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Abstract 

In the present investigation molecular dynamics (MD) simulations of nano-indentation on 

Zr50Cu50, Zr50Cu30Al20 metallic glasses (MGs) and Zr50Cu50, Zr50Cu30Al20 glass matrix  

composites (GMCs) with 14%, 30% and 50% crystalline volume fraction have been studied. 

Nano-indentation tests are conducted at varying strain rates (2.5 × 109 s-1, 2.5× 1010 s-1, 1.25 

× 1011 s-1 and 2.5 × 1011 s-1) and temperatures (100K, 300K and 500K) to investigate the 

deformation behaviour and response on the mechanical properties such as yield point, 

maximum load, and hardness through load-displacement plots. Also, the effect of crystallite 

distribution (single-spherical and multi-spherical) and shape (spherical and cylindrical) on 

the load-displacement response have been studied. Structural analysis during deformation has 

been done by centro-symmetry parameter (CSP) studies. It is found that all curves have 

linear elastic behaviour and non-linear plastic behaviour with load varying linearly with 

displacement of the indenter following Hertz’s contact theory in the elastic region. After the 

first “pop in” or initiation of plastic deformation, serrations are observed to be irregularly 

spaced in amorphous alloys because of their short range order arrangement of atoms. With 

increase of strain rate, yield point and maximum load occur at higher loads in GMCs as 

compared to that of MGs. This may be due to delay in load transfer from amorphous phase to 

crystallites which can be observed in the atomic position snapshots of CSP studies. The 

increase of temperature leads to the decrease in the yield point and maximum loads in MG 

and GMCs. This may be due to the fact that atoms are displaced far away and so the inter-

atomic interaction force decreases causing softening of the alloy. Studies on the effect of 

crystallite distribution show that single-crystallite (14%) reinforced composite exhibits 

higher strength as compared to multi-spherical crystallite composite (14%). Also, studies on 

the shape of the crystallite reveal that composite reinforced with cylindrical shaped 

crystallites (14%) offer better strength than that of the composite with spherical crystallites 

(14%). From this study, it can be concluded that GMCs have better strength compared to 

MGs. Zr50Cu50 with 30 % crystalline volume fraction has better strength and in case of 

Zr50Cu30Al20 GMC with 50% crystalline volume fraction exhibits superior properties.  

Key words: Molecular Dynamics simulation, nano-indentation, Load-displacement plots, 

CSP analysis, strain rate, temperature, yield point 



xi 
 

CONTENTS 
 

 

Title Page  
 
 

Dedication   

Approval of the viva-voce board i  

Certificate ii 
 

 

Acknowledgements iii 
 

 

Declaration  iv  

List of figures v  
 

 

List of tables viii 
 

 

Abstract x 
 

 

Contents xi 
 

 
 

 

CHAPTER 1 INTRODUCTION 1-4  

 

1.1. Background 1 
 

 

1.2. Motivation for the present study 3 
 

 

1.3. Organisation of thesis 3 
 

 

   
 

 

CHAPTER 2 LITERATURE REVIEW 5-26  

 

2.1. Introduction to metallic glasses 5 
 

 

2.2. Metallic glass matrix composites (MGMC) 6 
 

 

2.3. Formation of glassy state in metals 7 
 

 

2.4. Glass forming ability 8 
 

 

2.5. Different types of metallic glass 9 
 

 



xii 
 

2.6. Structure of metallic glasses/amorphous metals 10 
 

 

2.7. Processing routes of glass formation 11 
 

 

     2.7.1. Methods of metallic glass synthesis (Rapid solidification 

processing) 

11  

 

     2.7.2. Methods of bulk metallic glass synthesis 13 
 

 

         2.7.2.1. Water quenching method 13 
 

 

        2.7.2.2. High pressure die casting 13 
 

 

     2.7.3. Mechanical alloying 14 
 

 

2.8. Application of metallic glasses 16 
 

 

2.9. Deformation behaviour of metallic glasses 16 
 

 

    2.9.1. Inhomogeneous deformation 17 
 

 

