evolution or 
O2 reduction prevails).

• The extrapolation of the experimental anodic and cathodic branches of the polarization 
curves, as shown in Figure 3, indicate the corrosion current density, icor.

• The primary passivation potential (Epp) corresponds to a potential positive to which passive 
surface layers are formed, and at which a maximum corrosion current density is reached 
coinciding with the critical current density (icc, current requisite prior to the formation of 
surface layers).

• The region, where the current density remains approximately 10 mA.m−2 (i.e., passive cur-
rent density, ip of the electrode at Er) as the potential increased, is called the passive region. 
This corresponds to the stabilization of a passive film. A material that exhibits a high 
resistance to localized corrosion in a specified environment form an adherent, and dense, 
nonporous, thin passive oxide/hydroxide film, which protects it from high corrosion rates.

• The protection potential Er (or Ep) is the potential at which passive layers are stable and 
protective.

• At the potential interval, (Eb − Er), pits are initiated and propagated. In fact, the material 
may suffer from localized corrosion when the potential is higher than Er.

• High values of both pitting overpotential (ηpit = Eb − Eoc), and protection overpotential, 
(ηp = Er − Eoc) may indicate a strong resistance of the metal to pitting at Eoc. High values of 
both (ηpit and ηp) are desirable to reflect high values of Eb and Er relative to the Eoc.

• At potential above Eb, transpassive region starts. The local breakdown of the passive film 
continued driven by a rapid active dissolution (e.g., case of some stainless steels immersed 
in chloride solutions), and usually at more elevated potentials, oxygen evolution may occur 
(cfr. Pourbaix diagram, E-pH).

• In the reverse scan, as in case of path (1), the localized corrosion will not be triggered at 
Eoc; in this case, the working electrode will not suffer pitting under free Eoc conditions. If 
the path (2) is observed, where Epp is below Eoc, the working electrode will undergo pitting 
corrosion on the surface defects or after Eoc incubation periods.
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Many of the foregoing determined corrosion key parameters are based on empirical observa-
tions. As with any empirical method, it is perplex with many questions about the extent of 
its validity. The power of this technique should not be over-estimated, since the values of Eb 
and Er are subject to change by a number of factors. Typically, for instance, environmental 
changes (e.g., temperature, pH, reagent as chloride ions) will influence these values dras-
tically. Moreover, this method can be function of scan rate, pit size or depth, polarization 
curve shape, and specimen geometry, which can affect the accuracy of these electrochemical 
parameters (Eb and Er) [24]. For example, if the scanning rate is too high, the Eb usually has a 
higher value than the correct value. This is due to the potential dependence of the induction 
period (time required for localized corrosion to initiate) which is long at low potentials and 
short at high potentials. To overcome this issue, the Eb can be measured by using a station-
ary potentiostatic method, in which the electrode is polarized at a constant potential and 
the time dependence of the current is measured. If the current starts to increase with time 
at a particular potential, then this potential is the correct Eb. Due to these uncertainties, this 
technique should be considered as qualitative and should never be used alone. In fact, it is 
often desirable to use at least two different types of corrosion monitoring devices whenever 
possible to weed out spurious or inaccurate readings.

A complete discussion regarding DC and AC electrochemical techniques for the measure-
ment of corrosion rates is beyond the scope of this chapter. A more comprehensive treatment 
of this subject area may be found elsewhere [9, 11, 22, 65].

3.3. Aspects of tribocorrosion

Wear is an unavoidable and a potentially serious problem in all areas of engineering. In par-
ticular, wear due to tribocorrosion is reflected by a loss of material from the exposure to corro-
sion of contacting solid surfaces and in relative motion. Designers and engineers who have to 
make optimal decisions in situations where tribocorrosion considerations are significant, need 
to know “how long will a component last?” To solve this question, numerous models have been 
developed so far to distinguish this material loss due to tribocorrosion. These models usually 
correlate a wear volume or a wear rate with physical and geometrical quantities. Various expres-
sions have since been attributed to this material loss, of which the material loss can be defined 
in terms of weight, volume, surface, depth, width or even charge density or current density, per 
unit hardness, per unit frictional dissipated energy (work due to the tangential force), per unit 
input energy (work due to the normal force), or even per unit sliding distance, or sliding time, 
sliding frequency, contact frequency, etc. It becomes readily understandable of the complexity 
of comparing results between the various wear data published so far. It is expected then that the 
terminology in this field is rather uncertain, and it will remain so for a certain time, hence the 
need for a specific standardization, despite some recent progress made in this area [25].

One of the earlier attempts to predict the wear rate or wear volume loss of a material in slid-
ing contact is the commonly Archard wear criterion [26] used during the second half of the 
twentieth century. That criterion is usually expressed as follows,

   W  v   = k   
 F  N  

 ___ H    or   W  r   =  kA  r    (1)
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where, Wv, and Wr represent the volumetric loss (assigned as total volume of wear debris 
produced), and the wear rate (usually expressed per unit sliding distance) respectively. k is 
the dimensionless Archard wear coefficient, Ar the real area of contact, FN the applied normal 
load, and H the hardness of the worn material.

This equation was originally used for the case of adhesive wear [27, 28], then it was extended 
to more cases including that of tribocorrosion. This is because the k parameter in the Eq. (1) 
exclusively remained the only flexible parameter consistent with the case to which the wear 
may originate. For example, unidirectional sliding of mild steel against mild steel without any 
lubricant has a k of 10−2, whereas, for stellite sliding against tool steel, k is 10−5 [29]. Even more 
confusing is that, according to literature, the Archard wear coefficient can vary by two orders 
of magnitude for the same couple of materials just due to a slight change in load or speed 
[30]. These findings should be taken with precautions in view of the number of empirical 
error cases reported with respect to the wear reproducibility and validation of test methods. 
Friction and wear properties are often considered as subjects of poor accuracy in compari-
son with materials intrinsic properties. Indeed, comparative round robin studies on the topic 
have shown that the reproducibility of wear derived from different inter-laboratories with the 
same material pairing was often very poor [31]. Using the wear track width, the scattering was 
roughly 50% whereas the scatter in the wear coefficient was over three orders of magnitude. 
No clear correlation was found between a single and constant parameter (type of tribom-
eter, normal force, and sliding velocity) and the wear rates measured in inter-laboratories. 
Interestingly, a good convergence was found between the wear volume loss and the energy 
dissipated in the tribocontact zone [32–36]. This can readily be explained by the fact that 
the dissipation of frictional energy is one, among others, of the main causes of triboelectro-
chemistry, playing an essential contributing role in wear mechanism, in this case entailing an 
acceleration (e.g. chemical wear rates) or modification of tribochemical reactions. The yielded 
frictional heat between interacting surfaces leads to a stationary rise in temperature at surface 
contact asperities and flashes. Furthermore, such frictional energy can take the form of high 
quantum excitations with short lifetime of surface and bulk sites due to the mechanochemi-
cal forces involved during the sliding process. Those excitations are also responsible for the 
occurrence of triboluminescence and triboelectricity.

Tribologists nowadays are seeking for an agreement due to the fact that there is an unavoid-
ably need to address more fundamental research towards the establishment of an original 
formulation or a universal methodology to define a “wear criterion” in order to better under-
stand the complexity of the wear process in a tribocorrosion test. Although, this aim has not 
yet been achieved, a fair amount of progress has been made on this matter-oriented approach. 
This remains so far valid only as part of the case-by-case study.

To conclude, research must focus on establishing an approach that emphasizes the nature of 
the dependence of the mechanochemical wear rate (output) on the energetic aspect of sliding 
friction, the electrochemical aspect of the exposure of bare metal surface, and the transforma-
tion of the subsurface material (input). This usually should incorporate materials properties, 
and behavior. If it does, this could be very useful to solve most the issues and difficulties 
encountered in the specific field (e.g., cases involving the failure of mechanical systems related 
matter at any given time), and thereby leading to a better improvement of the reliability life of 
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selected material and design technologies when adopted in mechanical articulations. Further, 
this could predict materials performance in an environment where tribocorrosion plays a 
significant role.

In tribocorrosion phenomena, where tribological contacts are exposed to corrosive environ-
ments, such as aqueous lubricants, the contact materials are subject to both mechanical, and 
chemical/electrochemical solicitations, which contribute to material removal from sliding 
surfaces. The rate of material degradation/removal cannot be predicted simply by adding the 
wear rate in absence of corrosion to the corrosion rate in absence of wear. The reason is that 
corrosion and wear do not proceed independently and synergistic effects usually (but not 
always) result in accelerated material degradation (tribocorrosion). In that respect, theoretical 
models have been developed so far with respect to mechanical, chemical, and electrochemical 
factors and their mutual interactions, and which can be tested under well-controlled experi-
mental conditions. In general, modeling has followed either an empirical or a mechanistic 
approach. The empirical approach is based on the independent measurement of material loss 
due to wear and corrosion. These parameters are summed up and compared to the material 
loss due to tribocorrosion. The difference between the two is termed synergy (ΔWsyn). A gen-
eral equation for this approach is of the form [37–39],

  Wtot = Wmec + Wcor + ΔWsyn  (2)

where, Wmec represents the material loss due to wear measured in the absence of corrosion, 
and Wcor is the material loss due to corrosion only without any influence of mechanical wear.

Although, the empirical approach is technically feasible which allows for the ranking and the 
performance of materials based on their resistance to tribocorrosion in engineering systems, it 
is still time-consuming, quite economically not justifiable in the long-term, and furthermore, 
it integrates a synergy term, which has no physical meaning.

The advantage of a mechanistic approach is that it leads for a better understanding of the 
physical processes involved in tribocorrosion by incorporating the notion of synergism into 
the mechanical and electrochemical terms. Many factors can be responsible for the mutual 
dependence of mechanical and chemical material removal in a tribocorrosion system. For 
example, local abrasion of the passive film can lead to wear accelerated corrosion due to rapid 
dissolution of the locally depassivated metal surface, followed by repassivation [40]. The 
abrasive action of hard oxide particles formed by corrosion can accelerate the mechanical 
metal removal by wear [41]. The plastic deformation of the surface layer of a rubbing metal 
can lead to a transfer of material to the opposite body resulting in a reduction of the corrosive 
wear rate [42].

Therefore, it is important to distinguish material loss due to chemical or electrochemical 
oxidation (i.e., wear accelerated corrosion) from material removed due to mechanical wear 
(i.e., mechanical material removal from the sliding contact). The former arises from the fact 
that an asperity sliding on a material surface produces a fresh wear track zone of clean bare 
material (i.e. metal), which is usually more susceptible to corrosion than the same surface 
subjected to free corrosion under no mechanical plastic contact or sliding conditions. The 
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effect of repeated sliding may cause the removal of metal particles by asperities burrowing 
beneath the surface [12, 42, 43].

Therefore, the overall wear volume due to tribocorrosion, Wtot, can be defined as follow:

   W  tot   =  W  che (wac)    +  W  mec    (3)

where, Wche(wac) is the electrochemical contribution to wear; it is termed wear accelerated cor-
rosion and it reflects the material loss due to corrosion in the presence of wear. Wmec is the 
mechanical wear, and it reveals the material loss due to wear in the presence of corrosion, 
and which can be related to processes as that for the formation-ejection of oxide debris, oxide 
layers or any corrosion products, and plastically detached metal.

Wtot can be determined by measuring the volume of the wear scar post-experiment using, for 
instance, a laser non-contact profilometry or by on-line measurement of the rate of moving 
down of the counter-body (e.g., a pin) on the surface wear track during sliding. The latter 
method has the advantage of recording an instantaneous wear rate, but it would only be 
applicable if no significant amount of solid reaction products (such as third body particles) 
accumulate in the contact zone during the tribocorrosion experiment. Under potentiostatic 
control, the electrochemical term (Wche(wac)) can barely be related to the anodic corrosion cur-
rent (Ia,tribocor) measured under mechanical sliding wear (occasionally by subtracting the back-
ground current) using Faraday’s law. The amount of anodically oxidized metal under such 
conditions is calculated as follows [12]:

   W  che (wac)    =   
M . q
 _____ ρ . z . F    (4)

where, Wche(wac) is the volume of the metal transformed by anodic oxidation in a triboelec-
trochemical test.  q (t)  = ∫  I  

a,tribocor
   . dt , is the electric charge generated during that transformation 

process, which is obtained by integrating the measured current Ia,tribocor over the time of the 
triboelectrochemical experiment, M is the atomic mass of the metal, z is the valence for oxida-
tion reaction, F is the Faraday constant (96,480 C/mol) and ρ is the density of the metal.

This equation is credible and independent of whether the anodic oxidation leads to the forma-
tion of dissolved metal ions or solid reaction products, such as oxide films.

It is worthwhile to note that few assumptions must be met in order for the Eq. (4) to be used 
[12, 40], namely:

• The measured current must be equal to the anodic partial current for metal oxidation, 
which means that cathodic partial currents due to the reaction of oxidizing agents must be 
negligible. This can be performed by anodic polarization into the passive potential region.

• The charge number z for the oxidation reaction must be known [12, 40, 42].

The mechanical wear (Wmec) is taken as the difference between the total wear volume Wtot and 
the chemical wear volume Wche(wac) determined from the electric charge.
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selected material and design technologies when adopted in mechanical articulations. Further, 
this could predict materials performance in an environment where tribocorrosion plays a 
significant role.

In tribocorrosion phenomena, where tribological contacts are exposed to corrosive environ-
ments, such as aqueous lubricants, the contact materials are subject to both mechanical, and 
chemical/electrochemical solicitations, which contribute to material removal from sliding 
surfaces. The rate of material degradation/removal cannot be predicted simply by adding the 
wear rate in absence of corrosion to the corrosion rate in absence of wear. The reason is that 
corrosion and wear do not proceed independently and synergistic effects usually (but not 
always) result in accelerated material degradation (tribocorrosion). In that respect, theoretical 
models have been developed so far with respect to mechanical, chemical, and electrochemical 
factors and their mutual interactions, and which can be tested under well-controlled experi-
mental conditions. In general, modeling has followed either an empirical or a mechanistic 
approach. The empirical approach is based on the independent measurement of material loss 
due to wear and corrosion. These parameters are summed up and compared to the material 
loss due to tribocorrosion. The difference between the two is termed synergy (ΔWsyn). A gen-
eral equation for this approach is of the form [37–39],

  Wtot = Wmec + Wcor + ΔWsyn  (2)

where, Wmec represents the material loss due to wear measured in the absence of corrosion, 
and Wcor is the material loss due to corrosion only without any influence of mechanical wear.

Although, the empirical approach is technically feasible which allows for the ranking and the 
performance of materials based on their resistance to tribocorrosion in engineering systems, it 
is still time-consuming, quite economically not justifiable in the long-term, and furthermore, 
it integrates a synergy term, which has no physical meaning.

The advantage of a mechanistic approach is that it leads for a better understanding of the 
physical processes involved in tribocorrosion by incorporating the notion of synergism into 
the mechanical and electrochemical terms. Many factors can be responsible for the mutual 
dependence of mechanical and chemical material removal in a tribocorrosion system. For 
example, local abrasion of the passive film can lead to wear accelerated corrosion due to rapid 
dissolution of the locally depassivated metal surface, followed by repassivation [40]. The 
abrasive action of hard oxide particles formed by corrosion can accelerate the mechanical 
metal removal by wear [41]. The plastic deformation of the surface layer of a rubbing metal 
can lead to a transfer of material to the opposite body resulting in a reduction of the corrosive 
wear rate [42].

Therefore, it is important to distinguish material loss due to chemical or electrochemical 
oxidation (i.e., wear accelerated corrosion) from material removed due to mechanical wear 
(i.e., mechanical material removal from the sliding contact). The former arises from the fact 
that an asperity sliding on a material surface produces a fresh wear track zone of clean bare 
material (i.e. metal), which is usually more susceptible to corrosion than the same surface 
subjected to free corrosion under no mechanical plastic contact or sliding conditions. The 
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effect of repeated sliding may cause the removal of metal particles by asperities burrowing 
beneath the surface [12, 42, 43].

Therefore, the overall wear volume due to tribocorrosion, Wtot, can be defined as follow:

   W  tot   =  W  che (wac)    +  W  mec    (3)

where, Wche(wac) is the electrochemical contribution to wear; it is termed wear accelerated cor-
rosion and it reflects the material loss due to corrosion in the presence of wear. Wmec is the 
mechanical wear, and it reveals the material loss due to wear in the presence of corrosion, 
and which can be related to processes as that for the formation-ejection of oxide debris, oxide 
layers or any corrosion products, and plastically detached metal.

Wtot can be determined by measuring the volume of the wear scar post-experiment using, for 
instance, a laser non-contact profilometry or by on-line measurement of the rate of moving 
down of the counter-body (e.g., a pin) on the surface wear track during sliding. The latter 
method has the advantage of recording an instantaneous wear rate, but it would only be 
applicable if no significant amount of solid reaction products (such as third body particles) 
accumulate in the contact zone during the tribocorrosion experiment. Under potentiostatic 
control, the electrochemical term (Wche(wac)) can barely be related to the anodic corrosion cur-
rent (Ia,tribocor) measured under mechanical sliding wear (occasionally by subtracting the back-
ground current) using Faraday’s law. The amount of anodically oxidized metal under such 
conditions is calculated as follows [12]:

   W  che (wac)    =   
M . q
 _____ ρ . z . F    (4)

where, Wche(wac) is the volume of the metal transformed by anodic oxidation in a triboelec-
trochemical test.  q (t)  = ∫  I  

a,tribocor
   . dt , is the electric charge generated during that transformation 

process, which is obtained by integrating the measured current Ia,tribocor over the time of the 
triboelectrochemical experiment, M is the atomic mass of the metal, z is the valence for oxida-
tion reaction, F is the Faraday constant (96,480 C/mol) and ρ is the density of the metal.

This equation is credible and independent of whether the anodic oxidation leads to the forma-
tion of dissolved metal ions or solid reaction products, such as oxide films.

It is worthwhile to note that few assumptions must be met in order for the Eq. (4) to be used 
[12, 40], namely:

• The measured current must be equal to the anodic partial current for metal oxidation, 
which means that cathodic partial currents due to the reaction of oxidizing agents must be 
negligible. This can be performed by anodic polarization into the passive potential region.

• The charge number z for the oxidation reaction must be known [12, 40, 42].

The mechanical wear (Wmec) is taken as the difference between the total wear volume Wtot and 
the chemical wear volume Wche(wac) determined from the electric charge.
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3.4. The causality of wear-corrosion synergism

The synergy between wear and corrosion has recently attracted increasing attention to improve 
materials used in systems where tribocorrosion plays a role. However, wear-corrosion synergy 
still seems to be a developing topic of discussion as no convincing expression is available yet.

A positive or a negative (antagonism) synergistic effect can occur in most cases where surface 
interactions interfere with tribocorrosion phenomena. It intervenes especially (in a positive 
way) by increasing the wear (volume) when the mechanical process affects the electrochemi-
cal process and vice versa. In these situations, the total wear (volume loss) will be very different 
and greater than the sum of the mechanical wear in the absence of corrosive environment and 
the loss of material by corrosion in the absence of any mechanical stress. A negative effect of 
synergy, however, will occur when the total wear is less than the sum of the two protagonists 
taken individually and independently, namely wear and corrosion.

Madsen et al. [37, 38] critically reviewed the measurement of wear-corrosion synergism, and 
proposed a group of penetration rate equations to quantify the wear and corrosion processes 
and the wear-corrosion synergism. Their results showed that the wear-corrosion synergism is of 
great extent for alloys, such as AISI 316 stainless steels, which depends on the formation of a film 
of passive layers for their corrosion resistance, sometimes only a few atom layers thick, resulting 
from an interaction between the material and the surrounding environment [37, 38]. On the con-
trary, the synergism was limited for alloys, such as low alloy steels (e.g. amorphous steels), which 
do not depend on the presence of a passive film for their resistance to a corrosive environment. 
The causality of this synergistic effect has been explained in part for some passive materials. The 
presence on their surface of passivation layers and the ability of their surface, even in a deformed 
or partially damaged state, due to the sliding contact by the counter-body or a third-body, to 
be rehabilitated (by forming reaction layers with a thickness of a few nm, such as oxides, solid 
precipitates, adsorbed layers or passive surface films) is at the origin of the increment of that 
synergy. Dense oxide layers, precipitates, or passive films may play a protective role in isolating 
the underlying metal from a direct contact with the surrounding corrosive environment, thereby 
protecting the metal from a corrosion increment, but not necessarily their mechanical wear. In 
particular, one of the possible explanations could be related to the mechanical or chemical shear 
strength of these formed layers. This can likely be one of the causes of the incremental or decline 
effect of the wear-corrosion synergism of passivating metals. This is mainly true in the case of 
stainless steels and other alloys containing chromium. Their passive surface film formed in the 
ambient air or in contact with an aqueous solution has a thickness of a few nanometers but gives 
them a high resistance to corrosion. The sliding of a hard counterbody material on such a surface 
is likely to damage that passive film what is known as a “depassivation” process by which the 
bare material is exposed to the corrosive environment [8, 10, 13, 32, 44]. Various but essentially 
electrochemical processes can then compete on these bare surfaces [8, 10, 13, 32, 44], namely:

• The dissolution of the metal in the corrosive medium;

• The formation of a new compound that may contribute to the breakdown process;

• And the restoration of the protective film known as “repassivation” process.
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Most amorphous alloys, such as bulk metallic glasses (BMGs), usually do not depend on the 
presence of a protective surface film to exert a corrosion resistance. Therefore they can be 
expected to claim showing a negative synergistic effect, hence their opportunity to be selected 
as potential candidates over other passive alloys (such as stainless steels) in systems where 
tribocorrosion plays a role.

Celis et al. [10, 13] identified five mechanisms in tribocorrosion, which could explain the 
synergism noticed between mechanical and chemical factors acting on contacting materials, 
mainly:

1. The debris can speed up or reduce wear compared to what happens in the same environ-
ment where debris does not exist like e.g., in sliding contacts polarized at a large cathodic 
potential;

2. A galvanic coupling is established between the worn (active) and unworn areas (passive). 
It accelerates the anodic dissolution in the area where the metal is depassivated;

3. A galvanic coupling may be established between the two contacting counterparts;

4. An accumulation of dissolved species may take place in the liquid surrounding the con-
tact. This may render the medium chemically or electrochemically more aggressive;

5. The mechanical loading in the contact area and its nearby zone may cause a work harden-
ing of the materials. This work hardening can alter the kinetics of corrosion and/or repas-
sivation processes.

3.5. Passivity breakdown

Most of engineering and biomedical metals and alloys oxidize and frequently passivate 
“spontaneously” in contact with the ambient air, and with suitable aqueous media to form 
“natural” thin passive surface oxide films. Alternatively, alloying is also considered to be, 
inter alia, the most extensively used method for enhancing the passivity of base metals [45]. 
Passive films that growth on most surface alloys are found to be of two types: discontinuous, 
and continuous [46]. Discontinuous films are porous and are formed at the metal/solution 
interface from the reaction of metal cations with species in solution. They have a thickness of 
up to 1 mm and are less protective. Continuous films, on the other hand, are tenacious and 
thin (nm’s to μm’s thickness range). They have high resistances (≥106 ohm.cm−2) and support 
a high electrical field. They are called barrier protective layers, which serve to prevent current 
flow, and corrosion (i.e., dissolution). Commonly, the passive film on most metals and alloys 
consist both continuous, and discontinuous layers, with discontinuous film forming the outer 
layer, and the continuous film forming the inner barrier protective layer. A typical example 
of a bi-layer passive film formed on Fe-based amorphous alloy and interacting with anions 
adsorption in various aqueous solutions [47] is depicted in Figure 4.

The approach that links the improved resistance of amorphous alloys to their ability to 
promote amorphous passive oxide formation is well accepted by the scientific community. 
In high-temperature gas working conditions, vitreous or amorphous oxides offer improved 
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3.4. The causality of wear-corrosion synergism

The synergy between wear and corrosion has recently attracted increasing attention to improve 
materials used in systems where tribocorrosion plays a role. However, wear-corrosion synergy 
still seems to be a developing topic of discussion as no convincing expression is available yet.

A positive or a negative (antagonism) synergistic effect can occur in most cases where surface 
interactions interfere with tribocorrosion phenomena. It intervenes especially (in a positive 
way) by increasing the wear (volume) when the mechanical process affects the electrochemi-
cal process and vice versa. In these situations, the total wear (volume loss) will be very different 
and greater than the sum of the mechanical wear in the absence of corrosive environment and 
the loss of material by corrosion in the absence of any mechanical stress. A negative effect of 
synergy, however, will occur when the total wear is less than the sum of the two protagonists 
taken individually and independently, namely wear and corrosion.

Madsen et al. [37, 38] critically reviewed the measurement of wear-corrosion synergism, and 
proposed a group of penetration rate equations to quantify the wear and corrosion processes 
and the wear-corrosion synergism. Their results showed that the wear-corrosion synergism is of 
great extent for alloys, such as AISI 316 stainless steels, which depends on the formation of a film 
of passive layers for their corrosion resistance, sometimes only a few atom layers thick, resulting 
from an interaction between the material and the surrounding environment [37, 38]. On the con-
trary, the synergism was limited for alloys, such as low alloy steels (e.g. amorphous steels), which 
do not depend on the presence of a passive film for their resistance to a corrosive environment. 
The causality of this synergistic effect has been explained in part for some passive materials. The 
presence on their surface of passivation layers and the ability of their surface, even in a deformed 
or partially damaged state, due to the sliding contact by the counter-body or a third-body, to 
be rehabilitated (by forming reaction layers with a thickness of a few nm, such as oxides, solid 
precipitates, adsorbed layers or passive surface films) is at the origin of the increment of that 
synergy. Dense oxide layers, precipitates, or passive films may play a protective role in isolating 
the underlying metal from a direct contact with the surrounding corrosive environment, thereby 
protecting the metal from a corrosion increment, but not necessarily their mechanical wear. In 
particular, one of the possible explanations could be related to the mechanical or chemical shear 
strength of these formed layers. This can likely be one of the causes of the incremental or decline 
effect of the wear-corrosion synergism of passivating metals. This is mainly true in the case of 
stainless steels and other alloys containing chromium. Their passive surface film formed in the 
ambient air or in contact with an aqueous solution has a thickness of a few nanometers but gives 
them a high resistance to corrosion. The sliding of a hard counterbody material on such a surface 
is likely to damage that passive film what is known as a “depassivation” process by which the 
bare material is exposed to the corrosive environment [8, 10, 13, 32, 44]. Various but essentially 
electrochemical processes can then compete on these bare surfaces [8, 10, 13, 32, 44], namely:

• The dissolution of the metal in the corrosive medium;

• The formation of a new compound that may contribute to the breakdown process;

• And the restoration of the protective film known as “repassivation” process.
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Most amorphous alloys, such as bulk metallic glasses (BMGs), usually do not depend on the 
presence of a protective surface film to exert a corrosion resistance. Therefore they can be 
expected to claim showing a negative synergistic effect, hence their opportunity to be selected 
as potential candidates over other passive alloys (such as stainless steels) in systems where 
tribocorrosion plays a role.

Celis et al. [10, 13] identified five mechanisms in tribocorrosion, which could explain the 
synergism noticed between mechanical and chemical factors acting on contacting materials, 
mainly:

1. The debris can speed up or reduce wear compared to what happens in the same environ-
ment where debris does not exist like e.g., in sliding contacts polarized at a large cathodic 
potential;

2. A galvanic coupling is established between the worn (active) and unworn areas (passive). 
It accelerates the anodic dissolution in the area where the metal is depassivated;

3. A galvanic coupling may be established between the two contacting counterparts;

4. An accumulation of dissolved species may take place in the liquid surrounding the con-
tact. This may render the medium chemically or electrochemically more aggressive;

5. The mechanical loading in the contact area and its nearby zone may cause a work harden-
ing of the materials. This work hardening can alter the kinetics of corrosion and/or repas-
sivation processes.

3.5. Passivity breakdown

Most of engineering and biomedical metals and alloys oxidize and frequently passivate 
“spontaneously” in contact with the ambient air, and with suitable aqueous media to form 
“natural” thin passive surface oxide films. Alternatively, alloying is also considered to be, 
inter alia, the most extensively used method for enhancing the passivity of base metals [45]. 
Passive films that growth on most surface alloys are found to be of two types: discontinuous, 
and continuous [46]. Discontinuous films are porous and are formed at the metal/solution 
interface from the reaction of metal cations with species in solution. They have a thickness of 
up to 1 mm and are less protective. Continuous films, on the other hand, are tenacious and 
thin (nm’s to μm’s thickness range). They have high resistances (≥106 ohm.cm−2) and support 
a high electrical field. They are called barrier protective layers, which serve to prevent current 
flow, and corrosion (i.e., dissolution). Commonly, the passive film on most metals and alloys 
consist both continuous, and discontinuous layers, with discontinuous film forming the outer 
layer, and the continuous film forming the inner barrier protective layer. A typical example 
of a bi-layer passive film formed on Fe-based amorphous alloy and interacting with anions 
adsorption in various aqueous solutions [47] is depicted in Figure 4.

The approach that links the improved resistance of amorphous alloys to their ability to 
promote amorphous passive oxide formation is well accepted by the scientific community. 
In high-temperature gas working conditions, vitreous or amorphous oxides offer improved 
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oxidation resistance due to the absence of oxide grain boundaries, which provide a rapid 
diffusion path for concentration gradient-driven ion movement [46]. In aqueous solutions, 
ion transport is mostly driven by the electric field across the oxide film. The lack of oxide 
grain boundaries may lower ion migration rates, rendering the passive film more protective 
[46, 48].

It is worthwhile to mention that if the passive films on metals, like iron, nickel, and chromium, 
remained intact, then the corrosion current flowing across the interface under most industrial 
conditions would be of the order of 0.01–1.0 μA.cm−2, corresponding to corrosion rates of 
approximately 0.15–15 μm per year [49]. For most practical situations, metal loss rates of this 
order are of no concern, so that our automobiles, bridges, aeroplanes, and industrial systems 
would last for periods extending well beyond the current design lifetime. Unfortunately, pas-
sive films do not remain intact, and corrosion rates of many orders of magnitude greater than 
those indicated above for fully passive substrates are commonly observed, particularly if the 
attack occurs locally.

Passivity breakdown can occur for a variety of reasons, including mechanical straining of 
the substrate metallic alloy, the frictional dissipated energy in tribological contacts required 
for micro-cracking, the presence of thermal stresses within the oxide due to differences in 
thermal expansivity, compressive stresses in the oxide growth (Pilling–Bedworth ratio), 
fluid flow and cavitation, transpassivity polarization, and chemically-induced phenomena. 
In particular, the rapid transport and accumulation of cation vacancies at the oxide/metal 

Figure 4. Schematic diagrams of anions adsorption and characteristics of passive films (bi-layer structure) formed on 
Fe-based amorphous alloy in (a) sulfate and (b) chloride solutions. (reproduced from Wang et al. [47] with permission 
from Elsevier Science).

Metallic Glasses - Properties and Processing92

glass interface is one theory accounting for oxide breakdown [50]. Moreover, vitreous oxides 
on amorphous alloys perform well due to the enhanced bond flexibility, because the vit-
reous or amorphous material can rearrange to accommodate lattice mismatch and strain 
between the oxide and the metal [48, 51]. As a result of this flexibility, almost all surface 
atoms can bond with oxygen or OH without requiring an optimal epitaxial relationship 
between the ordered metal substrate and oxide. Intolerable changes in oxide/metal misfit 
strain with halide incorporation is another theory accounting for the rupture of protective 
oxide films on metals [52].

In the case of crystalline alloys, such as the highly passivated stainless steels, it should be 
noted that the improved corrosion resistance associated with the addition of 18% Cr to 
crystalline iron is attributed, in part, to a change in the protective oxide structure from a 
well-oriented spinel structure at 0–12% Cr to a non-crystalline structure at 18% Cr [48]. This 
disordering has been demonstrated by low-energy electron diffraction [53] and scanning tun-
neling microscopy [54]. A retardation in ionic transport may occur, because non-crystalline 
films have fewer defects or grain boundaries to enhance ionic movement. In summary, desir-
able amorphous oxide/amorphous alloy properties include defect minimization, film ductil-
ity, bond flexibility, and efficient, rapid film repassivation, which all contribute to improved 
corrosion resistance [48, 51].

4. Consensus on the need of materials for triboelectrochemistry 
systems

The development of tribocorrosion resistance requirements has resulted in the development 
of a much larger number of materials that did not exist before, especially metallic alloys. In 
turn, such a development of materials has multiplied case studies, and increased the number 
and the diversity of corrosion-wear problems. Accordingly, the resolution and the nature of 
corrosion-wear problems are intimately related to the choice of materials. This does not mean 
that the tribocorrosion resistance is necessarily the determining parameter in the choice of 
a given material. Such a choice must, in fact, make it possible to fulfill at best one or more 
technological functions, and it is quite obvious that, under such conditions, the mechanical 
properties of the materials, their properties of implementation, their price or their availability 
are in many cases, parameters are just as decisive in the choice as their only resistance to 
tribocorrosion.

5. Evolution of the solutions to triboelectrochemical problems

The choice of metals and their alloys seems to be more relevant for designing materials over 
plastics, foams, polymers, and natural materials if the intended application requires a limiting 
risk factor of deformation and flexibility, hence interest on their application to load-bearing 
structures. Alternatively, the development of novel metallic-glass-matrix composite materials 
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oxidation resistance due to the absence of oxide grain boundaries, which provide a rapid 
diffusion path for concentration gradient-driven ion movement [46]. In aqueous solutions, 
ion transport is mostly driven by the electric field across the oxide film. The lack of oxide 
grain boundaries may lower ion migration rates, rendering the passive film more protective 
[46, 48].

It is worthwhile to mention that if the passive films on metals, like iron, nickel, and chromium, 
remained intact, then the corrosion current flowing across the interface under most industrial 
conditions would be of the order of 0.01–1.0 μA.cm−2, corresponding to corrosion rates of 
approximately 0.15–15 μm per year [49]. For most practical situations, metal loss rates of this 
order are of no concern, so that our automobiles, bridges, aeroplanes, and industrial systems 
would last for periods extending well beyond the current design lifetime. Unfortunately, pas-
sive films do not remain intact, and corrosion rates of many orders of magnitude greater than 
those indicated above for fully passive substrates are commonly observed, particularly if the 
attack occurs locally.

Passivity breakdown can occur for a variety of reasons, including mechanical straining of 
the substrate metallic alloy, the frictional dissipated energy in tribological contacts required 
for micro-cracking, the presence of thermal stresses within the oxide due to differences in 
thermal expansivity, compressive stresses in the oxide growth (Pilling–Bedworth ratio), 
fluid flow and cavitation, transpassivity polarization, and chemically-induced phenomena. 
In particular, the rapid transport and accumulation of cation vacancies at the oxide/metal 

Figure 4. Schematic diagrams of anions adsorption and characteristics of passive films (bi-layer structure) formed on 
Fe-based amorphous alloy in (a) sulfate and (b) chloride solutions. (reproduced from Wang et al. [47] with permission 
from Elsevier Science).

Metallic Glasses - Properties and Processing92

glass interface is one theory accounting for oxide breakdown [50]. Moreover, vitreous oxides 
on amorphous alloys perform well due to the enhanced bond flexibility, because the vit-
reous or amorphous material can rearrange to accommodate lattice mismatch and strain 
between the oxide and the metal [48, 51]. As a result of this flexibility, almost all surface 
atoms can bond with oxygen or OH without requiring an optimal epitaxial relationship 
between the ordered metal substrate and oxide. Intolerable changes in oxide/metal misfit 
strain with halide incorporation is another theory accounting for the rupture of protective 
oxide films on metals [52].

In the case of crystalline alloys, such as the highly passivated stainless steels, it should be 
noted that the improved corrosion resistance associated with the addition of 18% Cr to 
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has open up the opportunity for alloy design and innovations in new bulk metallic glass 
(BMG) materials to withstand deformation and flexibility that cannot be achieved by tradi-
tional metals, or casual BMGs making them attractive for various tribological systems (e.g., 
journal bearings), and mechanical engineering applications.

The ultimate resolution combining selection and material design is a consensus between eco-
nomical parameters and technical qualification. Generally, this requires three essential steps, 
namely:

1. Identification of the requirements (e.g., design considerations);

2. The choice of materials assigned for the function of interest, including, inter alia, mechani-
cal and chemical risk factors;

3. The election of the least expensive material.

This third step in the choice of a material emphasizes the problem of economic compromise. 
It is thus brought to compare investment costs (resistant but expensive material) and operat-
ing costs (costs of failures, replacements, and stops they may cause). The relative weight of 
these two types of cost has slowly changed. The current trend is often to prefer high but 
predictable investment costs and to minimize operating costs when these are too difficult to 
predict. In addition, in a competitive economy, short-term cash optimization is increasingly 
being replaced by optimizing long-term profitability. In turn, this may well favor investment, 
especially in metallic glass alloys whose resistance to mechanical and chemical constraints 
(i.e., to tribocorrosion) is optimal.

In what follows, we will particularly focus on the second step above, namely the behavioral 
of BMG materials with regard to their wear and corrosion testing, and in particular to their 
mutual coupling effect (tribocorrosion).

6. Towards the needs in tribological and electrochemical testing to 
meet the requirements of effective usage of metallic glass materials

Actually, despite the cost for developing new BMGs of desirable types and compositions, 
the examination of their appealing properties remains a persistent issue. Although, wear and 
corrosion are an important topic, they have never received the attention they deserve. Many 
tribological and electrochemical aspects of BMGs have not been characterized yet or are not 
well assumed, and the actual deformation and failure mechanisms are not fully understood. 
Albeit, localized corrosion, fatigue, wear, and fracture all have been reported in almost every 
BMG corrosion or mechanical study published to date (see next chapter). Though, theoreti-
cally speaking, this fact is unexpected for an ideally homogeneous material. Therefore, an 
overview of the material-oriented approach to resist the mutual and opposite interactions 
between the main actors of tribocorrosion involving both mechanical (friction, wear), and 
electrochemical (corrosion) phenomena is given below.