    2.9.2. Homogeneous deformation 18 
 

 

    2.9.3. Deformation maps 18 
 

 

2.10. Mechanical properties determination through nano-

indentation 

20  

 

2.11. Effect of state of stress 22 
 

 

2.12. Additional details about Zr-Cu based metallic glasses 24 
 

 

2.13. Gaps in the literature (classical molecular dynamics 

simulation studies) 

25  

 

2.14. Broad aim and objectives 26 
 

 

   
 

 

CHAPTER 3 MOLECULAR DYNAMICS SIMULATION 

PROCEDURE 

27-47  

 

3. Different simulation techniques 27  

  3.1. Introduction to classical molecular dynamics 27  

     3.1.1. Advantages  28  

     3.1.2. Limitations  29  



xiii 
 

     3.1.3. Inter-atomic potential 29  

     3.1.4 Potential in MD simulation 29  

     3.1.5. Simulation method in molecular dynamics 30 
 

 

     3.1.6. General steps of molecular dynamics simulation 31 
 

 

         3.1.6.1. Initializing position and velocity of atoms 31 
 

 

        3.1.6.2. Force calculation 31 
 

 

        3.1.6.3. Integrating the equation of motion 32 
 

 

      3.1.7. Periodic boundary condition 34 
 

 

      3.1.8. Ensembles 34 
 

 

  3.2. Monte Carlo method of simulation 35  

      3.2.1. Metropolis Monte Carlo (MMC) 35  

           3.2.1.1. Advantages 35  

           3.2.1.2. Limitations 36  

      3.2.2. Kinetic Monte Carlo (KMC) 36  

          3.2.2.1. Advantages 36  

          3.2.2.2. Limitations 36  

     3.2.3. Kinetic Monte Carlo vs. Metropolis Monte Carlo 37  

 3.3. Advantages of MD over MC 37  

 3.4. Ab-initio molecular dynamics simulation technique 38  

 3.5. Introduction to LAMMPS  38  

    3.5.1 Background 38 
 

 

    3.5.2 General features 39 
 

 

    3.5.3 Force fields 39 
 

 



xiv 
 

    3.5.4 Ensembles, constraints, and boundary conditions 40 
 

 

   3.5.4.1 Ensembles used in LAMMPS 40 
 

 

   3.5.4.2 Boundary conditions 40 
 

 

    3.5.5 Integrators 41 
 

 

    3.5.6. Energy minimization 41 
 

 

    3.5.7 Output 41 
 

 

    3.5.8 LAMMPS input script 42 
 

 

3.6. OVITO 43 
 

 

3.7. HPC (High Performance Computing) 43  

    

3.8. Molecular dynamics (MD) simulation procedure to obtain 

Zr50Cu50 and Zr50Cu30Al20 model MGs and GMCs 

           44  

    

3.9. Work plan 46 
 

 

   
 

 

CHAPTER 4 RESULTS AND DISCUSSIONS 48-82  

 

4.1. Validation of inter-atomic potentials 48 
 

 

   4.1.1. Validation of Zr-Cu inter-atomic potential 48 
 

 

   4.1.2. Validation of Zr-Cu-Al inter-atomic potential 49 
 

 

4.2. Nano-indentation simulation studies of Zr50Cu50 metallic 

glass 

50  

 

    

   4.2.1. Effect of strain rate on the load-displacement behaviour 51 
 

 

   4.2.2. Effect of temperature on load-displacement response 53 
 

 

4.3. Nano-indentation simulation studies of Zr-Cu metallic glass 

matrix composites 

54  

 

   4.3.1. Effect of strain rate on load-displacement response 56 
 

 

     4.3.1.1. Composite-I (14% crystallites) 56 
 

 



xv 
 

    4.3.1.2. Composite-II (30% crystallites) 57 
 

 

    4.3.1.3. Composite-III (50% crystallites) 58 
 

 

    4.3.1.4. Centro Symmetry Parameter (CSP) analysis of composite-I 59 
 

 

   4.3.2. Effect of temperature on load-displacement response 61 
 

 