Metallic Glasses - Properties and Processing94

7. Material properties, which influence surface interactions in a 
triboelectrochemical contact

Fundamentally, tribocorrosion depends on the dominating deterioration mechanism of inter-
acting surfaces in chemical environment and under relative motion conditions [10, 55]: viz. 
wear, corrosion, and their mutual interaction (synergism).

Modern research has established a consensus on four main forms of wear, namely, chemical 
wear (i.e., corrosion and corrosive wear), adhesive wear, abrasive wear or surface fatigue 
wear [56]. Each process of wear obeys its own laws and, to confuse things, repeatedly one of 
the modes of wear acts in such a way as to affect the others, hence of the complexity of wear. 
Typically, there is a combination of wear mechanisms in a mechanochemical dynamic con-
tact. In that respect, the classification of wear mechanisms remains a matter of debate among 
the scientific community of researchers and authors. Albeit, the terminology used by Burwell 
in 1957 [56] to describe wear is simple and rational, that of seeking out the primary cause of 
each form of wear. To avoid any further issue regarding the nomenclature in this field study, 
all wear mechanisms should be referenced to the ASM standards [57, 58].

Other forms of wear can be found in the literature depending upon the contact configura-
tion (e.g. unidirectional and reciprocal sliding and/or rolling, rolling with slip, etc.). Wear in 
these contact geometries is reported to as erosion wear, fretting wear, sliding or rolling wear, 
impact or slurry wear, etc. This is one of the approaches that judges wear by the consequences 
of the conditions of a tribological contact vis-a-vis its environment (e.g., reactivity of tribosur-
faces with the environment, the contact system configuration, etc.). Such wear descriptions 
are all-technical and do not represent wear mechanisms in a scientific manner.

According to the recent critical review on the quantification of wear made by Meng and 
Ludema [55], several models have been proposed to explain various phenomena of wear. 
The authors have clearly enumerated 182 equations with 625 variables for explaining wear 
processes. This clearly shows that wear is not a material property, but rather a material sys-
tem response. Wear can change drastically even as a result of a relatively small change in 
dynamical, environmental or material parameters forming the tribosystem. Indeed, wear 
rates change promptly (10−15 up to 10−1 mm3.N−1.m−1) depending upon the conditions in which 
the materials are exposed to (tribological system, corrosive medium, loading contact param-
eters, etc.) and the choice of these materials [26, 59–61]. The combination of these two main 
factors, namely the operating conditions and the choice of materials, are the primary keys for 
monitoring the wear of materials (modes and rates) exposed to normal working conditions. 
Optimal solutions have been recommended as a means of meeting these requirements, are the 
wear maps that predict both modes and rates of wear of materials [8, 62]. A wear map or chart 
can be considered as one of the best descriptions of tribological/tribocorrosion conditions and 
as useful strategy in the design of mechanical systems (tribosystems) and for the selection of 
materials to be used in a wide range of operating conditions.

The wear volume loss measured during or after the end of an operating tribological test pro-
vides useful information in characterizing wear. Generally, there are three typical types of 
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wear volume curves as shown in Figure 5. Type I shows a constant rate of wear throughout 
the process (likely one ideally mechanism monitoring wear). Type II shows the transition 
from an initially high wear rate to a steady-state low wear rate. This type of wear behavior 
is often observed in metals and metallic alloys [63]. Type III shows a fatal transition taking 
place from an initial low wear rate up to a high wear rate (e.g. fatigue wear by fracture mode). 
This is frequently encountered when using ceramic materials [64]. The total number of slid-
ing contacts, before any catastrophic wear can occur, reflects the period for which the crack 
initiation takes place, and this latter depends on a number of material and system parameters, 
mainly surface roughness, material properties, and sliding conditions.

When considering the tribocontact system as a whole, including the entire design configura-
tion and components, and specific for a given application either in laboratory or in the field, 
it is not possible to increase the strength of the solid material vis-a-vis one of the wear mecha-
nisms in general. Nevertheless, the selection of suitable materials should always be estab-
lished based on a more knowledge and a better understanding of the conditions in which the 
solid material is subjected to (e.g., surface interactions in aggressive medium, and loadings).

In the following sections, an overview of the desired material properties and trends towards 
how wear and corrosion resistance can be achieved is given.

7.1. Materials oriented approach to act in opposition to corrosion and corrosive wear

7.1.1. Corrosion

Corrosion may be defined as “…an irreversible reaction of a material with the environment, 
which usually (but not always) results in a degradation of the material or its properties…” 

Figure 5. Three typical wear curves in repeated sliding contacts.
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Therefore, there are several aspects of corrosion: the material, the environment, and the mate-
rial properties. Considerable information is available in textbooks [9, 45, 65]. This general 
definition of corrosion includes the physicochemical (oxidation/reduction) reaction processes 
taking place at the surface of widely varying material classes (metallic, ceramic and organic), 
such as localized corrosion cells in some Fe-based metallic glass ribbons used in waste water 
treatment, the degradation of dental amalgams or metallic restorations by galvanic corro-
sion, polymers by ultraviolet radiation, and the chemical attack of refractory bricks during 
steel-making.

The severity of a corrosive medium depends on a variety of parameters. Nevertheless, the follow-
ing four main parameters can generally be selected, namely the pH of the medium, the presence 
of chlorides (and other alkyl halides), the oxidizing power, and the temperature. The corrosion 
resistance properties can then be characterized directly by the limits of use of the materials, which 
can be expressed, for example, in terms of maximum temperature in-service or maximum con-
centration of use. In real service and under normal conditions, the understanding and control of 
corrosion are based on the electrochemical interpretation of corrosion phenomena and the con-
sideration of the relative ranking scales of materials in order to select, by successive approaches, 
the materials best suited to each application of interest.

Since these materials may interact in a complex way with the environment that they are used 
for, the assessment of the reactivity of their surfaces with respect to their environment, and 
the evolution of that reactivity with time greatly accounts for their corrosion performance. 
Usually, certain metallic materials gain their resistance from the formation of a thin, yet dense 
and adhesive oxide layer, which protects the underlying substrate from further oxidation (a 
passive layer). Thus, the potential at which this layer is growth and the rate at which it is built 
(passivity) and rebuilt after being mechanically or chemically damaged (repassivation) are 
decisive for its corrosion resistance.

On a theoretical level, passivity concerns, a priori, most metals (and alloys). However, 
only a small number of those metals actually allows a systematic usage of this property. 
Conversely, some metals resist to corrosion without any appealing to passivity. Some 
of them are chemically inert, or not very reactive; this is the case for example for noble 
metals, such as gold, platinum and iridium, which are not prone to oxidation due to their 
high standard electrode potential, and are hardly used in technical applications because of 
their excessive price and often poor mechanical properties, or even copper and nickel in 
non-oxidizing acids. Other metals are roughly covered with a protective layer of corrosion 
products; this is the case of steels exposed to atmospheric weather, copper alloys in natural 
waters, lead in sulfuric acid, or even, occasionally, the most ordinary steel in the presence 
of acidic gas medium, CO2, or H2S.

In total, metals and engineering alloys, including metallic glasses, actually used for their pas-
sivity are limited to Fe, Co, Nb, and Ta, stainless steels, alloys of Al, of Ni, of Ti, and of Zr, etc. 
It should be noted that some metals are less passivable than others are; especially this is the 
case of Fe, and Co, which do not reveal any sufficient passivation or oxidation. Not all oxide 
layers that form on metals are protective. If the oxide does not form a continuous layer on the 
surface of the metal, it will not be able to reduce the amount of oxygen reaching the metal 
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surface, and thereby increasing the brittleness of the layer leading to further corrosion (cfr. 
Section 3.5).

7.1.2. Corrosive wear

A more obvious mechanism of triboelectrochemistry is the periodic exposure of fresh bare 
surfaces when sliding friction between surfaces occurs in corrosive liquids or gases. This 
results in reaction products mainly driven by chemical and electrochemical interactions. The 
surfaces of the materials are quickly covered by a scale of the reaction product, the oxide in 
the case of metals and metallic alloys, acting as a protective barrier layer. The thinner the 
scale, the faster the reaction, and the weaker the protectiveness.

In the case where these reaction products strongly adhere to the surface and behave as the 
bulk material, the wear mechanism should be almost the same as that of the bulk material. 
Otherwise, as observed in many cases in practice, the reaction products behave rather dif-
ferently compared to that of the bulk material. The resulting wear is therefore very different 
from that of the bulk material, and it is thus controlled by the scales of reaction products (i.e. 
tribochemical reactions). In corrosive media, the tribochemical reaction at the contact interface 
is accelerated by the friction processes (viz. elastoplastic deformation, heating, micro-fracture, 
and successive removal of these scales of reaction products). In the case of metals, friction 
can cause extensive plastic deformation of a subsurface layer in the material; whereas in the 
case of ceramics, microfracture predominantly occurs. These strains lead to structural defects 
(microcracks, grain boundaries, vacancies, dislocations, etc.), thereby accelerating the diffu-
sion of reagents through the protective scale. This results in the acceleration of the chemical 
reactions, which leads to a material removal from the contact interface. The resultant wear 
is called “corrosive wear”. In air, oxygen prevails as a corrosive medium, and tribochemical 
wear of metals in air is usually called “oxidational wear”. More detail about this type of wear 
can be found elsewhere [29]. The material removal rate in corrosive wear is governed by the 
balance between the relative growth rate and the removal rate, which determines the wear 
rate of the reaction layers.

It is worthwhile to note that in the absence of chemical reactions, the sliding surfaces experi-
ence mechanical wear, while in the case of the absence of sliding friction, the surfaces experi-
ence corrosion degradation.

7.2. Materials oriented approach to act in opposition to adhesive wear

Adhesive wear is the most common form of wear that exists when one solid surface mate-
rial is slid over the surface of another (e.g. tribological/tribocorrosion contacts) or is pressed 
against it (e.g. loaded surfaces under bending conditions, fretting mode II, etc.). The removal 
of material takes the form of small particles which are usually transferred to the other surface, 
but which may come off in loose form [27].

In loaded or pressed tools, the tendency of contacting surfaces to adhere arises from the 
attraction forces, which exist, between the surface atoms of the two materials in intimate 
contact. In a presumed elastic contact, elastoplastic deformation of the asperities in contact 
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takes place, which often results in a growth of the real contact area as the load increases [32]. 
This, in turn, leads to increasing the area for which the distribution of bonding and attraction 
forces may occur by forming an interfacial junction area along the contact, thus resulting in a 
strong adherence and promoting surface welding at a solid-state (viz. adhesion). The removal 
of the load breaks off most of the junctions, as a result of elastic spring-back. At this point, the 
chemical, plastic deformation and wear become clear in light of the formation of a series of 
grain-sized microwelds, microcracks, and material transfer.

The presence of adsorbed films containing water and other molecules derived from the air 
serves measurably to reduce the surface interaction of contacting materials. The effect of 
grease films, if present, however, is even more marked, and reduces, often by one or more 
orders of magnitude, the severity of surface interaction, and thus friction too. Clean and 
smooth contacting metallic surfaces are more prone to promote higher attraction than con-
taminated surfaces (e.g., oxides, corrosion products) and thereby increasing both the adhe-
sion and the static frictional strength of interfaces (i.e. a certain minimum tangential force is 
required to produce motion).

Most non-metals essentially have the same chemical composition at the surfaces as they do 
within the interior. A handful of metals and alloys will form surface oxide films in air, how-
ever, and in other environments they are likely to do, for other films (e.g., nitrides, sulfides, 
and chlorides).

Under sliding conditions, the first stage involves the removal of the thin surface film (e.g. 
oxide layer) covering the surface of the material through a mechanical wear process. As the 
oxide layer is degraded after the first few sliding cycles, the distance between the two surfaces 
becomes in the order of the interatomic distance of the metal lattice, and metallic bonds are thus 
established (viz. direct adhesive bonding contact) between the two interacting surfaces (e.g., 
counter-body and underlying bare surfaces), thereby leading the contact surfaces to starting 
adherence by forming “microwelds” or “cold welds”. When the adhesive bonding strength 
resists the relative sliding motion, large plastic deformation caused by dislocation is produced 
in the contact zone under the effect of compression and tangential shearing. The generation of 
slips along slip planes in the contact zone entails the formation of flake-like shear tongues and/
or wedge-like shape, and are followed by a crack initiation and propagation in the combined 
fracture mode of tensile and shear in the contact zone area. Currently, the real actual contact 
area is made up of all areas of asperities welded to the surfaces and upon tangential sliding/
shearing, the crack reached in the contact interface causes a mass separation of the asperities in 
the underlying softer material rather than in the interface, and therefore a wear particle from the 
bulk material is formed and eventually transferred to other surface.

The adhesive wear process is responsible for the initial accumulation of wear debris between 
the contact surfaces. Additional sliding cycles bring near-surface plastic deformation, new 
bonds often prevail and fracture occurs at some distance to the surface, additional wear and 
the potential formation of new oxide [7, 8, 10–13, 16, 32].

Under tribocorrosion conditions, the surface roughness, as well as the oxide film growth or 
chemical corrosion layers adsorbed on top of the surfaces, normally hinder the direct metal 
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surface, and thereby increasing the brittleness of the layer leading to further corrosion (cfr. 
Section 3.5).

7.1.2. Corrosive wear

A more obvious mechanism of triboelectrochemistry is the periodic exposure of fresh bare 
surfaces when sliding friction between surfaces occurs in corrosive liquids or gases. This 
results in reaction products mainly driven by chemical and electrochemical interactions. The 
surfaces of the materials are quickly covered by a scale of the reaction product, the oxide in 
the case of metals and metallic alloys, acting as a protective barrier layer. The thinner the 
scale, the faster the reaction, and the weaker the protectiveness.

In the case where these reaction products strongly adhere to the surface and behave as the 
bulk material, the wear mechanism should be almost the same as that of the bulk material. 
Otherwise, as observed in many cases in practice, the reaction products behave rather dif-
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is accelerated by the friction processes (viz. elastoplastic deformation, heating, micro-fracture, 
and successive removal of these scales of reaction products). In the case of metals, friction 
can cause extensive plastic deformation of a subsurface layer in the material; whereas in the 
case of ceramics, microfracture predominantly occurs. These strains lead to structural defects 
(microcracks, grain boundaries, vacancies, dislocations, etc.), thereby accelerating the diffu-
sion of reagents through the protective scale. This results in the acceleration of the chemical 
reactions, which leads to a material removal from the contact interface. The resultant wear 
is called “corrosive wear”. In air, oxygen prevails as a corrosive medium, and tribochemical 
wear of metals in air is usually called “oxidational wear”. More detail about this type of wear 
can be found elsewhere [29]. The material removal rate in corrosive wear is governed by the 
balance between the relative growth rate and the removal rate, which determines the wear 
rate of the reaction layers.

It is worthwhile to note that in the absence of chemical reactions, the sliding surfaces experi-
ence mechanical wear, while in the case of the absence of sliding friction, the surfaces experi-
ence corrosion degradation.

7.2. Materials oriented approach to act in opposition to adhesive wear

Adhesive wear is the most common form of wear that exists when one solid surface mate-
rial is slid over the surface of another (e.g. tribological/tribocorrosion contacts) or is pressed 
against it (e.g. loaded surfaces under bending conditions, fretting mode II, etc.). The removal 
of material takes the form of small particles which are usually transferred to the other surface, 
but which may come off in loose form [27].

In loaded or pressed tools, the tendency of contacting surfaces to adhere arises from the 
attraction forces, which exist, between the surface atoms of the two materials in intimate 
contact. In a presumed elastic contact, elastoplastic deformation of the asperities in contact 
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takes place, which often results in a growth of the real contact area as the load increases [32]. 
This, in turn, leads to increasing the area for which the distribution of bonding and attraction 
forces may occur by forming an interfacial junction area along the contact, thus resulting in a 
strong adherence and promoting surface welding at a solid-state (viz. adhesion). The removal 
of the load breaks off most of the junctions, as a result of elastic spring-back. At this point, the 
chemical, plastic deformation and wear become clear in light of the formation of a series of 
grain-sized microwelds, microcracks, and material transfer.

The presence of adsorbed films containing water and other molecules derived from the air 
serves measurably to reduce the surface interaction of contacting materials. The effect of 
grease films, if present, however, is even more marked, and reduces, often by one or more 
orders of magnitude, the severity of surface interaction, and thus friction too. Clean and 
smooth contacting metallic surfaces are more prone to promote higher attraction than con-
taminated surfaces (e.g., oxides, corrosion products) and thereby increasing both the adhe-
sion and the static frictional strength of interfaces (i.e. a certain minimum tangential force is 
required to produce motion).

Most non-metals essentially have the same chemical composition at the surfaces as they do 
within the interior. A handful of metals and alloys will form surface oxide films in air, how-
ever, and in other environments they are likely to do, for other films (e.g., nitrides, sulfides, 
and chlorides).

Under sliding conditions, the first stage involves the removal of the thin surface film (e.g. 
oxide layer) covering the surface of the material through a mechanical wear process. As the 
oxide layer is degraded after the first few sliding cycles, the distance between the two surfaces 
becomes in the order of the interatomic distance of the metal lattice, and metallic bonds are thus 
established (viz. direct adhesive bonding contact) between the two interacting surfaces (e.g., 
counter-body and underlying bare surfaces), thereby leading the contact surfaces to starting 
adherence by forming “microwelds” or “cold welds”. When the adhesive bonding strength 
resists the relative sliding motion, large plastic deformation caused by dislocation is produced 
in the contact zone under the effect of compression and tangential shearing. The generation of 
slips along slip planes in the contact zone entails the formation of flake-like shear tongues and/
or wedge-like shape, and are followed by a crack initiation and propagation in the combined 
fracture mode of tensile and shear in the contact zone area. Currently, the real actual contact 
area is made up of all areas of asperities welded to the surfaces and upon tangential sliding/
shearing, the crack reached in the contact interface causes a mass separation of the asperities in 
the underlying softer material rather than in the interface, and therefore a wear particle from the 
bulk material is formed and eventually transferred to other surface.

The adhesive wear process is responsible for the initial accumulation of wear debris between 
the contact surfaces. Additional sliding cycles bring near-surface plastic deformation, new 
bonds often prevail and fracture occurs at some distance to the surface, additional wear and 
the potential formation of new oxide [7, 8, 10–13, 16, 32].

Under tribocorrosion conditions, the surface roughness, as well as the oxide film growth or 
chemical corrosion layers adsorbed on top of the surfaces, normally hinder the direct metal 
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contact. However, the plastic deformation of the surface can result in the flattening of the 
roughness as well as the cleavage of the oxide layers. Preventing plastic deformation or solid-
state attraction is therefore a feasible concept to avoid adhesive wear.