    4.3.2.1. Composite-I (14 % crystallites) 61 
 

 

    4.3.2.2. Composite-II (30 % crystallites) 62 
 

 

    4.3.2.3. Composite-III (50 % crystallites) 63 
 

 

   4.3.3. Effect of crystallite distribution and shape 64 
 

 

     4.3.3.1. Effect of presence of a single crystallite in Zr50Cu50 based 

GMC 

64  

 

         4.3.3.2. Effect of crystallite shape on the load-displacement plots of 

Zr50Cu50 based composites 

66  

 

4.4. Nano-indentation simulation studies of Zr-Cu-Al metallic 

glass 

68  

 

   4.4.1. Effect of strain rate on load-displacement response 68 
 

 

4.5. Nano-indentation simulation studies of Zr-Cu-Al metallic 

glass matrix composites 

69  

 

   4.5.1. Effect of strain rate on load-displacement response 69 
 

 

    4.5.1.1. Composites-IV (14 % crystallites) 69 
 

 

    4.5.1.2. Composite-V (30 % crystallites) 70 
 

 

    4.5.1.3. Composite-VI (50 % crystallites) 71 
 

 

   4.5.2. Effect of temperature on load-displacement response  72  

        4.5.2.1. Zr50Cu30Al20 amorphous alloy 72  

        4.5.2.2. Composite-IV (14% crystallites) 72  

        4.5.2.3. Composite-V (30% crystallites) 73  

        4.5.2.4. Composite-VI (50% crystallites) 74  

4.6. Mechanical properties of Zr-Cu based MG and GMCs 74  

   4.6.1. Effect of strain rate on the yield point and maximum load 74  



xvi 
 

 

   4.6.2. Effect of temperature on yield point 76 
 

 

   4.6.3. Effect of strain rate on hardness 77 
 

 

   4.6.4. Effect of temperature on hardness 79 
 

 

4.7. Mechanical property of Zr50Cu30Al20 based MG and GMCs 80 
 

 

   4.7.1. Effect of strain rate on the yield point and maximum load 80 
 

 

   4.7.2. Effect of strain rate on the hardness 81 
 

 

4.8. Variation of potential energy with displacement of indenter 81 
 

 

   
 

 

    

CHAPTER 5 CONCLUSIONS AND SCOPE FOR FUTURE WORK 83-84  

 

5.1. Conclusions 83 
 

 

5.2. Scope for future work 84 
 

 

   
 

 

 REFERENCES 85-90 
 

 

 BIO-DATA                                                                                                           91 
 

 

 

 

 



1 
 

Chapter 1 

Introduction 

 

 

1.1. Background 

A metallic glass (amorphous metal) is an alloy of metals having a disordered atomic structure 

[1]. Duwez and co-workers at Caltech laboratory were first to prepare the metallic glass 

(Au75Si25) by rapid quenching technique in 1960 [2]. Structural application of metallic glass 

(MG) was not feasible until the development of bulk metallic glass in 1990’s pioneered by 

research groups of Inoue at Tohoku University in Japan and Johnson at California Institute of 

Technology in the U.S [3, 4]. BMGs have been used for many structural applications because 

of their typical mechanical properties as compared to the crystalline materials like large 

elastic strain limit (~2 %), good corrosion resistance, higher strength(2GPa), and higher 

hardness [5–7]. But they exhibit limited plasticity in compression (0-2 %) and negligible in 

tension (<0.5 %) leading to catastrophic failure and thus restricted area of use [5, 8, 9]. There 

are several types of BMGs such as Cu-based, Zr-based, Ti based, Fe-based [10]. The most 

widely studied are Cu-based metallic glass as they have good glass forming ability, high 

thermal stability, high corrosion resistance and high strength [10]. BMGs have a distinct 

deformation mechanism as compared to the crystalline materials due to the absence of 

defects such as dislocations. The deformation studies revealed that at low strain rate, BMGs 

fail in discrete manner by shear banding which results in brittle failure while this deformation 