The role of the environment on the adhesive wear is of a great importance in tribological 
contacts. Under dry friction conditions, for example, often part of the energy is dissipated 
in the form of thermal heat, which boosts the surface reactivity and results in an increase of 
the temperature of the interacting surfaces. This, in turn, affects both the oxidation and the 
friction of the two surfaces in contact and entails material transformations (e.g. phase trans-
formation, depletion zone, hardening, welding process, material transfer, etc.). Little part of 
the frictional work is done to overcome surface roughness, but most of the work being done in 
inducing shear displacement of the junction interface as well as the removal of bulk underly-
ing previously welded material.

One of the interesting approaches used to explain the friction behavior of metallic oxides just 
below and above their melting temperature is the polarizability approach, initially introduced 
by Vesselin et al. [66], and later extended by Prakash et al. [67]. Thus, based on that approach, 
the lubricity of a wide variety of solid oxides at high temperature could be explained.

A correlation may exist between the dissipated energy due friction and the wear rate. Often a 
low friction induces a low dissipated energy, which may result in a low wear rate. However, 
this is not a universal law, and there are numerous examples showing high wear rate regard-
less of low friction.

Despite its omnipresence in almost all modes of degradation by sliding wear, adhesive wear 
is not necessarily preventable form of wear, nor is it the most dangerous since adhesive wear 
rates are usually fairly low. The mechanism behind this type of failure wear process is quite 
expected.

In general no equation can fully describe the adhesive wear process but the most widely used 
is the Archard equation (Eq. (1), see Section 3.3).

Adhesive wear can be addressed effectively by deliberate and intelligent choice of materials. 
Solid materials with high hardness or having undergone strain or work hardening (e.g. metals) 
lead to a reduction of plasticity of the surface. Alternatively, metals or alloys with a hexagonal 
or body centered cubic (bcc) crystal lattice are thus preferred to those with a face centered cubic 
(fcc) structure, since these show a high number of slip systems making them very ductile. Solid 
materials with covalent bonds are less prone to adhesion than those with metallic bonding. 
Adhesion, thus, can be effectively reduced by ceramic layers that can be produced by coating 
technologies or surface treatments. Nitriding of steels, for example, can lead to the formation 
of a nitride layer that reduces adhesion. If these layers, however, are damaged or removed by 
superimposed abrasive or cyclic loading, the underlying material become unprotected, and 
may favor adhesion. This often happens during tribological and tribocorrosion processes.

In case of metallic glasses, surface treatment or coating with material composites can be very 
useful to improving their hardness, and thus reducing their plastic deformation. A fine dis-
persion of hard phases into metal glass matrix for instance can effectively reduce adhesion. 
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After mechanical processing, they slightly protrude from the surrounding matrix and impede 
metallic contact.

7.3. Materials oriented approach to act in opposition to abrasion wear

Abrasive wear is defined as wear by displacement of material caused by hard particles or 
hard protuberances, which results in a significant plastic deformation of the softer surface 
material. Actually, this is the form, which occurs when a rough hard surface, or a soft surface 
containing hard particles, slides on a softer surface, and ploughs a series of grooves in it. 
The material from the grooves is displaced in the form of wear particles (debris) generally 
loose ones. When these wear particles are attached to one of the surfaces in contact, the phe-
nomenon is called as two-body abrasion. Otherwise, it is known as three-body abrasion. The 
severity of abrasive wear depends on size and angularity of abrasive wear particles and the 
ratio between hardness of metal and the abrasive particles too [68, 69]. To be effective, either 
the hard particles or the harder surface must be 1.3 times harder than the softer surface mate-
rial undergoing abrasion, which Hutchings [68], and Ludema [69] note is the difference of one 
unit on Mohs scale of mineral hardness.

In a tribocorrosion process, abrasion usually occurs when interlocking of inclined or curved 
asperity contacts at the contact interface takes place or when harder particles are introduced 
into the tribosystem between the interacting solid surfaces at the contact interface (e.g., 
through erosion (abrasive particles) or fretting (trapped in contact), etc.). These sharp and 
hard particles or asperities are then pressed onto the softer surface (usually being the investi-
gated material), causing a plastic flow of the surface. During sliding-corrosion, the softer sur-
face undergoes ploughing, entailing the formation of scratches, and abrasive grooves, which 
leads to a significant material removal (e.g. as volume).

It is likely that diverse modes of action contribute to the mechanisms by which abrasive wear 
occurs and proposed models include micro-cutting, micro-chipping, and micro-fatigue (e.g., 
due to cyclic loading-sliding). Other models have also been emphasized. Hutchings [68] 
quotes three common models for the occurrence of abrasive wear via plastic deformation, 
which can be categorized as cutting, ploughing and wedge-forming.

Note that the contact geometry in a tribological/tribocorrosion system remains, inter alia, a 
parameter either favoring or discouraging the manifestation of abrasion phenomena when a 
hard surface slides on another softer one or remained in intimate contact with it. In fretting 
or unidirectional reciprocating sliding conditions, for example, the use of a sphere-on-flat 
configuration can promote both trapping and ejection of the abrasive particles brought into 
contact between the two slid protagonist surfaces, whereas, in a flat-on-flat contact geometry, 
such abrasive particles may remain regularly trapped in the contact zone, driving various 
possible mechanisms as plastic flow, welding, scratches, grooves, etc. It is therefore recom-
mended that the project designer or engineer consider the incidence that the choice of the 
geometrical contact system may have on the wear of the contacting materials.

The abrasive wear rate is defined in the same way as for the adhesive wear. Indeed, the Archard 
equation (Eq. (1), see Section 3.3), which was originally formulated to model adhesive wear, 
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contact. However, the plastic deformation of the surface can result in the flattening of the 
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contacts. Under dry friction conditions, for example, often part of the energy is dissipated 
in the form of thermal heat, which boosts the surface reactivity and results in an increase of 
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formation, depletion zone, hardening, welding process, material transfer, etc.). Little part of 
the frictional work is done to overcome surface roughness, but most of the work being done in 
inducing shear displacement of the junction interface as well as the removal of bulk underly-
ing previously welded material.

One of the interesting approaches used to explain the friction behavior of metallic oxides just 
below and above their melting temperature is the polarizability approach, initially introduced 
by Vesselin et al. [66], and later extended by Prakash et al. [67]. Thus, based on that approach, 
the lubricity of a wide variety of solid oxides at high temperature could be explained.

A correlation may exist between the dissipated energy due friction and the wear rate. Often a 
low friction induces a low dissipated energy, which may result in a low wear rate. However, 
this is not a universal law, and there are numerous examples showing high wear rate regard-
less of low friction.

Despite its omnipresence in almost all modes of degradation by sliding wear, adhesive wear 
is not necessarily preventable form of wear, nor is it the most dangerous since adhesive wear 
rates are usually fairly low. The mechanism behind this type of failure wear process is quite 
expected.

In general no equation can fully describe the adhesive wear process but the most widely used 
is the Archard equation (Eq. (1), see Section 3.3).

Adhesive wear can be addressed effectively by deliberate and intelligent choice of materials. 
Solid materials with high hardness or having undergone strain or work hardening (e.g. metals) 
lead to a reduction of plasticity of the surface. Alternatively, metals or alloys with a hexagonal 
or body centered cubic (bcc) crystal lattice are thus preferred to those with a face centered cubic 
(fcc) structure, since these show a high number of slip systems making them very ductile. Solid 
materials with covalent bonds are less prone to adhesion than those with metallic bonding. 
Adhesion, thus, can be effectively reduced by ceramic layers that can be produced by coating 
technologies or surface treatments. Nitriding of steels, for example, can lead to the formation 
of a nitride layer that reduces adhesion. If these layers, however, are damaged or removed by 
superimposed abrasive or cyclic loading, the underlying material become unprotected, and 
may favor adhesion. This often happens during tribological and tribocorrosion processes.

In case of metallic glasses, surface treatment or coating with material composites can be very 
useful to improving their hardness, and thus reducing their plastic deformation. A fine dis-
persion of hard phases into metal glass matrix for instance can effectively reduce adhesion. 
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7.3. Materials oriented approach to act in opposition to abrasion wear

Abrasive wear is defined as wear by displacement of material caused by hard particles or 
hard protuberances, which results in a significant plastic deformation of the softer surface 
material. Actually, this is the form, which occurs when a rough hard surface, or a soft surface 
containing hard particles, slides on a softer surface, and ploughs a series of grooves in it. 
The material from the grooves is displaced in the form of wear particles (debris) generally 
loose ones. When these wear particles are attached to one of the surfaces in contact, the phe-
nomenon is called as two-body abrasion. Otherwise, it is known as three-body abrasion. The 
severity of abrasive wear depends on size and angularity of abrasive wear particles and the 
ratio between hardness of metal and the abrasive particles too [68, 69]. To be effective, either 
the hard particles or the harder surface must be 1.3 times harder than the softer surface mate-
rial undergoing abrasion, which Hutchings [68], and Ludema [69] note is the difference of one 
unit on Mohs scale of mineral hardness.

In a tribocorrosion process, abrasion usually occurs when interlocking of inclined or curved 
asperity contacts at the contact interface takes place or when harder particles are introduced 
into the tribosystem between the interacting solid surfaces at the contact interface (e.g., 
through erosion (abrasive particles) or fretting (trapped in contact), etc.). These sharp and 
hard particles or asperities are then pressed onto the softer surface (usually being the investi-
gated material), causing a plastic flow of the surface. During sliding-corrosion, the softer sur-
face undergoes ploughing, entailing the formation of scratches, and abrasive grooves, which 
leads to a significant material removal (e.g. as volume).

It is likely that diverse modes of action contribute to the mechanisms by which abrasive wear 
occurs and proposed models include micro-cutting, micro-chipping, and micro-fatigue (e.g., 
due to cyclic loading-sliding). Other models have also been emphasized. Hutchings [68] 
quotes three common models for the occurrence of abrasive wear via plastic deformation, 
which can be categorized as cutting, ploughing and wedge-forming.

Note that the contact geometry in a tribological/tribocorrosion system remains, inter alia, a 
parameter either favoring or discouraging the manifestation of abrasion phenomena when a 
hard surface slides on another softer one or remained in intimate contact with it. In fretting 
or unidirectional reciprocating sliding conditions, for example, the use of a sphere-on-flat 
configuration can promote both trapping and ejection of the abrasive particles brought into 
contact between the two slid protagonist surfaces, whereas, in a flat-on-flat contact geometry, 
such abrasive particles may remain regularly trapped in the contact zone, driving various 
possible mechanisms as plastic flow, welding, scratches, grooves, etc. It is therefore recom-
mended that the project designer or engineer consider the incidence that the choice of the 
geometrical contact system may have on the wear of the contacting materials.

The abrasive wear rate is defined in the same way as for the adhesive wear. Indeed, the Archard 
equation (Eq. (1), see Section 3.3), which was originally formulated to model adhesive wear, 
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Figure 6. Ashby plot comparing the normalized wear rate ka to the hardness H, here expressed in MPa rather than 
Vickers (H in MPa = 10 Hv). The chart gives an overview of the way in which common engineering materials behave. 
(reproduced from Ashby [71] with permission from Elsevier).

is commonly used for abrasive wear, although this is derived from a completely different set 
of material removal mechanisms. However, the validity of the Archard wear criterion is still 
questioned by the scientific community (see Section 3.3).

According to the Archard equation, a timely way to avoid abrasion is to increase the surface 
hardness of the component [70]. However, it should be pointed out that for a number of 
metallic glass composites and bulk glassy alloys, the wear rate may deviate and even do not 
follow the Archard equation [26]. Only a good combination of the hardness and the toughness 
taken together can allow the metallic glass to be wear resistant. A convenient way of bringing 
out this choice is by a series of figures or charts, in which one parameter of interest is plotted 
against another. The Ashby chart [71] plotted in Figure 6 compares the normalized wear rate 
and the hardness for most of the common engineering materials including metals, technical 
ceramics, and polymers. In that figure, the wear-rate constant, ka (MPa−1) is defined as the ratio 
of the volume of material removed (m3) to the distance slid (m) multiplied by the normal load 
(N). That quantity represents a measure of the propensity of a sliding couple for wear: if ka is 
high this would correspond to a rapid or severe wear at a given bearing pressure.

The wear rate of metals are markedly hardness dependent, however, technical ceramics show 
nearly the lowest wear rate and the largest hardness over metals, polymers, and elastomers. 
Note how certain engineering materials lie roughly on a diagonal (dotted lines). Interestingly, 
the wear rate is strongly correlated to the hardness.
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The hardness of a metal is more likely structure dependent, so that the hardness of an annealed 
metal may be lower than that of a work-hardened metal. The state of a metal in fully work-
hardened condition corresponds to the state, which a metal surface might achieve after repeated 
sliding over it had occurred. Steels, for example, when hardened by quenching may be less 
prone to abrasive wear than soft-annealed. The application of this concept is, however, limited 
especially against mineral abrasives: metallic materials cannot reach the required hardness. 
Ceramics, on the other hand, are sufficiently hard but owing to their lack of toughness (Figure 1, 
see Section 2) and ductility they cannot claim to be eligible candidates as basic materials in many 
specialized fields. In addition, they are prone to micro-cracking during abrasive loading, which 
reduces their wear resistance. To counteract this issue, metallic materials are reinforced with 
hard phases. The tough/hard metallic matrix provides high ductility and strength, while the 
hard phases prevent indentation and grooving of the surface [72]. They are most effective if they 
are harder than the abrasive, and larger than the groove width. The hardness of precipitated-
hard phases is raised by hard phase forming alloying elements. Their size usually decreases 
with the temperature of precipitation, i.e., primary, eutectic and secondary carbides. Tool steels 
and white cast irons belong to this group. Another group comprises metal matrix composites, 
e.g., Al-, Fe- or Co-based with a mixed hard phases, such as carbides (fused tungsten carbide, 
TiC), oxides (Al2O3, ZrO2), cubic boron nitride or diamond. The matrix hardness needs to be 
sufficient to back up the hard phases and to minimize the indentation depth of the abrasive.

7.4. Materials oriented approach to act in opposition to fatigue wear

Fatigue (delamination) wear is defined as, “the removal of particles detached by fatigue aris-
ing from cyclic stress variations”. The delamination or fatigue theory of wear was proposed 
by Suh [73], as an attempt to explain weaknesses in the Archard theory of adhesive wear [26].

Repeated cycles of contact are not necessary in adhesive and abrasive wear for the generation 
of wear particles. There are other cases of wear where a critical number of repeated contacts 
are essential for the generation of wear particles. Wear generated after such contact cycles 
is called “fatigue wear”. When the number of contact cycles is high, the high-cycle fatigue 
mechanism is expected to be the wear mechanism. When it is low, the low-cycle fatigue 
mechanism is expected.

To better guide the choice of materials in the field, where surface interactions interferes with 
fatigue wear, it is necessary to understand the mechanisms and processes that govern the 
wear by contact fatigue with or without sliding. Detailed explanations can be found else-
where [73, 74]. Nevertheless, in the following, a summary of this material is recalled concisely.

This form of contact fatigue-induced wear is often observed in systems where cyclic contact 
stresses (e.g., loaded tools) take place, but in most cases during sliding or rolling contacts.

In loaded mechanical parts, the contact surface undergoes compression stresses and shear 
stresses are developed beneath the surface. The repeated loading and unloading cycles to 
which the materials are exposed may induce the formation of surface and/or sub-surface 
nano- and microcracks, at critical zones where, for example, imperfections, inclusions or sec-
ond phases are located. This eventually will result in the growth of fatigue cracks as further 
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follow the Archard equation [26]. Only a good combination of the hardness and the toughness 
taken together can allow the metallic glass to be wear resistant. A convenient way of bringing 
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and the hardness for most of the common engineering materials including metals, technical 
ceramics, and polymers. In that figure, the wear-rate constant, ka (MPa−1) is defined as the ratio 
of the volume of material removed (m3) to the distance slid (m) multiplied by the normal load 
(N). That quantity represents a measure of the propensity of a sliding couple for wear: if ka is 
high this would correspond to a rapid or severe wear at a given bearing pressure.

The wear rate of metals are markedly hardness dependent, however, technical ceramics show 
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the wear rate is strongly correlated to the hardness.

Metallic Glasses - Properties and Processing102

The hardness of a metal is more likely structure dependent, so that the hardness of an annealed 
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sliding over it had occurred. Steels, for example, when hardened by quenching may be less 
prone to abrasive wear than soft-annealed. The application of this concept is, however, limited 
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see Section 2) and ductility they cannot claim to be eligible candidates as basic materials in many 
specialized fields. In addition, they are prone to micro-cracking during abrasive loading, which 
reduces their wear resistance. To counteract this issue, metallic materials are reinforced with 
hard phases. The tough/hard metallic matrix provides high ductility and strength, while the 
hard phases prevent indentation and grooving of the surface [72]. They are most effective if they 
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e.g., Al-, Fe- or Co-based with a mixed hard phases, such as carbides (fused tungsten carbide, 
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sufficient to back up the hard phases and to minimize the indentation depth of the abrasive.
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Fatigue (delamination) wear is defined as, “the removal of particles detached by fatigue aris-
ing from cyclic stress variations”. The delamination or fatigue theory of wear was proposed 
by Suh [73], as an attempt to explain weaknesses in the Archard theory of adhesive wear [26].

Repeated cycles of contact are not necessary in adhesive and abrasive wear for the generation 
of wear particles. There are other cases of wear where a critical number of repeated contacts 
are essential for the generation of wear particles. Wear generated after such contact cycles 
is called “fatigue wear”. When the number of contact cycles is high, the high-cycle fatigue 
mechanism is expected to be the wear mechanism. When it is low, the low-cycle fatigue 
mechanism is expected.

To better guide the choice of materials in the field, where surface interactions interferes with 
fatigue wear, it is necessary to understand the mechanisms and processes that govern the 
wear by contact fatigue with or without sliding. Detailed explanations can be found else-
where [73, 74]. Nevertheless, in the following, a summary of this material is recalled concisely.

This form of contact fatigue-induced wear is often observed in systems where cyclic contact 
stresses (e.g., loaded tools) take place, but in most cases during sliding or rolling contacts.

In loaded mechanical parts, the contact surface undergoes compression stresses and shear 
stresses are developed beneath the surface. The repeated loading and unloading cycles to 
which the materials are exposed may induce the formation of surface and/or sub-surface 
nano- and microcracks, at critical zones where, for example, imperfections, inclusions or sec-
ond phases are located. This eventually will result in the growth of fatigue cracks as further 
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load stresses become apparent, and ultimately driving to the breaking-up of the surface with 
the formation and detachment of large fragments (i.e. sheet-like particles or spalling process), 
leaving large pits in the surface. This mechanism can be predominant, for example, in periodi-
cally loaded dies and tools, in roller bearings or in pumps that are exposed to cavitation.