becomes continuous at high strain rates and not in discrete manner. This is due to the 
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formation of a single shear band at low strain rate which is not able to bear sudden high strain 

values so multiple shear bands are formed at higher strain rates [11]. To improve the 

ductility, BMG composites were synthesized. It was found that there was significant increase 

in the plastic strain due to the obstruction of the rapid propagation of shear bands in the 

presence of crystallites [8, 9]. Several deformation studies were done on BMG reinforced 

with crystalline particulates [6, 12].  It was found that addition of reinforcement changed 

their mechanical properties such as fracture toughness, and ductility by formation of multiple 

shear bands. Addition of Nb to Zr57Nb5Al10Cu15.4Ni12.6 BMG to form composite increased its 

toughness [6]. Wang et al. [13] did experiments to show that the addition of Nb resulted in 

increase of ductility of the Zr-Ti-Cu-Ni-Be metallic glass system due to formation of 

crystalline phases. As stated earlier the deformation mechanism in glasses is different to that 

of crystalline materials because of their disordered atomic structure. There are several 

proposed deformation mechanism theories, such as STZ (shear transformation zone), shear 

band theory and free volume theory.  As proposed by Argon [14] STZ is the fundamental 

unit of plastic deformation of metallic glasses similar to dislocation in crystalline materials. 

Further, STZ are local cluster of atoms which of few nanometres that reorganise by the 

application of shear stress. This involves s dislocation of atoms, their inelastic rearrangement 

and redistribution of shear transformation around free volume regions. A distinct theory for 

deformation mechanism of metallic glasses was anticipated by Spaepen [15]. Metallic glasses 

comprise of free volume and plastic deformation occurs by creation of free volume and its 

destruction by diffusion.  
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1.2. Motivation for the present study 

Extensive studies using classical molecular dynamics (MD) have been carried out to 

understand the stress-strain characteristics and atomistic mechanism of plastic deformation in 

Cu-Zr based metallic glasses [16–19]. However, there are seldom simulation studies reported 

on the deformation behaviour of Zr-based MGs and GMCs. Also, the structural 

transformation during deformation, influence of crystallite shape, volume fraction and 

distribution in GMCs is not reported.  MD simulation is generally believed to be an effective 

way in modelling various indentation processes [16], providing an in situ observation on 

atomic motions.   

1.3. Organization of thesis 

This chapter (Chapter 1) provides a brief introduction of the present work along with its 

primary objectives and a brief look at the gaps in the experimental and MD simulation 

studies on deformation of Zr-Cu based metallic glass and Zr-Cu based glassy alloys 

containing crystallites. Chapter 2 presents a literature review on the subject matter of glass 

forming ability, processing routes of metallic glasses, types of metallic glasses, deformation 

mechanisms in metallic glasses, effect of Al addition on the deformation behaviour of Zr-Cu 

metallic glasses and its composites, effect of strain rate and MD simulations on the 

deformation behaviour of Zr-Cu glass and glass composites. Comparison of mechanical 

properties of Zr-Cu based metallic glass and composites under experimental and simulation 

studies. These are followed by gaps in the literature and finally the brief aims and objectives 

of the present study. In Chapter 3, a brief description of classical molecular dynamics 

simulation procedure, modelling using LAMMPS software and plan showing the details of 
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simulation studies is given. Chapter 4 is about (a) results of molecular dynamics simulation 

studies and (b) discussions based on the observed results. Chapter 5 presents the conclusions 

of this study and scope for future work. 
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Chapter 2 

Literature review 

 

2.1. Introduction to metallic glasses 

Glass may have typically any available type of bonding i.e., metallic, covalent, ionic, 

hydrated ionic and molecular [20]. Amorphous metals or metallic glass do not contain long 

range periodicity as found in crystals (Figs. 2.1a and 2.1b). Unlike common glasses like 

window glass, which are normally insulators, metallic glasses have good electrical 

conductivity. Metallic glasses are opaque while common glasses (silicon glasses) are 

transparent [21]. When the metallic glasses have a critical casting thickness of 1 cm or more 

and have three or more alloys mixed together, are termed as bulk metallic glass [22]. 