Under tribological/tribocorrosion conditions, the location of maximum shear stress moves 
towards the near-surface during tangential sliding and micro-cracking occurs at the locations 
of surface defects. The transition from sliding wear to fatigue wear is evidenced by the initia-
tion and propagation of one or more surface micro-cracks into the bulk material. The analysis 
of crack initiation in sliding (e.g., fretting) is far more challenging than that of propagation. 
A wide range of factors affects the number of cycles required for damage to accumulate but 
they can be conveniently be grouped into three categories [74]: (a) Material factor (grain size, 
morphology, fracture toughness, flow stress, etc.), (b) Environmental factors (temperature, 
humidity, etc.), and (c) Mechanical factors (surface tractions, slip amplitude, frictional dis-
sipated energy etc.). A full understanding of the problem will only be gained when all these 
factors are brought under consideration. However, the range of expertise necessary to master 
these three areas is considerable. At present, few effects are particularly well understood (viz. 
contact stress field and surface slip amplitude) and approaches are developed accordingly. 
Two main approaches are available to develop an understanding of crack formation, either a 
“bulk” or macroscopic approach or a “local” or micromechanics approach. The actual crack 
initiation process occurring on the scale of a few grains in non-homogenous, anisotropic 
material riddled with defects, inclusions, and imperfections. There is some discrepancy in 
the literature as to what fraction of the total fatigue life is consumed by the crack initiation 
process.

Another challenge under hot working conditions has caught attention in mechanical loaded 
contacts: an unexpected heat may induce surface or volume expansion and the development 
of stresses between the surface and the bulk material. Between two loaded contact events, the 
surface cooling once more generates stresses, and “thermal fatigue” may occur resulting in a 
network of cracks resembling a mosaic.

Generally, contact fatigue can be mitigated by all usual measures that reduce the susceptibil-
ity to cracks, i.e., a high strength to impede crack initiation and a high toughness to retard 
crack growth (cfr. Figure 1 in Section 2).

The relationship between these two material properties, namely toughness and strength, have 
been introduced in Section 2 (Figure 1). It is shown that, generally, ductile metals exhibit 
virtually the greatest fracture toughness; however, they may display weak strength. Metallic 
glasses, on the other hand, often have toughness and strength that lie between brittle ceramics 
and marginally tough materials. Nevertheless, following the development of very recent bulk 
metallic glasses, the introduction of newly metal glass composites on the market has led to 
overcome the early success of metals by acquiring a very high resistance to deformation, and 
toughness, which imparts them a good resistance to cyclic stresses and solicitations. A strong 
interface between the glassy matrix and second phase particles is to be guaranteed. Therefore, 
these glassy composites can substitute metals in application areas not achieved yet so far. 
Among these novel alloys, there are Pd-based glasses, and ductile-phase-reinforced metallic 
glass composites [2].
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8. Future trends

All the metallic glass materials described in this chapter are subject to further development. 
Therefore, the attempt to sketch out all possible developments does not seem appropriate. In 
the design of materials, however, there is a general tendency to form graduated structures 
and multiphase models, i.e., materials that exhibit a property gradient from the surface to the 
core, and which can conceive a composite pattern.

With a better understanding of the mechanisms of tribocorrosion, knowledge-based develop-
ment can lead to new microstructures capable of counteracting specific mechanochemical 
loads.
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Abstract

Metallic glasses are relatively new materials with a large potential for applications in 
various technical and biomedical fields. However, for efficient use of these novel mate-
rials with an interesting combination of properties, it is necessary to fully characterize 
them for their mechanical and electrochemical properties. Studies on the effects of chemi-
cal parameters (pH, temperature, concentration of reagent) and tribological parameters 
(load, sliding speed, counterbody, contact configuration) on the kinetics of the reaction 
(i.e., the material removal rate) supply information on the dominant mechanisms govern-
ing the tribo-electrochemical behavior of metallic glasses. Although considerable efforts 
have been made to characterize their mechanical, corrosion, and magnetic properties, 
the study of their tribocorrosion patterns is in a rather unsatisfactory state, and very lim-
ited information is available. It is the purpose of this chapter to provide an overview of 
basic information on the tribo-electrochemical properties of most metallic glasses. This 
becomes crucial when such materials are to be considered in systems where solid sur-
faces are prone to mechano-chemical transformation processes.

Keywords: bulk metallic glasses, friction, wear-corrosion, synergy, tribocorrosion, 
tribo-electrochemistry

1. Introduction

Since the first discovery of amorphous alloys in the twentieth century, by Kramer [1] in the 
1930s through vapor deposition, succeeded by Brenner et al. [2] in the 1950s through elec-
trodeposition, and then by Klement et al. [3] in the 1960s through rapidly quenching casting 
processes (related to Au70Si30 glassy alloy system), several bulk glass-forming systems have 
emerged. Further innovation in this novel area of materials science has accredited a potential 
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market for commercial applications of metallic glasses. As a result, increased research on 
various tribological and corrosion properties of BMGs has occurred. The first published infor-
mation on the corrosion properties of metallic glasses appeared in 1974 (it concerned the 
Fe-Cr-P-C alloy system) [4]. Since then, the corrosion behavior of all classes of metallic glasses 
and/or amorphous nanocrystalline alloys has been of great concern.

2. Corrosion resistance of bulk metallic glasses

The corrosion resistance is a critical factor for considering bulk metallic glasses (BMGs) used 
in hostile or chemical environments. However, there has been a growing interest in the corro-
sion behavior of these amorphous alloys.

At first presumption, many metallic glasses exhibit extremely good corrosion resistance, 
but there is a controversy over the exact mechanism(s) responsible for such improvement 
with respect to their crystalline counterparts. There are several possibilities for explaining 
the difference in corrosion behavior between amorphous and crystalline metals. The good 
corrosion resistance of single-phase glasses is often attributed to structure, composition, as 
well as structural and compositional homogeneity. Both the chemical homogeneity and the 
absence of microstructure in these amorphous alloys are most likely source of their supe-
riority over their crystalline candidates. It has commonly been assumed that the very short 
solid-state diffusion time caused by the rapid cooling rates (as high as 106 K s−1) required to 
produce the amorphous alloys, prevents the chemical heterogeneity and crystallization (but 
not always) [5].

When diffusion in the solid-state is kept faster and faster enough, the yielded homogeneous 
amorphous alloys should lack grain boundaries, dislocations, second-phase particles, segre-
gates and other structural defects. These structural impurities are often present and commonly 
the culprits behind the localized corrosion (e.g., pitting, galvanic corrosion, etc.) observed in 
their crystalline counterpart alloys exposed to an aggressive environment. Corrosion readily 
occurs preferentially at such defect sites; therefore, metallic glasses can be expected to exhibit 
better corrosion resistance than crystalline alloys. Nevertheless, it has been shown that this 
statement does not always apply to BMGs [6]. Indeed, second phases (crystalline inclusions) 
were observed in some BMGs even after treatment. This was attributed to heterogeneous 
nucleation reactions caused by impurities in the melt that remained on the metal surface of 
the finished good [7].

Under normal working conditions, cathodes and anodes, possibly small but sufficiently large 
to cause localized corrosion, can be formed on the same metal glassy surface. Corrosion at the 
origin of these local crystalline inclusions will be greatly amplified upon conditions and can 
cause corrosion pits. This is one of the reasons why the persistent quest for BMG systems with 
increased glass-forming ability (i.e., decreased crystalline inclusions, see previous chapter) 
has provided the field with an influx of new alloying BMGs and compositions.

The ability of metals for alloying has provided the key to achieve enhanced properties, 
but certain elements are more common than others are. It is mainly the combined effect of 
the alloying elements, the test environment and, to some extent, earlier specific treatment 
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conditions, which determines the electrochemical properties profile of a number of metallic 
glasses. The addition of simple metals (SM), transition metals (early and late TM), and rare 
earth metals (REM) to the base metal was, inter alia, the principal strategy used to produce 
a selection of different metallic material glasses with a broad range of alloy compositions. 
According to IUPAC definition, a transition metal (TM) is defined as “a chemical element 
whose atoms have an incomplete d electronic sub-shell, or which can form cations whose 
electronic sub-shell d is incomplete.”

The early versus late transition metals differ generally in their oxidation states (each metal has 
different possible oxidation states). Electrons have a stronger attraction to the protons in the 
late transition metals (LTM), so the (LTM) form bonds that are harder to break.

Metallic glass alloys can be grouped into two major distinctive categories with intrinsically 
different corrosion behaviors, namely:

• The first group includes the TM-metalloid alloy systems. These alloys are usually the early 
transition metals (ETM): iron-, copper-, nickel-, cobalt-, zinc-, etc., and late transition metals 
(LTM): chromium-, zirconium-, titanium-, manganese-, lanthanum-, niobium-, scandium-, 
yttrium-, etc., base systems, and may normally contain approximately 20 at.% P, B, Si, and/
or C as the metalloid component.

• The second class consists of binary, ternary or quaternary alloy system such as TM-SM, 
SM-TM-RE, and assorted SM-TM-X alloys. These alloys can contain a RE and/or TM and 
SM elements (such as aluminum, magnesium, beryllium, etc.).

2.1. Corrosion and associated mechanisms in the case of the transition metal-metal 
binary alloys

2.1.1. Fe-based BMG materials

One of the earliest studied systems in metallic glasses (MG), ranging from alloy design to 
material properties, is that of Fe-base alloys. These alloys can be formed as binary systems, 
such as Fe-B, or they may be much more complex, such as Fe-Ni-P-B quaternary systems, 
and even more intricate multiple systems. It has been suggested that the excellent resistance 
of certain iron metallic glass alloys to both uniform and localized corrosion results from their 
enhanced chemical reactivity relative to conventional stainless alloys [8]. The resistance to 
corrosion may be a result of the formation of a kind of passive film consisting of metallic and 
metalloid elements capable to strengthen the metallic glass surface against any specific chemi-
cal attack and under aggressive conditions (cfr. previous chapter).

In addition to the base metal, metallic glass alloys often contain appreciable concentrations of 
oxide film builder alloying elements to promote passivity, such as Cr, Ni, P, B as in the case of 
Fe-Ni-Cr-P-B system. They derive their corrosion resistance from similar shielding process as 
that of crystalline alloys, namely the development of a passive protective film (oxide scales). 
The significant difference between the corrosion-resistant metallic glass alloys and their crys-
talline counterparts, such as stainless steels, lies in the fact that the level of chromium neces-
sary to promote passivity can be substantially less in the metallic glass alloys.
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2.1.1.1. Effect of Cr content

One of the pioneer corrosion resistance studies on Fe-based amorphous alloys with P and C 
contents in acid chloride-based solutions was performed by Naka et al. [9]. Both uniform and 
localized corrosion resistances of these glassy alloys were mainly attributed to the growth of 
protective oxide films when appropriate additions of C and P are used [10]. A comparison was 
made between the corrosion rates of crystalline Fe-Cr alloys and amorphous Fe-Cr-P-C alloys 
as a function of chromium concentration as shown in Figure 1. At low chromium atomic con-
tent levels (<4 at.%), the amorphous alloy corrodes at a higher rate than the crystalline mate-
rial. However, at even higher chromium levels (4 at.%), there is a significant decrease in the 
corrosion rate of the MG alloy, whereas the crystalline material remains unchanged. At more 
elevated and intermediate content Cr level (8 at.%), no corrosion was detected on the MG 
alloy by weight loss experiments after immersion for 168 h. Surprisingly, it was found that the 
concentration of HCl electrolyte, which has a significant effect on the corrosion behavior of 
the crystalline alloys, had no effect on the corrosion of the Fe-Cr-P-C or Fe-Ni-Cr-P-C base MG 
alloy systems, and which exhibited no weight loss after exposure for a period of 168 h [11].

Chromium was shown to be very effective to confer pitting resistance, such as for the metallic 
glass alloys Fe-CrxB13C7 and Fe-CrxB13Si7 in 3% NaCl [8]. With chromium level contents 
of 2 and 5 at.%, both MG alloy types suffered pitting at potentials more anodic than the free 
corrosion potential of approximately 0.6 V/SCE. The addition of 8 at.% Cr extended the pit-
ting resistance nearly to 1 V/SCE, which represents an extreme condition of competition for 
alloys containing such a low level of chromium. By contrast, type 304 stainless steel contains 

Figure 1. Comparison of the corrosion rates of glassy FeCrXP13C7 alloys and crystalline iron-chromium alloys in 1 N 
NaCl solution at 30°C. Reproduced from [11] with permission from Elsevier Science.
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approximately 18 wt.% Cr, yet its pitting potential is several hundred millivolts less positive 
than that of the foregoing metallic glass alloys.

In another similar study, it has been shown that an increase of the Cr content from 0 up to 
16 at.% in a series of Fe-Ni-Cr-P-B MG alloy filaments systems facilitated passivation in acidic 
electrolyte (1 N NaCl), and no pitting was observed on any of such alloy system polarized 
below the transpassive potential region [12]. However, polarization at transpassive potentials 
caused numerous pits to form that penetrated the MG alloy filament surface. Pits were found 
to be noncrystallographic in shape.

Pang et al. [13] investigated the corrosion behavior of bulk Fe50-XCr16Mo16C18BX alloys 
(X = 4, 6, and 8 at.%) in HCl solutions. The increase of B level content up to 8 at.% led to 
a decrease of the passive current density and to the reduction of the corrosion rate as 
well. Likewise, in other similar corrosion investigations reported elsewhere [13, 14], the 
Fe43Cr16Mo16C10B5P10 BMG exhibited a lower passive current density than that of 
Fe43Cr16Mo16C15B10 BMG in a 1 M HCl electrolyte. However, in a 6 M HCl solution, and 
upon anodic polarization, the current density abruptly increases for the Fe43Cr16Mo16C15B10 
BMG, whereas the Fe43Cr16Mo16C10B5P10 BMG displayed a larger region of passive range 
with a passive current density of 100 mA m−2, which makes it more effective in increasing the 
corrosion resistance compared to the former. A summary of these findings, which shows a 
decrease in the passive current density, and the expansion of the passive region as a function 
of B and P additions to Fe-based BMGs tested either in a 1 M HCl or in a 6 M HCl solution, is 
displayed in Figure 2.

2.1.1.2. Effect of Mo content

Molybdenum benefits the pitting resistance of metallic glass alloys and crystalline steels. 
The addition of Mo to glassy Fe-MoxP13C7 alloys suppressed pitting, decreased the critical 
current density for passivation and the passive current density [15]. As little as 4 at.% Mo 
prevented pitting corrosion in 1 N HCl; likewise, low additions of Mo were shown to be 
more effective in decreasing the corrosion rates than Cr. Molybdenum has been shown to 
facilitate the formation of a passive film of hydrated chromium or iron oxyhydroxide through 
its enrichment in the corrosion product layer during active dissolution [16]. The enrichment 
helps for the accumulation of passivating species in the film by lowering the dissolution rate 
of the species; the Mo-rich product subsequently dissolves, leaving little Mo behind in the 
film. However, in another case study [17], the increase of Mo content level up to 22.5 at.% was 
shown to be detrimental to the corrosion resistance of Fe-based BMG, more likely by increas-
ing the risk of formation of secondary phases in the ferritic matrix zone.

2.1.1.3. Effect of other elements content (Ti, Zr, V, Nb, W, Mn, Co, Cu, Ru, Rh, Pd, Pt)

The effect of other alloying elements to Fe-based glass alloy on its corrosion resistance has 
been addressed in one study [18]. Hence, titanium, zirconium, vanadium, niobium, chro-
mium, molybdenum, tungsten, manganese, cobalt, nickel, copper, ruthenium, rhodium, pal-
ladium, and platinum were all added to the Fe-X-P13C7 glassy alloy [18]. All elements, except 
manganese, decreased the corrosion rate of the iron glassy alloy in H2SO4, HCl, HNO3, and 
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NaCl solutions. Although the base alloy, Fe-P13C7, did not passivate; additions of any of 
the foregoing elements at levels from 0.5 up to 40 at.% enabled passivation to occur during 
anodic polarization in 0.1 N H2SO4. Chromium was the most efficient, still, molybdenum, 
and titanium were very beneficial. No pitting was observed in 3% NaCl for passivated alloys. 
The alloys that did not passivate, such as Fe-Co-P13C7, did not pit, but rather they dissolved 
uniformly.

Fe-W resisted to pitting corrosion up to 2.5 V/SCE in both acidic and neutral chloride solu-
tions (pH 1 and 7, respectively) [19]. Addition of tungsten to Fe-WxP13C7 has the effect of 
increasing the critical pitting potential, Ecrit, to a level above 2 V/SCE for x = 6 at.%, but when 
x = 10 at.% of W was added it caused transpassive dissolution at 1 V/SCE of the MG alloy [19].

2.1.2. Ni-based BMG materials

Generally, Ni-based metallic glass systems exhibit a good resistance to uniform and local-
ized corrosion. A number of investigations on the electrochemical characteristics of Ni-based 
amorphous alloys have been performed on ribbons [20–22] due to the struggle in producing 
amorphous bulk samples (i.e., having thickness > 1.5 mm). The elemental constituents that 
have typically been used to ensure a good corrosion resistance were either additions of metal-
loids such as P [20, 22] or additions of metals such as Ta [20, 21] and Nb [20].

Figure 2. Potentiodynamic polarization curves of the cast glassy Fe-based BMGs (rods with a diameter of 1.2 mm) in 1 
and 6 M HCl open to air at 298 K. Reproduced from [13, 29] with permission from Elsevier Science.
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Metallic glassy Ni-P has been recently investigated, which appeared to resist to chloride-
induced corrosion [23]. In fact, its E-log (i) potentiodynamic behavior was basically identical 
whether in a chlorinated or chlorine-free environment. A form of chemical passivity has been 
proposed to explain its corrosion behavior. Passivation in the Ni-P system was mainly due 
to the formation of an ionic barrier layer rather than a classical passive oxide film. This bar-
rier layer consists of hypophosphite ion adsorbed on the nickel phosphorous surface, with 
hydrogen/H2O bonded outer layer. This barrier reaction layer inhibits the ion transport of 
water to the surface and thus prevents the hydration of nickel, which is the first step in the 
nickel dissolution process.

More recently, there have been growing efforts to decrease the additions of P due to its 
effective action on the loss of ductility of the Fe amorphous alloy [24]. Overall, the strategic 
approach that is found to be most effective in increasing the corrosion resistance depends on 
whether the solution is strongly oxidizing or not (e.g., 9 M HNO3).

2.1.2.1. Effect of elements content (Ti, Zr, Ta, Nb, Cr, P)

There has been a consensus that additions of suitable metals to amorphous Ni-based alloys 
tend to increase their corrosion resistance. The electrochemical behavior of Ni-based amor-
phous alloys containing Ti, Ta, Zr, Nb, Cr, and/or P has been of a great concern for a number 
of investigators [20, 25–27]. One of the most significant studies was led by Shimamura et al. 
[20] who investigated the effect of P and other valve metals (e.g., Ta) on the corrosion proper-
ties of Ni-based amorphous ribbons immersed either in boiling 9 M HNO3 solutions with and 
without any of Cr6+ ions content or in a boiling 6 M HCl electrolytes. Ta additions have been 
proven to be the most efficient in lowering the corrosion rates of Ni-based MG alloy. The 
addition of critical amounts of Ta resulted in undetectable corrosion rates (<10−3 mm year−1). 
For example, after being immersed in a boiling 9 N HNO3 solution for 168 h, the corrosion 
rate of Ni60Ti40 was estimated to be close to 1 mm year−1. After adding of 30 at.% Ta, however, 
the Ni60Ti10Ta30 MG alloy exhibited an immune response to corrosion for the same period 
of exposure, i.e., 168 h. Immunity was attributed to the formation of a kind of a protective 
layer. Although, the authors Shimamura et al. [20] claimed that amorphous Ni-Ta alloys 
required more than 35 at.% Ta in a boiling 6 M HCl solution to form a tantalum oxyhydroxide 
(TaO2[OH]) shielding passive film.

Alternatively, the addition of a small amount of P to Ni-Ta glassy alloys has been proven to 
be effective in significantly reducing their corrosion rates. The corrosion rate of Ni70Ta30 in a 
boiling 6 M HCl solution was more than 104 times greater than that of Ni68Ta30P2 alloy when 
tested under similar conditions [20]. The authors believed that the addition of P promoted the 
growth of TaO2(OH) passive film by accelerating selective dissolution of elements unneces-
sary for the passive film formation [20]. However, when experiments were performed in solu-
tions with a high oxidizing power, the authors found that the addition of P to Ni-Ta alloys was 
not necessary to promote the growth of the passive film. Interestingly, many research works 
have suggested that a Ta-enriched passive film would probably be one of the reasons for the 
high corrosion resistance of Ni-based amorphous alloys in aggressive solutions [20, 21].

Moreover, it has been proven that the addition of approximately of 7 at.% Cr was sufficient to 
prevent pitting corrosion of Ni-Cr-P-B alloy systems immersed in 10% FeCl3.H2O at 30°C [27]. 
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water to the surface and thus prevents the hydration of nickel, which is the first step in the 
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ties of Ni-based amorphous ribbons immersed either in boiling 9 M HNO3 solutions with and 
without any of Cr6+ ions content or in a boiling 6 M HCl electrolytes. Ta additions have been 
proven to be the most efficient in lowering the corrosion rates of Ni-based MG alloy. The 
addition of critical amounts of Ta resulted in undetectable corrosion rates (<10−3 mm year−1). 
For example, after being immersed in a boiling 9 N HNO3 solution for 168 h, the corrosion 
rate of Ni60Ti40 was estimated to be close to 1 mm year−1. After adding of 30 at.% Ta, however, 
the Ni60Ti10Ta30 MG alloy exhibited an immune response to corrosion for the same period 
of exposure, i.e., 168 h. Immunity was attributed to the formation of a kind of a protective 
layer. Although, the authors Shimamura et al. [20] claimed that amorphous Ni-Ta alloys 
required more than 35 at.% Ta in a boiling 6 M HCl solution to form a tantalum oxyhydroxide 
(TaO2[OH]) shielding passive film.

Alternatively, the addition of a small amount of P to Ni-Ta glassy alloys has been proven to 
be effective in significantly reducing their corrosion rates. The corrosion rate of Ni70Ta30 in a 
boiling 6 M HCl solution was more than 104 times greater than that of Ni68Ta30P2 alloy when 
tested under similar conditions [20]. The authors believed that the addition of P promoted the 
growth of TaO2(OH) passive film by accelerating selective dissolution of elements unneces-
sary for the passive film formation [20]. However, when experiments were performed in solu-
tions with a high oxidizing power, the authors found that the addition of P to Ni-Ta alloys was 
not necessary to promote the growth of the passive film. Interestingly, many research works 
have suggested that a Ta-enriched passive film would probably be one of the reasons for the 
high corrosion resistance of Ni-based amorphous alloys in aggressive solutions [20, 21].

Moreover, it has been proven that the addition of approximately of 7 at.% Cr was sufficient to 
prevent pitting corrosion of Ni-Cr-P-B alloy systems immersed in 10% FeCl3.H2O at 30°C [27]. 
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Figure 3. Anodic polarization curves of the bulk glassy Ni60-xCoxNb20Ti10Zr10 alloys with their critical diameters for 
glass formation and pure niobium, titanium and zirconium in 6 N HCl solution open to air at 298 K. Reproduced from 
[26] with permission from Elsevier science.

In another electrochemical study on the Ni-based MG alloy, Habazaki et al. [25] carried out 
potentiodynamic polarization tests on Ni75-XCrXTa5P16B4 BMGs (X = 5, 10, and 15 at.%) in a 
6 M HCl solution in open air at 303 K. The passive current density was shown to decrease as 
the Cr (at.%) content increased in Ni60Cr15Ta5P16B4.

Not all metal additions can improve the corrosion resistance of Ni-based alloys in aggressive 
solutions. This was the case for Cobalt. Pang et al. [26] studied the anodic polarization behav-
ior of Ni60-XCoXNb20Ti10Zr10 (X = 0, 5, and 20 at.%) in a 6 M HCl solution. The Co additions 
did not significantly alter the polarization behavior; however, the three tested compositions 
exhibited spontaneous passivation in the 6 M HCl solution and no pitting was experienced 
during the anodic polarization. Passive current densities for the three tested alloys were 
almost identical, that is, about 102 mA m−2. The beneficial effects behind the modification of 
Ni-based amorphous alloys are summarized in Figure 3.

2.1.3. Cu-based BMG materials

Recently, the corrosion behavior of either Cu, Zr, or Cu-Zr glassy alloy systems has been 
investigated [28]. The potentiodynamic anodic polarization behavior of the alloy system 
exhibited the characteristics of two components, namely Cu, and Zr, while the corrosion 
resistance of the alloy was not greater than that of the more passive (and noble) metal of the 
alloy, viz. zirconium [28]. Thus, it can be deduced that the corrosion resistance in some transi-
tion metal-metal alloy systems could seemingly be due to the presence of a key passivation 
element in the solid substitute solution, and not to the glassy structure.
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In line with previous conclusions, and in order to better understand the origin of corrosion 
resistance in MT-MT systems, another supported corrosion study was carried out on alloys 
of Cu-Zr and Cu-Ti systems in H2SO4, HCl, HNO3, and NaOH solutions [15]. In all solutions 
except the alkaline one, that is, NaOH, both crystalline and metallic glass Cu-Ti alloys exhib-
ited corrosion rates lower than those of pure Cu, and in all cases, the corrosion resistance of 
the metallic glass alloy was better than that of the crystalline alloy. The metallic glass alloys in 
such compositional systems are not unusually corrosion-resistant; in fact, neither the crystal-
line nor the glassy forms of the alloys were more corrosion resistant than pure Ti or pure Zr. 
This may suggest that the presence of passivation elements, such as Ti, or Zr promotes the 
corrosion resistance of the metallic glass alloys, and therefore it cannot barely be the result of 
the presence of the glassy or vitreous state. These results are consistent with previous findings 
in that the corrosion resistance could be determined by the behavior of the most corrosion-
resistant component of the glassy alloy in the transition metal-metal systems.

The synthesis of new bulk metallic glass alloys has subsequently extended the field of cor-
rosion study of many alloy systems, including BMGs. Thus, the development of Cu-based 
BMGs has been a relatively new occurrence. Lin and Johnson [30] have successfully synthe-
sized Cu-Zr-Ti-Ni glassy alloys with thicknesses of at least 4 mm. Afterward, Inoue et al. [31] 
developed Cu-Zr-Ti amorphous alloys containing at least 50 at.% Cu with critical diameters 
between 4 and 5 mm. Among the Cu-Ti glassy alloys, the Cu-Zr-Ti [32] and Cu-Hf-Ti [31] 
BMGs earned more attention because of their excellent mechanical properties (viz. compres-
sive fracture strengths of 2.06–2.15 GPa), which put forward the concept of their possible 
usage as engineering materials.

The chemical resistance of Cu-BMG systems has become more and more interesting. 
Unfortunately, the corrosion resistance of most amorphous Cu-based bulk alloys has not 
been as impressive as their mechanical properties. Nevertheless, the influence of the content 
of the composition on the corrosion behavior of Cu-based BMGs with a variety of additions 
of elements is still in a continuous evaluation phase. Many of such additions have shown to 
improve the corrosion resistance of Cu-based BMGs [33–37, 39]. Additions of small amounts 
of Nb [33, 35, 36, 39] led to increase the corrosion resistance of Cu-based BMGs. The alloy 
with other elements such as Cr [34], Ta [33], or Mo [33, 34, 37] has also proved to be effective 
in improving the electrochemical properties of the Cu-base BMG systems (e.g., corrosion and 
pitting potentials, etc.). This was the case of one of the comparative studies conducted by 
Inoue, and Qin et al. [33, 35, 36], who evaluated the effect of low additions of Nb, Mo, and Ta 
(to a Cu-Zr-Ti-X (X = Nb, Mo, Ta)) on the corrosion behavior of the Cu60Zr30Ti10 (at.%) BMGs 
exposed to solutions of 1 M HCl, 1 M HNO3, 1 M NaOH, or 0.5 M (3%) NaCl.

The typical potentiodynamic polarization curves of these Cu-based BMGs are shown in 
Figure 4. The electrochemical behavior of Cu59.4Zr29.7Ti9.9Nb1, Cu59.4Zr29.7Ti9.9Mo1, and 
Cu59.4Zr29.7Ti9.9Ta1 demonstrated that the addition of Nb was the most effective element 
in lowering the corrosion rate of Cu-based systems in all the test solutions considered. An 
increase in the Nb content (up to 5 at.%) led to a decrease in the rate of corrosion in all the 
solutions tested. As can be seen in Figure 4, the additions of Nb to Cu-base alloy resulted 
into more positive values of the Ecor, an indication of the improvement of its nobility, thereby 
suggesting a better behavior of corrosion resistance. This trend was supported by the lower 
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Figure 3. Anodic polarization curves of the bulk glassy Ni60-xCoxNb20Ti10Zr10 alloys with their critical diameters for 
glass formation and pure niobium, titanium and zirconium in 6 N HCl solution open to air at 298 K. Reproduced from 
[26] with permission from Elsevier science.
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6 M HCl solution in open air at 303 K. The passive current density was shown to decrease as 
the Cr (at.%) content increased in Ni60Cr15Ta5P16B4.

Not all metal additions can improve the corrosion resistance of Ni-based alloys in aggressive 
solutions. This was the case for Cobalt. Pang et al. [26] studied the anodic polarization behav-
ior of Ni60-XCoXNb20Ti10Zr10 (X = 0, 5, and 20 at.%) in a 6 M HCl solution. The Co additions 
did not significantly alter the polarization behavior; however, the three tested compositions 
exhibited spontaneous passivation in the 6 M HCl solution and no pitting was experienced 
during the anodic polarization. Passive current densities for the three tested alloys were 
almost identical, that is, about 102 mA m−2. The beneficial effects behind the modification of 
Ni-based amorphous alloys are summarized in Figure 3.

2.1.3. Cu-based BMG materials

Recently, the corrosion behavior of either Cu, Zr, or Cu-Zr glassy alloy systems has been 
investigated [28]. The potentiodynamic anodic polarization behavior of the alloy system 
exhibited the characteristics of two components, namely Cu, and Zr, while the corrosion 
resistance of the alloy was not greater than that of the more passive (and noble) metal of the 
alloy, viz. zirconium [28]. Thus, it can be deduced that the corrosion resistance in some transi-
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of Cu-Zr and Cu-Ti systems in H2SO4, HCl, HNO3, and NaOH solutions [15]. In all solutions 
except the alkaline one, that is, NaOH, both crystalline and metallic glass Cu-Ti alloys exhib-
ited corrosion rates lower than those of pure Cu, and in all cases, the corrosion resistance of 
the metallic glass alloy was better than that of the crystalline alloy. The metallic glass alloys in 
such compositional systems are not unusually corrosion-resistant; in fact, neither the crystal-
line nor the glassy forms of the alloys were more corrosion resistant than pure Ti or pure Zr. 
This may suggest that the presence of passivation elements, such as Ti, or Zr promotes the 
corrosion resistance of the metallic glass alloys, and therefore it cannot barely be the result of 
the presence of the glassy or vitreous state. These results are consistent with previous findings 
in that the corrosion resistance could be determined by the behavior of the most corrosion-
resistant component of the glassy alloy in the transition metal-metal systems.

The synthesis of new bulk metallic glass alloys has subsequently extended the field of cor-
rosion study of many alloy systems, including BMGs. Thus, the development of Cu-based 
BMGs has been a relatively new occurrence. Lin and Johnson [30] have successfully synthe-
sized Cu-Zr-Ti-Ni glassy alloys with thicknesses of at least 4 mm. Afterward, Inoue et al. [31] 
developed Cu-Zr-Ti amorphous alloys containing at least 50 at.% Cu with critical diameters 
between 4 and 5 mm. Among the Cu-Ti glassy alloys, the Cu-Zr-Ti [32] and Cu-Hf-Ti [31] 
BMGs earned more attention because of their excellent mechanical properties (viz. compres-
sive fracture strengths of 2.06–2.15 GPa), which put forward the concept of their possible 
usage as engineering materials.

The chemical resistance of Cu-BMG systems has become more and more interesting. 
Unfortunately, the corrosion resistance of most amorphous Cu-based bulk alloys has not 
been as impressive as their mechanical properties. Nevertheless, the influence of the content 
of the composition on the corrosion behavior of Cu-based BMGs with a variety of additions 
of elements is still in a continuous evaluation phase. Many of such additions have shown to 
improve the corrosion resistance of Cu-based BMGs [33–37, 39]. Additions of small amounts 
of Nb [33, 35, 36, 39] led to increase the corrosion resistance of Cu-based BMGs. The alloy 
with other elements such as Cr [34], Ta [33], or Mo [33, 34, 37] has also proved to be effective 
in improving the electrochemical properties of the Cu-base BMG systems (e.g., corrosion and 
pitting potentials, etc.). This was the case of one of the comparative studies conducted by 
Inoue, and Qin et al. [33, 35, 36], who evaluated the effect of low additions of Nb, Mo, and Ta 
(to a Cu-Zr-Ti-X (X = Nb, Mo, Ta)) on the corrosion behavior of the Cu60Zr30Ti10 (at.%) BMGs 
exposed to solutions of 1 M HCl, 1 M HNO3, 1 M NaOH, or 0.5 M (3%) NaCl.

The typical potentiodynamic polarization curves of these Cu-based BMGs are shown in 
Figure 4. The electrochemical behavior of Cu59.4Zr29.7Ti9.9Nb1, Cu59.4Zr29.7Ti9.9Mo1, and 
Cu59.4Zr29.7Ti9.9Ta1 demonstrated that the addition of Nb was the most effective element 
in lowering the corrosion rate of Cu-based systems in all the test solutions considered. An 
increase in the Nb content (up to 5 at.%) led to a decrease in the rate of corrosion in all the 
solutions tested. As can be seen in Figure 4, the additions of Nb to Cu-base alloy resulted 
into more positive values of the Ecor, an indication of the improvement of its nobility, thereby 
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icor, and the larger Epit values. Ta was not to, as effective as Nb, more likely due to its lower 
concentration (only 0.2 at.% Ta was added).

Liu and Liu [34] investigated the electrochemical behavior of Cu47Zr11Ti34Ni8 and 
(Cu47Zr11Ti34Ni8)99.5X0.5 (X = Cr, Mo, and W) BMGs in aqueous solutions of 0.5 M H2SO4 
and 1 M NaOH. Additions of Cr, Mo, and W have led to the extension of the passive region, 
the lowering of passive current densities, and lowered the corrosion rates. The alloy with Mo 
addition, however, showed the most improved corrosion resistance in the two tested solu-
tions, namely H2SO4 and NaOH. All Cu-based BMGs with Mo additions had passive films 
enriched in ZrO2 and TiO2 but depleted in Cu-oxides, which are less chemically stable and 
denser than ZrO2 and TiO2 [37]. It was believed that the addition of Mo was most efficient in 
improving the corrosion resistance of the alloy because its lower ionization energy compared 
to that of Cr and W, and leading to faster film formation [34, 37].

Figure 4. Potentiodynamic polarization curves of Cu-based BMGs (Cu0.6Zr0.3Ti0.1)100xNbx (x = 0, 2 and 6 at.%) alloys) 
in either 1 N HCl, 0.5 M (3%) NaCl, 1 N H2SO4 or 1 N HNO3 open to air at 298 K. Reproduced from [35] with permission 
from Elsevier Science.
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Attention was paid to the dependence of the corrosion behavior of Cu-based BMGs on the test 
environment [33, 35, 36, 38, 39]. Different electrolytes have been selected to study this depen-
dency. In their corrosion study of Cu-Zr-Al-Nb BMGs in 1 M HCl, 0.5 M NaCl, or 0.5 M H2SO4, 
and regardless of the composition, Tam et al. [38] showed that the corrosion rate of Cu-Zr-
Al-Nb BMGs was higher in the case of more aggressive solutions (i.e., 1 M HCl and 0.5 M NaCl) 
and lower in the less aggressive solution (0.5 M H2SO4). In both solutions containing chloride 
ions, the Cu-BMGs exhibited active behavior, demonstrating the deleterious effects of chlo-
ride ions. However, an active-passive behavior was found in the case where Cu-BMGs were 
exposed to H2SO4. Similarly, Qin et al. [39] showed that either Cu-Zr-Al BMG or Cu-Zr-Al-Nb 
BMG exhibited an active behavior in a 0.5 M NaCl and escorted with high corrosion rates, and 
an active-passive response accompanied with low rates of corrosion in 0.5 M H2SO4 solution.

2.1.4. Zr-based BMG materials

So far, there have been only a few attempts to study the electrochemical properties of Zr-based 
BMGs in recent years. The majority of these studies have been devoted to systems such as 
Zr-Ni-Cu-Al [40], Zr-Ti-Ni-Cu-Be [41], and Zr-Ti-Ni-Cu [30] alloys. These Zr-based BMG fam-
ilies are attractive due to their good glass-forming ability and excellent mechanical properties.

Since then, the procedure of adding noble elements (e.g., Nb, Pd, Ti, Ta) has enabled it possible 
to develop new compositions of MG capable of improving both the capacity of glass-forming 
ability and the resistance to uniform and localized corrosion [42–45]. Raju et al. [45] investi-
gated the corrosion behavior of Zr-Cu-Al-Ni-X (X = Nb or Ti up to 5 at.%) BMGs in low alkaline 
sulfate (0.1 M Na2SO4), and chloride electrolytes (0.01 M NaCl). Increasing the Nb or Ti content 
resulted in a slight decrease in Ecor and an increase in the passive current density in the sulfate 
solution. On the contrary, such an increase in the contents of Nb and Ti leads to an increase 
in the values of ηpit and ηp in the NaCl solution, thus revealing the improvement of the alloy 
vis-a-vis its corrosion resistance. A typical comparative graph of the anodic polarization curves 
of these related Zr-based BMGs in 0.1 M Na2SO4 electrolytes (pH 8) is shown in Figure 5.

In a similar study, Asami et al. [42] investigated the electrochemical behavior of Zr60-
XNbXAl10Ni10Cu20 (X = 0, 5, 10, 15, and 20 at.%) BMGs in 0.5 M H2SO4 and 1 M HCl solutions. 
An increase in the concentration of Nb resulted in an increase in the Epit. The ηpit, however, did not 
always increase when the Nb content was increased. Substitution of 20 at.% of Nb for Zr resulted 
in a decrease in the rate of corrosion penetration (CPR) in the 1 M HCl solution from 100 down 
to 1 μm year−1. The effectiveness of Hf addition (at.%) in improving the passivation ability of the 
Zr-Cu-Ni-Al BMG has been proven by Liu et al. [46]. Nevertheless, it was pointed out that the 
addition of noble metals does not always guarantee a better corrosion resistance of Zr-base BMGs.