Amorphous metals have good electrical conductivity, good forming and shaping ability, 

large elastic strain limit, high yield strength, high hardness, good corrosion resistance, 

resistance to wear (due to absence of grain boundary), glass transition (it gradually softens, 

changing from solid to liquid over a range of temperature, very useful for processing glass 

into complex shapes), resistance to plastic deformation (due to higher viscosity than metals 

and alloys, which prevents atoms moving enough to form ordered lattice) [5–7, 23], but 

lower ductility and fatigue strength than polycrystalline metal alloys [5, 8, 9]. The presence 

of crystalline phase in BMG as reinforcement or precipitate leads to formation of glass 

matrix composites (GMC). According to some researchers the presence of crystalline phase 

leads to enhancement of ductility of BMGs by restraining the shear band propagation [24, 

25]. 
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Fig. 2.1. Atomic snapshots: (a) crystalline structure (b) amorphous structure. 

2.2. Metallic glass matrix composites (MGMC) 

BMGs found a wide range of application in the mid-1990s due to the rush in commercial 

market to find the suitable material with better properties and low cost of manufacture. But, it 

was found that there are some of the faults associated with these alloys like low fracture 

toughness, low ductility at room temperature. So, research work started in early 2000s to find 

better alternative to these materials with improved toughness. It was found that brittle 

character of BMGs can be lessened with addition of some crystalline phases in the matrix 

phase of BMG. This led the researchers to investigate the centimeter or greater thickness 

BMG matrix composites (BMGMCs) for structural (load bearing) applications. High-

strength, hardness and toughness of BMGMCs make them fit for high-performance load-

bearing applications, such as spacecraft shielding and panels for military vehicles [26]. The 

first toughened in situ BMGMC were developed by Hays and Kim at Caltech in 1999 by 

recognizing that a beta stabilizer, Nb added to matrix phase could make the dendrite phase 

softer [27]. Zr-Be-based composites are the most desirable BMGMCs because of lack of any 
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stable compound found between the Be and constituents which can prevent heterogeneous 

nucleation actuated by dendrites during quenching. BMGMCs are finding a wide application 

in fields of aerospace, defense, sports etc.  Some of them are like spacecraft debris shielding, 

golf club, energy absorbing cellular structures, gear, car door panels, armor and penetrators 

[26]. 

2.3. Formation of glassy state in metals 

A liquid can form a glass if and only if its actual cooling rate is higher than the critical 

cooling rate (Rc). The transition occurs at a temperature known as glass transition 

temperature (Tg), when molten metal is under-cooled at the critical cooling rate so as to 

suppress the nucleation and crystal growth. This is the reason why the first metallic glass 

(~10µm thickness) was formed at a very high cooling rate of about 105-106 s-1 [28, 29]. The 

glass-liquid transition is the reversible transition from a relatively hard and brittle state into a 

molten or rubber like state below the melting temperature of metal (Fig. 2.2). Glass transition  

 

Fig. 2.2. Volume change associated with heating and cooling in systems susceptible to glass 

formation [30]  
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temperature increases with increase of cooling rate and the dimension of glass decreases as  

shown in curve 2.2b for glass having glass transition temperature, Tgb >Tga. Metallic glass or 

amorphous metals are termed when the glassy state is formed with a metallic melt under-

cooled below the Tg value. It becomes easy for the combination of two or more atoms of 

metals whose atoms differ in size greatly to form glassy state as crystallization process 

becomes difficult [29]. 

2.4. Glass forming ability 

The glass forming ability (GFA) of a melt mainly depends on the critical cooling rate (Rc) for 

glass formation. It is the minimum cooling rate required so as to keep the melt amorphous 

without precipitation of any crystal during solidification. The smaller the Rc, higher the GFA 

of a system should be [31]. The most extensively used criteria of GFA to reduce Rc value are 

(i) The reduced glass transition temperature Trg (glass transition temperature Tg over liquidus 

temperature Tl, i.e.,Tg/Tl), an alloy should have a high reduced glass transition temperature 

which increases the viscosity of melt, thus enhances GFA (0.4< Trg<0.7). This judges only 

the condition under which glass is formed and doesn’t address the stability. (ii) The super 

cooled liquid region Δ xgT  (the difference of temperature between the onset of crystallization 

temperature, Tx and the glass transition temperature, Tg), thermal stability in metallic glass is 

usually evaluated by determining the temperature difference ∆Txg upon heating at a constant 

rate. For some systems, it has been verified that larger values of ∆Txg tend to be coupled with 

lower values of critical cooling rate (Rc), signifying that glassy phase is very stable. (iii) Lu 

and Liu argued that the GFA of an alloy should comprise the criteria for both glass formation 
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and its stability. Thus, both Trg and ∆Txg are combined into one criterion. Thus a new 

parameter γ was defined as: 

γ = x

g l

T

T T
------------------------------------------------------ (2.1) 

This parameter was found most appropriate to explain GFA of metallic glasses (0.350< 

γ<0.500) [31]. Later Inoue [32] has formulated three practical rule for achieving high GFA 

(a) The alloy system should contain at least 3 components (b) The atomic size disparity 

between ingredient elements must be at least 12%, it makes crystallization more difficult and 

can be prevented in many instances by extremely rapid cooling of the melt (c) there should 

be a high negative heat of mixing between the alloying elements as positive heat of mixing 

may lead to phase separation so that the elements may not alloy together. 

 2.5. Different types of metallic glass 

Metallic glasses can be classified into two categories viz. (i) metal-metal type (ii) metal-

metalloid type. Distinctive constituent elements of BMGs can be grouped as: alkaline earth 

metals (Mg, Ca), simple metals (Al, Ga) in IIIA and IVA groups neighbouring the 

semiconductors, transition metals including early transition metals (Ti, Zr, Mo, Cr, Nb etc.)  

and late transition metals (Fe, Co, Ni, Pd, Cu etc.), rare earth metals (La, Ce, Nd), and non-

metals (B, C, P, Si). Almost  all MGs comprise elements from at least two groups and so 

there are certain sample pairs upon which even more complex BMGs are based [28].  

The metal-metalloid BMGs comprise mainly early transition metals or late transition 

metals combined with non-metals. A few examples of such BMGs are Ni–P, Fe-B, Co-B, 



Chapter 2.                                                                                                      Literature review 

10 

 

Pd–Ni–Cu–P, Fe–Cr–Mo–P–C–B. The metal-metal amorphous alloy system consists of only 

the metals. Some examples of such type of alloys are Fe-Nd-Al, Ni-Nb-Ti, Cu-Zr-Ti [28, 33].  

2.6. Structure of metallic glasses/amorphous metals 

Amorphous is the word employed to structure with absence of crystalline structure or having 

short range order arrangement of atoms. Metals exhibit different physical and mechanical 

properties due to the crystal structure and presence of defects in it. Metallic glasses have not 

clearly defined atomic structure and associated defects within. So, it becomes difficult to 

understand the origin of their properties. Spaepen [15] proposed the free volume model to 

describe the deformation mechanism occurring in metallic glasses. However, an important 

question in structure study of these glasses was whether the arrangement of atoms is in 

random fashion or a local ordering exists there. Structural arrangement of atoms can be 

obtained by diffraction method, calorimetry, viscosity measurement and other techniques. 

The calorimetry method leads to two different approach namely direct and indirect method of 

analysis [34]. In the direct method of investigation the consistent diffraction data is treated by 

Fourier transform methods from which radial distribution function (RDF) is evolved. 

Investigation of the RDF gives the average inter-atomic spacing and the near-neighbour co-

ordinations in the glass. The indirect method comprise of generating a structural model for 

glass and calculating the intensity function or the RDF and comparing it with experimental 

intensity. Fig. 2.3 shows the schematic sketches of the atomic arrangements and its pair 

distribution function in a gas, liquid, glass and crystal. 
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Figure 2.3. Schematic to represent the atomic configuration and radial distribution function 

of crystalline, liquid and amorphous structures [35]. 