Qin et al. [43] investigated the corrosion resistance of Zr-base bulk amorphous alloys with 
three different compositions, namely Zr55Al10Cu30Ni5-XPdX (with X = 0, 1, 3, and 5 at.%) in 
0.6 M NaCl. Their findings have shown that the additions of Pd to the Zr-based MG lead to a 
decrease in the value of ηpit. Therefore, a change in the composition of Zr-based BMG does not 
always have a shielding effect for the MG alloy.
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icor, and the larger Epit values. Ta was not to, as effective as Nb, more likely due to its lower 
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Attention was paid to the dependence of the corrosion behavior of Cu-based BMGs on the test 
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always have a shielding effect for the MG alloy.

The effect of the environment is as challenging as that of alloying. It has been shown to play a 
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showed that the Zr55Cu30Al10Ni5 exhibited an immune response to localized corrosion either 
in a 0.1 M Na2SO4 or in a 0.1 M NaOH solution over the entire potential scanning range (−1000 up 
to 2000 mV/SCE). However, the susceptibility to pitting corrosion was observed on the BMG sur-
face during anodic polarization experiments for chloride concentrations as low as 10−3 M. The Epit 
was shown to decrease as the chloride concentrations increased. However, this trend has been 
tempered by the anodic pre-growth of a passive film. Similarly, Mudali et al. [48] have found 
that an increase in the concentration of NaCl of 0.01–0.2 M, added to a 0.5 M H2SO4 electrolyte, 
significantly decreased the Epit of the Zr-base BMG. Other studies [47, 49] further support this 
outcome. It has been shown that a decrease in localized corrosion resistance is appropriately 
associated with the exposure of the Zr-base BMG surfaces to solutions with increasing concen-
trations of chloride ions [47, 49]. In agreement with the foregoing conclusions, many researchers 
[42, 44, 48, 50, 56] have concluded that the majority of the degradation of a number of Zr-based 
BMG systems due to localized corrosion involved exposure to solutions containing chloride ions 
while their best performance was satisfied in H2SO4, Na2SO4, and NaOH solutions.

The effect of other factors, despite what has been mentioned above, such as the test tempera-
ture and passivation level, was found to affect the electrochemical properties of Zr-based 
BMGs. Gebert et al. [50] studied this effect on the corrosion behavior of Zr55Cu30Al10Ni5 
BMG. The anodic polarization was carried out at 298, 423 and 523 K in a 0.001 M NaCl 
electrolyte on the pre-passivated Zr55Cu30Al10Ni5 samples and those without any spe-
cific treatment. For untreated and pre-passivated BMG samples, the Epit decreases with 
increasing temperature. It was concluded that a decrease in temperature and prior pas-
sivation treatment promoted the tendency of the Zr55Cu30Al10Ni5 BMG to resist pitting in 
the chloride solution, which was consistent with the observations of many crystalline and 
amorphous metal systems.

Figure 5. Anodic polarization curves of Zr-Cu-Al-Ni-x (x = Nb or Ti) BMG alloys in 0.1 M Na2SO4 solution (pH 8). 
Reproduced from [45] with permission from Elsevier Science.
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2.2. Corrosion and associated mechanisms in the case of the binary, ternary, or 
quaternary amorphous alloy systems

2.2.1. Other BMG-based system materials

The majority of previous corrosion studies involved BMG systems based on Cu, Fe, Ni, and 
Zr, but there are other BMG systems, such as Ca- [51] Mg- [52], and Ti-based MG [53] still 
under investigation.

The selection of materials and design alloys are, inter alia, the major factors driving the global 
BMGs market. More new BMG systems will emerge and become commercially available in 
mass production in the near future as these amorphous alloys have many attractive properties 
for everyday life such as biomaterials, electronic devices, structures, and so on. This is the 
case for Ca- and Ti-based BMGs, which have shown great interest because of their potential 
applications as biomaterials. The Mg-based system is interesting for applications requiring 
high strength with lightweight materials [54].

The electrochemical properties of Ca-based BMGs (Ca65Mg15Zn20, Ca55Mg18Zn11Cu16, and 
Ca50Mg20Cu30) were investigated in a 0.05 M Na2SO4 electrolyte [51]. The Ca65Mg15Zn20 
BMG experienced pitting at free corrosion conditions and had a CPR of 5691 μm year−1. 
However, both Ca50Mg20Cu30 and Ca55Mg18Zn11Cu16 were slightly passivated at Ecor con-
ditions and exhibited CPR values in the order of 1503 and 311 μm year−1 respectively.

The electrochemical behavior of the Ti43.3Zr21.7Ni7.5Be27.5 BMG immersed in a phosphate 
buffered saline (PBS) solution at 310 K was examined by Morrison et al. [53]. The Ti-base BMG 
exhibited a passive behavior at Ecor conditions but it showed a localized corrosion susceptibil-
ity at more increasing potentials. The ηpit value was about 589 mV/SCE. The Ti-base BMG 
alloy had a CPR value of about 2.9 μm year−1. The authors concluded that the alloy resistance 
to localized corrosion in the PBS solution was equivalent to or greater than that of the 316 L 
stainless steel when identical test conditions were prevailed.

Gebert et al. [52] has performed a comparative corrosion study of both Mg65Y10Cu15Ag10 and 
Mg65Y10Cu25 BMGs in a borate buffer solution (pH 8.4) with pure Mg and Mg65Y10Cu25 crys-
talline alloys. The electrochemical behavior of both amorphous and crystalline Mg65Y10Cu25 
alloys was similar, but superior to that of pure Mg. Although, the Mg65Y10Cu15Ag10 BMG 
exhibited superior corrosion resistance among the other three alloys.

2.2.2. Corrosion resistance of BMGs in comparison to crystalline alloys

There is still considerable interest in how the electrochemical properties of metallic glasses 
and BMGs compare to those of conventional crystalline alloys. Amorphous alloys are believed 
to exhibit corrosion resistance due to:

• their compositions, which are not constrained by the solubility limits, and they can be 
allied to elements promoting passivation [47],
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• and their lack of microstructural characteristics, such as grain boundaries, dislocations, and 
precipitates, which commonly serve as sites for the local passive film breakdown entailing 
pitting.

Comparisons made on amorphous alloys and their crystalline counterparts allowed it 
possible to determine whether the structural disorder influences their corrosion behav-
ior [55, 56]. Schroeder et al. [55] have shown that the resistance to pitting corrosion of the 
Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG was nearly as equivalent as its crystalline counterpart 
when exposed to 0.5 M NaCl solution. However, the BMG was not more resistant to uniform 
corrosion in a 0.5 M NaClO4 solution as its crystalline counterpart did. In accordance with 
this conclusion, Köster et al. [57] showed that there was no significant difference between the 
polarization behavior of the amorphous and nanocrystalline states of Zr69.5Cu12Ni11Al7.5 in 
a 0.1 N NaOH. However, Peter et al. [56] have found that the Zr52.5Cu17.9Ni14.6Al10Ti5 
BMG exhibited lower corrosion rates and greater resistance to pitting in a 0.6 M NaCl solu-
tion relative to their corresponding crystalline alloy of similar composition. Naka et al. [9] 
reported higher corrosion rates of amorphous Fe70Cr10B20 (ribbon) in a 1 M HCl solution 
at 303 K relative to the crystalline Fe90Cr10 alloy. Nevertheless, the amorphous Fe50Cr30B20 
alloy experienced a lower corrosion rate in 1 M HCl than that of the Fe70Cr30 crystalline 
alloy. It has been cautioned that a convenient way to make an accurate assessment of the role 
of structural disorder on the corrosion behavior can only be achieved when the corrosion 
properties of the amorphous alloy have to be compared to those of a single-phased crystalline 
alloy of the same composition [58].

When considering the corrosion properties, the effect of the structure must also be addressed. 
However, the composition of the alloy is more likely to have a much greater influence on the 
electrochemical behavior of the alloy than if its structure is periodic or in a disordered state [58].

2.3. Tribological and tribocorrosion properties of BMGs

So far, limited literature information is available on the tribocorrosion properties of BMGs. 
Therefore, a brief overview is given below with respect to the recent major breakthrough 
in tribological and tribocorrosion performance of BMGs. The evaluation of metallic glasses 
as potentially applicable in situations where wear and corrosion act simultaneously is still 
premature.

Among the most important means of characterizing the performance of BMGs, materials 
scientists opt for the examination of the tribological and/or tribocorrosion resistance of a 
BMG material. The most studied material systems are zirconium-based bulk metallic glasses 
(Zr-BMGs) because of their wide use as mechanical components, their simple preparation 
process, and their excellent properties.

2.3.1. Zr-based BMGs

The tribocorrosion behavior of Zr55Cu30Ni5Al10 BMG sliding against AISI 52100 steel bear-
ing in 3.5% NaCl solution in a pin-on-disk tribometer was evaluated by Ji et al. [59]. The 
wear volume loss of the Zr55Cu30Ni5Al10 BMG increased as the applied load (up to 20 N), 
the sliding distance and the sliding velocity (up to 1.5 m s−1) increased. The BMG surface 
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structure was believed to evolve from an amorphous to a pseudo-crystalline nanostructure 
during sliding wear conditions. Due to the BMG surface crystallization, the wear resistance 
was improved and the friction coefficient (μ) of the Zr-based BMG-steel tribo-pair decreased 
from 0.5 to 0.08, but its free corrosion resistance has been lowered. It has also been shown 
that its degradation mechanisms evolve during sliding-corrosion tests as a function of normal 
load.

Abrasive wear was the dominant degradation mechanism at a load of 5 N, while adhesive and 
corrosive wear were predominant for an applied load of 20 N. Compared to AISI 304 stain-
less steel under similar test conditions, the Zr-based BMG has better tribocorrosion resistance 
in the NaCl solution but also beneficial in reducing the wear rate of the bearing steel disk. 
Therefore, the Zr-based BMG could be considered as a good candidate material for tribocor-
rosion in seawater applications.

2.3.1.1. Effect of the counter-body material

A recent study by Tian et al. [60] focused on the tribological properties of Zr-based BMG 
sliding against polymers, steels, and ceramics at various loads and speeds. Acoustic emission 
(AE) technology has been used to analyze the evolution of wear.

The coefficients of friction (μ) of the BMG sliding against either steel or ceramic balls were high 
(about 0.6–0.85) but decreased with increasing normal load and sliding velocity. As the steel 
balls were more ductile than the ceramic ones, the steel-BMG tribo-pairs generated weaker 
AE signals and exhibited larger wear rates. The main wear mechanism of the steel-BMG and 
ceramic-BMG pairs was dominated by a plastic flow of the BMG surface material caused by 
structural relaxation. The AE signals in a single frictional sequence decrease slightly with the 
increase of the sliding velocity due to the elastic energy consumed by the structural relax-
ation. The wear surfaces of Zr-based BMG samples were smoother, without crushing and 
peeling due of the super-plasticity of these BMGs over crystalline metallic materials.

Zr-based BMG sliding against polymer balls had much lower and more stable μ (0.5–0.65) 
than Zr-based BMG sliding against steel or ceramic balls. The low resistance to friction has 
been attributed to interfacial material transfer of polymer layers to the BMG surface during 
repeated sliding. The BMG sliding against polymer balls exhibited also the highest AE signals 
among the three types of counter-body materials considered, indicating that abrasive wear 
dominated the degradation mechanism in polymer-BMG tribo-pairs. Due to the low hardness 
and strength of the polymer counter-bodies, the BMG surfaces are not worn off. In addition to 
the abrasive wear mechanism in polymer-BMG tribo-pairs, a predominant process of adhesive 
wear was observed when the polymer wear debris (layers) were transferred to the BMG sur-
faces. Both the worn circular contact area and the wear volume loss of the polymer increased 
as the sliding distance increased. Similarly, plowing and fracture of the asperities increased 
after AE signals were found to increase in a single friction sequence. The authors call for the 
potential application of these types of BMGs in areas where tribology plays an important 
role. These Zr-based BMGs could act as new alternative candidates for tribo-materials (e.g., 
counter-body materials) over their traditional crystalline ones.

Zhong et al. [61] studied the tribological properties of Zr41Ti14Cu12.5Ni10Be22.5 pins slid-
ing against different counter-body materials, namely AISI 5120 steel, AISI 52100 steel, and 
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• and their lack of microstructural characteristics, such as grain boundaries, dislocations, and 
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When considering the corrosion properties, the effect of the structure must also be addressed. 
However, the composition of the alloy is more likely to have a much greater influence on the 
electrochemical behavior of the alloy than if its structure is periodic or in a disordered state [58].

2.3. Tribological and tribocorrosion properties of BMGs

So far, limited literature information is available on the tribocorrosion properties of BMGs. 
Therefore, a brief overview is given below with respect to the recent major breakthrough 
in tribological and tribocorrosion performance of BMGs. The evaluation of metallic glasses 
as potentially applicable in situations where wear and corrosion act simultaneously is still 
premature.

Among the most important means of characterizing the performance of BMGs, materials 
scientists opt for the examination of the tribological and/or tribocorrosion resistance of a 
BMG material. The most studied material systems are zirconium-based bulk metallic glasses 
(Zr-BMGs) because of their wide use as mechanical components, their simple preparation 
process, and their excellent properties.

2.3.1. Zr-based BMGs

The tribocorrosion behavior of Zr55Cu30Ni5Al10 BMG sliding against AISI 52100 steel bear-
ing in 3.5% NaCl solution in a pin-on-disk tribometer was evaluated by Ji et al. [59]. The 
wear volume loss of the Zr55Cu30Ni5Al10 BMG increased as the applied load (up to 20 N), 
the sliding distance and the sliding velocity (up to 1.5 m s−1) increased. The BMG surface 

Metallic Glasses - Properties and Processing124

structure was believed to evolve from an amorphous to a pseudo-crystalline nanostructure 
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Abrasive wear was the dominant degradation mechanism at a load of 5 N, while adhesive and 
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Zr41Ti14Cu12.5Ni10Be22.5 amorphous alloys using a pin-on-disk tribometer at room tem-
perature under relatively heavy loads. The μ depended on the counterbody material. The 
highest value of μ was measured for AISI 5120 steel (0.30) under a normal load of 150 N, 
whereas the lowest value (0.15) was recorded for the Zr-based BMG disk for a normal applied 
load of 100 N. The wear weight loss of the crystalline material disk was lower than that of the 
pins. The opposite result was obtained when the Zr-based BMG was used as the counterbody 
material. For the three different counterbody materials, the crystalline disks showed obvi-
ous piled-up material without severe peeling-off. In addition, microcracks were found on the 
AISI 5120 steel disk worn surface, whereas the plastic flow has become one of the dominant 
wear mechanisms on the AISI 52100 steel disk. However, rough detached surface damage 
and wave-like patterns accompanied by pronounced delamination have been found on the 
BMG pins when amorphous disks were used as counterpart. Differences in wear mechanisms 
have been observed between the crystalline materials and the amorphous disks. The wear 
mechanisms of Zr-based BMG pins included grooves, micro-cracks, peeling-off and vicious 
flow when they slid against crystalline materials.

2.3.1.2. Effect of the loading conditions

The tribological behavior of a Zr52.5Cu17.9Ni14.6Al10Ti5 (at.%) BMG sliding against yttria-
stabilized zirconia counterparts was investigated using pin-on-disk in two distinct environ-
ments, namely air and argon [62]. It was found that the wear of the Zr-based BMG was reduced 
by more than 45% due to the removal of oxygen from the test environment at two different 
loads, namely, 16 and 23 N. The surface wear pins were examined using X-ray diffractometry, 
differential scanning calorimetry, scanning electron microscopy and optical surface profilom-
etry. A number of abrasive particles and grooves were observed on the worn surface of the 
pin tested in air, while a relatively smooth worn surface was found for specimens tested in 
argon. In ambient air, an abrasive wear mechanism dominates the degradation mechanism of 
the BMG pin, whereas, in argon, an adhesive wear controls the wear process.

The effect of the load on the wear behavior of Zr55Cu30Ni5Al10 BMG under linear recipro-
cating sliding conditions was investigated by Tao et al. [63]. An increase in the normal load 
results in a decrease of the μ of the Zr-based BMG (from 0.348 down to 0.226), and an increase 
of the wear volume loss. The wear mechanism evolves during friction, combining different 
processes such as welding, adhesive, and abrasive wear. At low loads, adhesive wear governs 
the degradation wear mechanism of the Zr-based BMG.

2.3.1.3. Effect of the test medium

The wear resistance of a Zr61Ti2Cu25Al12 (ZT1) BMG sliding against Si3N4 balls in dry (air), 
and lubricated states (deionized water, and simulated physiological media) in a ball-on-flat 
contact configuration was investigated by Wang et al. [64]. It has been shown that the wear 
resistance of ZT1 BMG in air and deionized water was superior to that of Ti6Al4V alloy but 
inferior to that of 316 L stainless steel and CoCrMo alloy when similar conditions were used. 
However, in simulated physiological media, such as phosphate buffered solution (PBS), and 
DMEM + FBS (Dulbecco’s modified Eagle medium with 10 vol.% fetal bovine serum), the 
Zr-based BMG exhibited lower wear resistance than that of Ti6Al4V, 316 L stainless steel, and 
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CoCrMo. This was likely attributed to its moderate pitting corrosion resistance, and its poor 
depassivation-repassivation kinetics, as induced by passive film breakdown in the solution 
containing chloride ions during the tribo-corrosion conditions. The presence of proteins in 
the test solution had a significant effect on the rapid decrease in the pitting resistance of the 
Zr-based BMG, which caused greater and severe wear damage. Therefore, improvement in 
the pitting resistance of the Zr-based BMG in physiological media is necessary if it concerns 
its possible use as a biomedical implant. In addition, screening of a good material as a coun-
terpart to coupling with Zr-based BMG is an additional key factor in ensuring better wear 
resistance (e.g., by lowering its wear rate). In dry conditions, abrasive wear was predominant 
mechanism in the case of ZT1 BMG. Under lubricated sliding conditions with the presence 
of deionized water, the wear damage caused by abrasion can be mitigated. In a simulated 
physiological environment with the presence of chloride ions, synergistic effects of abrasive 
and corrosive wear more likely control the wear process. For the four metals studied, the wear 
resistance had no distinct correlation with the hardness, while the material with high Young’s 
modulus had better wear resistance.

In another investigation conducted by Hua et al. [65], the tribological behavior of a 
Zr53Al16Co23.25Ag7.75 BMG in air and phosphate buffer saline (PBS) solution was evalu-
ated using ball-on-disk reciprocating sliding contacts. A biomedical alloy Ti-6Al-4V was used 
for comparison purposes. The wear resistance of the Zr-Al-Co-Ag BMG sliding in air has 
been shown to be superior to that of Ti-6Al-4V alloy. Under such dry friction conditions, 
the wear damage on Zr-based BMG was governed by combined oxidational and adhesive 
wear processes, whereas the wear mechanisms on the Ti-6Al-4V alloy was mainly driven by 
conjoint processes of abrasion and adhesion damage. Similarly, under lubricated contact con-
ditions, both oxidational and abrasive wear were the main wear mechanisms of the Ti-6Al-4V 
alloy in PBS. The Zr-based BMG exhibited lower wear resistance under lubricated sliding 
conditions (i.e., PBS) over dry friction, but higher than that of Ti-6Al-4V alloy. That low wear 
resistance was likely attributed to the low pitting corrosion resistance of Zr-Al-Co-Ag BMG in 
the medium containing chloride ions, and to the synergistic effects of abrasive and corrosive 
wear during the tribocorrosion tests. The pitting resistance in PBS solution of Zr-Al-Co-Ag 
BMG was lower than that of Ti-6Al-4V alloy, and was considered a key factor in the tribocor-
rosion behavior of the Zr-based BMG under the conditions considered.

2.3.2. Fe-based BMGs

The sliding wear behavior of a range of rapidly solidified alloy samples based on the compo-
sition of Fe68Cr18Mo2B12 (prepared by planar-flow casting) against a cobalt-bonded tung-
sten carbide counterface was evaluated using a modified crossed-cylinder wear testing rig 
[66]. A range of microstructures was examined, and the effect on the wear performance was 
evaluated. Alloys in ribbon forms were investigated in the as-cast amorphous state and after 
devitrification at various temperatures, and with the bulk-devitrified sample prepared by 
hot extrusion of the crushed ribbon. Low-temperature crystallization of the ribbon produced 
a high volume fraction of metastable Fe3B in a ferritic matrix, whereas high-temperature 
crystallization produced M2B and Mo-rich borides, still in a ferrite matrix. The wear results 
showed that the alloy having the stable M2B and Mo-rich borides had the best wear perfor-
mance, whereas that of the amorphous material had the highest wear rate, and the alloy with 
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Zr41Ti14Cu12.5Ni10Be22.5 amorphous alloys using a pin-on-disk tribometer at room tem-
perature under relatively heavy loads. The μ depended on the counterbody material. The 
highest value of μ was measured for AISI 5120 steel (0.30) under a normal load of 150 N, 
whereas the lowest value (0.15) was recorded for the Zr-based BMG disk for a normal applied 
load of 100 N. The wear weight loss of the crystalline material disk was lower than that of the 
pins. The opposite result was obtained when the Zr-based BMG was used as the counterbody 
material. For the three different counterbody materials, the crystalline disks showed obvi-
ous piled-up material without severe peeling-off. In addition, microcracks were found on the 
AISI 5120 steel disk worn surface, whereas the plastic flow has become one of the dominant 
wear mechanisms on the AISI 52100 steel disk. However, rough detached surface damage 
and wave-like patterns accompanied by pronounced delamination have been found on the 
BMG pins when amorphous disks were used as counterpart. Differences in wear mechanisms 
have been observed between the crystalline materials and the amorphous disks. The wear 
mechanisms of Zr-based BMG pins included grooves, micro-cracks, peeling-off and vicious 
flow when they slid against crystalline materials.

2.3.1.2. Effect of the loading conditions

The tribological behavior of a Zr52.5Cu17.9Ni14.6Al10Ti5 (at.%) BMG sliding against yttria-
stabilized zirconia counterparts was investigated using pin-on-disk in two distinct environ-
ments, namely air and argon [62]. It was found that the wear of the Zr-based BMG was reduced 
by more than 45% due to the removal of oxygen from the test environment at two different 
loads, namely, 16 and 23 N. The surface wear pins were examined using X-ray diffractometry, 
differential scanning calorimetry, scanning electron microscopy and optical surface profilom-
etry. A number of abrasive particles and grooves were observed on the worn surface of the 
pin tested in air, while a relatively smooth worn surface was found for specimens tested in 
argon. In ambient air, an abrasive wear mechanism dominates the degradation mechanism of 
the BMG pin, whereas, in argon, an adhesive wear controls the wear process.

The effect of the load on the wear behavior of Zr55Cu30Ni5Al10 BMG under linear recipro-
cating sliding conditions was investigated by Tao et al. [63]. An increase in the normal load 
results in a decrease of the μ of the Zr-based BMG (from 0.348 down to 0.226), and an increase 
of the wear volume loss. The wear mechanism evolves during friction, combining different 
processes such as welding, adhesive, and abrasive wear. At low loads, adhesive wear governs 
the degradation wear mechanism of the Zr-based BMG.

2.3.1.3. Effect of the test medium

The wear resistance of a Zr61Ti2Cu25Al12 (ZT1) BMG sliding against Si3N4 balls in dry (air), 
and lubricated states (deionized water, and simulated physiological media) in a ball-on-flat 
contact configuration was investigated by Wang et al. [64]. It has been shown that the wear 
resistance of ZT1 BMG in air and deionized water was superior to that of Ti6Al4V alloy but 
inferior to that of 316 L stainless steel and CoCrMo alloy when similar conditions were used. 
However, in simulated physiological media, such as phosphate buffered solution (PBS), and 
DMEM + FBS (Dulbecco’s modified Eagle medium with 10 vol.% fetal bovine serum), the 
Zr-based BMG exhibited lower wear resistance than that of Ti6Al4V, 316 L stainless steel, and 
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CoCrMo. This was likely attributed to its moderate pitting corrosion resistance, and its poor 
depassivation-repassivation kinetics, as induced by passive film breakdown in the solution 
containing chloride ions during the tribo-corrosion conditions. The presence of proteins in 
the test solution had a significant effect on the rapid decrease in the pitting resistance of the 
Zr-based BMG, which caused greater and severe wear damage. Therefore, improvement in 
the pitting resistance of the Zr-based BMG in physiological media is necessary if it concerns 
its possible use as a biomedical implant. In addition, screening of a good material as a coun-
terpart to coupling with Zr-based BMG is an additional key factor in ensuring better wear 
resistance (e.g., by lowering its wear rate). In dry conditions, abrasive wear was predominant 
mechanism in the case of ZT1 BMG. Under lubricated sliding conditions with the presence 
of deionized water, the wear damage caused by abrasion can be mitigated. In a simulated 
physiological environment with the presence of chloride ions, synergistic effects of abrasive 
and corrosive wear more likely control the wear process. For the four metals studied, the wear 
resistance had no distinct correlation with the hardness, while the material with high Young’s 
modulus had better wear resistance.

In another investigation conducted by Hua et al. [65], the tribological behavior of a 
Zr53Al16Co23.25Ag7.75 BMG in air and phosphate buffer saline (PBS) solution was evalu-
ated using ball-on-disk reciprocating sliding contacts. A biomedical alloy Ti-6Al-4V was used 
for comparison purposes. The wear resistance of the Zr-Al-Co-Ag BMG sliding in air has 
been shown to be superior to that of Ti-6Al-4V alloy. Under such dry friction conditions, 
the wear damage on Zr-based BMG was governed by combined oxidational and adhesive 
wear processes, whereas the wear mechanisms on the Ti-6Al-4V alloy was mainly driven by 
conjoint processes of abrasion and adhesion damage. Similarly, under lubricated contact con-
ditions, both oxidational and abrasive wear were the main wear mechanisms of the Ti-6Al-4V 
alloy in PBS. The Zr-based BMG exhibited lower wear resistance under lubricated sliding 
conditions (i.e., PBS) over dry friction, but higher than that of Ti-6Al-4V alloy. That low wear 
resistance was likely attributed to the low pitting corrosion resistance of Zr-Al-Co-Ag BMG in 
the medium containing chloride ions, and to the synergistic effects of abrasive and corrosive 
wear during the tribocorrosion tests. The pitting resistance in PBS solution of Zr-Al-Co-Ag 
BMG was lower than that of Ti-6Al-4V alloy, and was considered a key factor in the tribocor-
rosion behavior of the Zr-based BMG under the conditions considered.

2.3.2. Fe-based BMGs

The sliding wear behavior of a range of rapidly solidified alloy samples based on the compo-
sition of Fe68Cr18Mo2B12 (prepared by planar-flow casting) against a cobalt-bonded tung-
sten carbide counterface was evaluated using a modified crossed-cylinder wear testing rig 
[66]. A range of microstructures was examined, and the effect on the wear performance was 
evaluated. Alloys in ribbon forms were investigated in the as-cast amorphous state and after 
devitrification at various temperatures, and with the bulk-devitrified sample prepared by 
hot extrusion of the crushed ribbon. Low-temperature crystallization of the ribbon produced 
a high volume fraction of metastable Fe3B in a ferritic matrix, whereas high-temperature 
crystallization produced M2B and Mo-rich borides, still in a ferrite matrix. The wear results 
showed that the alloy having the stable M2B and Mo-rich borides had the best wear perfor-
mance, whereas that of the amorphous material had the highest wear rate, and the alloy with 
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Fe3B precipitates exhibited an intermediate wear behavior. The wear volume was systemati-
cally higher for the amorphous alloy than for the corresponding devitrified material. This was 
believed to be the result of the continuous crystallization of the glassy ribbon on the worn 
surface. Crystallization produced a microstructure of deformed ferrite containing a uniform 
dispersion of very fine boride precipitates. The combination of extensive microcracks and the 
inability of the precipitates to support the load led to an increase in the wear rate.

3. Toward the use of BMGs for tribo-electrochemistry systems in 
biomedical applications

The unique properties of BMGs make these materials attractive alternatives in biomedical 
applications. However, the most promising strategies for biomedical applications are quite lim-
ited. BMGs have potential biomedical applications as screws due to their toughness and high 
strength. Moreover, it has been reported that certain BMG compositions have low magnetic sus-
ceptibility, which could be advantageous in surgical instrument applications for interventional 
magnetic resonance imaging (MRI) [67, 68]. The ease of micro-forming and manufacturing of 
BMGs [69] also lends itself to the production of gears for small, high-powered micromotors that 
could be of use in arthroscopic tools. Another promising application is the biofunctionalization 
technology. Biofunctionalization consists of adapting compounds, for example metals, to make 
them compatible with a biomedical application. Finally, one of the most promising biomedical 
applications of BMGs is the use in bone fracture fixation and hip arthroplasty. BMGs have a low 
modulus that is comparable to the modulus of the bone as well as a high strength to withstand 
the significant forces generated in the skeletal system of the human body.

In particular, the acceptability of BMGs as potential candidates for implants (e.g., load-bear-
ing materials) in the human body is a very interesting and novel topic for a recent field of 
applications. To be effective, the BMGs should behave like biomaterials for the duration of 
their use. Above all, they should have sufficient mechanical strength, corrosion and wear 
resistance to withstand the harsh conditions of the body environment. If this is not achieved, 
degradation of the implant occurs and secondary effects take place leading to carcinogenicity, 
hypersensitivity, inflammation, and other complications. Recent investigations have claimed 
potential tribocorrosion performance of BMGs in simulated body fluids; however, improve-
ments are needed to achieve full functioning.

The tribocorrosion performance of a Zr-based BMG, namely ZrCuAlNi, has recently been 
evaluated in different media simulating body fluids with and without the presence of pro-
teins [70]. For comparison, a low-alloyed Zr material and a crystalline structure of the same 
alloy were also studied. It has been shown that the adsorption of the protein on the metal 
surface modifies both the cathodic and anodic electrochemical patterns and thus changes 
the prevailing reactions. The ZrCuAlNi BMG alloy in both structures, that is, amorphous 
and crystalline, did not form any stable passive film and an active dissolution in the anodic 
region was observed; only the presence of phosphates has generated a small passive plateau. 
The results also showed that the BMG material with amorphous structure had the largest 
wear rates in all electrolytes tested (i.e., NaCl, phosphate buffer solution, and phosphate buf-
fer solution with protein), whereas the crystalline structure of the BMG showed negligible 
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wear rates. Two different tribocorrosion mechanisms were observed in the ZrCuAlNi BMG 
alloy. The amorphous structure suffered from wear-accelerated corrosion generating larger 
wear rates due to galvanic coupling effects. The crystalline structure did not suffer from wear 
accelerated corrosion (no galvanic coupling effects due to lack of passivity) and thus lower 
wear rates were measured. The amorphous BMG material generated a large amount of wear 
debris during tribocorrosion tests, which act as very abrasive particles, thereby entailing the 
wear of the counterpart material (alumina). This was due to the formation of grooves and the 
growth/breakdown sequences of an amorphous oxide film and the high availability of Zr in 
the material. Crystalline BMG material generated low amount of wear debris, which could be 
attributed to recrystallization (nano-crystallization), and the presence of a new intermetallic 
phase (Zr2Cu), promoting an improvement of its mechanical properties under tribocorrosion 
conditions.

In another comparable study [71], using a reciprocating ball-on-disk tribometer equipped 
with an electrochemical cell, the degradation mechanisms due to mechanical wear and 
tribocorrosion of Zr-based BMGs, with nominal compositions of Zr55Cu30Ni5Al10 and 
Zr65Cu18Ni7Al10 used as potential load-bearing implant materials, were examined. The 
Zr65-BMG with a higher Zr content showed an increase in plasticity but a reduction in its 
wear resistance during sliding was noticed. Both BMGs experienced abrasive wear mecha-
nisms after dry sliding wear test conditions (under applied load of 2 N). The worn surface had 
a higher hardness and no wear-induced recrystallization was confirmed via FIB cross-section 
analysis. Therefore, the hardening mechanism was due to the free-volume annihilation under 
suppressed shear deformation. The more passive nature of the Zr65-BMG had consequently a 
negative influence on its tribocorrosion resistance since wear-accelerated corrosion speeded-
up its governing degradation mechanism. It has been shown that a galvanic coupling estab-
lished between the depassivated wear track and the surrounding passive area was behind the 
main degradation mechanism of passive Zr65-BMG subjected to the tribocorrosion environ-
ment. In order to apply the BMGs for load-bearing biomedical devices, it is required to find 
out a balance between their wear-controlled mechanisms, namely wear-accelerated corrosion 
and static corrosion resistance.
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Fe3B precipitates exhibited an intermediate wear behavior. The wear volume was systemati-
cally higher for the amorphous alloy than for the corresponding devitrified material. This was 
believed to be the result of the continuous crystallization of the glassy ribbon on the worn 
surface. Crystallization produced a microstructure of deformed ferrite containing a uniform 
dispersion of very fine boride precipitates. The combination of extensive microcracks and the 
inability of the precipitates to support the load led to an increase in the wear rate.

3. Toward the use of BMGs for tribo-electrochemistry systems in 
biomedical applications

The unique properties of BMGs make these materials attractive alternatives in biomedical 
applications. However, the most promising strategies for biomedical applications are quite lim-
ited. BMGs have potential biomedical applications as screws due to their toughness and high 
strength. Moreover, it has been reported that certain BMG compositions have low magnetic sus-
ceptibility, which could be advantageous in surgical instrument applications for interventional 
magnetic resonance imaging (MRI) [67, 68]. The ease of micro-forming and manufacturing of 
BMGs [69] also lends itself to the production of gears for small, high-powered micromotors that 
could be of use in arthroscopic tools. Another promising application is the biofunctionalization 
technology. Biofunctionalization consists of adapting compounds, for example metals, to make 
them compatible with a biomedical application. Finally, one of the most promising biomedical 
applications of BMGs is the use in bone fracture fixation and hip arthroplasty. BMGs have a low 
modulus that is comparable to the modulus of the bone as well as a high strength to withstand 
the significant forces generated in the skeletal system of the human body.

In particular, the acceptability of BMGs as potential candidates for implants (e.g., load-bear-
ing materials) in the human body is a very interesting and novel topic for a recent field of 
applications. To be effective, the BMGs should behave like biomaterials for the duration of 
their use. Above all, they should have sufficient mechanical strength, corrosion and wear 
resistance to withstand the harsh conditions of the body environment. If this is not achieved, 
degradation of the implant occurs and secondary effects take place leading to carcinogenicity, 
hypersensitivity, inflammation, and other complications. Recent investigations have claimed 
potential tribocorrosion performance of BMGs in simulated body fluids; however, improve-
ments are needed to achieve full functioning.

The tribocorrosion performance of a Zr-based BMG, namely ZrCuAlNi, has recently been 
evaluated in different media simulating body fluids with and without the presence of pro-
teins [70]. For comparison, a low-alloyed Zr material and a crystalline structure of the same 
alloy were also studied. It has been shown that the adsorption of the protein on the metal 
surface modifies both the cathodic and anodic electrochemical patterns and thus changes 
the prevailing reactions. The ZrCuAlNi BMG alloy in both structures, that is, amorphous 
and crystalline, did not form any stable passive film and an active dissolution in the anodic 
region was observed; only the presence of phosphates has generated a small passive plateau. 
The results also showed that the BMG material with amorphous structure had the largest 
wear rates in all electrolytes tested (i.e., NaCl, phosphate buffer solution, and phosphate buf-
fer solution with protein), whereas the crystalline structure of the BMG showed negligible 
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wear rates. Two different tribocorrosion mechanisms were observed in the ZrCuAlNi BMG 
alloy. The amorphous structure suffered from wear-accelerated corrosion generating larger 
wear rates due to galvanic coupling effects. The crystalline structure did not suffer from wear 
accelerated corrosion (no galvanic coupling effects due to lack of passivity) and thus lower 
wear rates were measured. The amorphous BMG material generated a large amount of wear 
debris during tribocorrosion tests, which act as very abrasive particles, thereby entailing the 
wear of the counterpart material (alumina). This was due to the formation of grooves and the 
growth/breakdown sequences of an amorphous oxide film and the high availability of Zr in 
the material. Crystalline BMG material generated low amount of wear debris, which could be 
attributed to recrystallization (nano-crystallization), and the presence of a new intermetallic 
phase (Zr2Cu), promoting an improvement of its mechanical properties under tribocorrosion 
conditions.

In another comparable study [71], using a reciprocating ball-on-disk tribometer equipped 
with an electrochemical cell, the degradation mechanisms due to mechanical wear and 
tribocorrosion of Zr-based BMGs, with nominal compositions of Zr55Cu30Ni5Al10 and 
Zr65Cu18Ni7Al10 used as potential load-bearing implant materials, were examined. The 
Zr65-BMG with a higher Zr content showed an increase in plasticity but a reduction in its 
wear resistance during sliding was noticed. Both BMGs experienced abrasive wear mecha-
nisms after dry sliding wear test conditions (under applied load of 2 N). The worn surface had 
a higher hardness and no wear-induced recrystallization was confirmed via FIB cross-section 
analysis. Therefore, the hardening mechanism was due to the free-volume annihilation under 
suppressed shear deformation. The more passive nature of the Zr65-BMG had consequently a 
negative influence on its tribocorrosion resistance since wear-accelerated corrosion speeded-
up its governing degradation mechanism. It has been shown that a galvanic coupling estab-
lished between the depassivated wear track and the surrounding passive area was behind the 
main degradation mechanism of passive Zr65-BMG subjected to the tribocorrosion environ-
ment. In order to apply the BMGs for load-bearing biomedical devices, it is required to find 
out a balance between their wear-controlled mechanisms, namely wear-accelerated corrosion 
and static corrosion resistance.
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