2.7. Processing routes of glass formation 

2.7.1. Methods of metallic glass synthesis (Rapid solidification processing) 

Duwez and co-workers showed that the nucleation and crystal growth can be bypassed in 

certain melt alloys to obtain amorphous metals [2]. Some of the materials were developed 

during the second half of twentieth century so as to fulfil the combination of better properties 

together with performance. Different types of non-equilibrium processing techniques used 

for the synthesis were rapid solidification processing (RSP), plasma processing, vapour 

deposition, irradiation, and spray deposition. Some other methods not involving any 

quenching are mechanical alloying, electro-deposition of alloys etc [36–38].  
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The basis of these techniques were ‘to energise and quench’ the material and 

synthesize the metastable phase [36]. Energizing of crystalline material involves the change 

state change from solid to liquid state. Materials are first melted and then vaporized during 

vapour deposition in case of RSP. Then this energized material is ‘quenched’ by rapid 

solidification processing to obtain a highly metastable phase of the material. These 

metastable phases can be further transformed to less metastable state by some annealing 

methods so as to obtain the desired microstructure and properties.  

 

Figure 2.4. Schematic of a melt spinning process [39] 

To obtain uniformity of cross-section and high solidification rate some techniques were 

developed for RSP. Melt spinning is one of them to obtain amorphous ribbons, wires, and 

filaments. The alloy is melted in a crucible and then ejected through an orifice and solidified 

against a fast rotating copper chill. As the solidification starts the ribbon is expelled from the 

chill surface or heat sink. The solidification rate achieved in this method is about 105-106 K s-

1. Typical size of the ribbons produced are 2-5 mm in width and 20-50 μm in thickness. The 

schematic of melt spinning is shown in Fig. 2.4 [39]. 
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2.7.2. Methods of bulk metallic glass synthesis 

A number of procedures have been suggested to manufacture BMGs since its development. 

Some of them are like water quenching method, high pressure die casting, mechanical 

alloying etc. 

2.7.2.1. Water quenching method 

Alloys are made by melting in an arc furnace or by induction melting. The alloy is placed in 

a quartz tube with a flux (oxide like B2O3 to remove impurities and improve GFA of alloy) 

and heated to its liquidus temperature so as to melt it completely. The melt is put in a quartz 

tube and quenched in agitated water. The cooling rate attained is roughly 102 K s-1. A distinct 

feature of water quenching method is less residual stress in cast alloy formed due to slow 

cooling rate [39, 40]. 

2.7.2.2. High pressure die casting 

 

Figure 2.5. Schematic of a high pressure die casting [41]  
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Die casting method permits a high solidification rate so as to produce more complex shapes. 

The alloy is melted in a sleeve under Argon atmosphere with a high frequency induction coil. 

Melt formed is then moved into copper mould through a plunger by hydraulic pressure. As 

the melt comes in contact with mold it solidifies. The whole apparatus is emptied to avoid 

any gas entrapment and to give a pore free casting. Fig. 2.5 shows the schematic of a die-

casting apparatus designed and used by Inoue et al. [41]. 

2.7.3. Mechanical alloying 

A big difference between the mechanical alloying (MA) and procedures described up to now 

is that in earlier techniques, the alloy is prepared (monolithic or composite) in a single step 

 

Figure 2.6. (a) Ball–powder–ball collision of powder mixture during MA and (b) deformation 

characteristics of representative constituents of starting powders in MA. [42]  
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whereas in MA powders of constituent elements are prepared and then consolidated to form a 

single bulk amorphous alloy through application of pressure or heat. The powder blend is 

made of different elements and placed in a milling container under inert atmosphere along 

with the grinding medium i.e., spherical balls made of stainless steel, tungsten carbide. The 

container is then placed inside mill and whole mass is agitated violently for desired time 

length. The powder particles entrapped between two balls go through a process similar to 

rolling and is subjected to compressive, shear or impact forces depending on the type of 

milling. Particles get fragmented into smaller particles by abrading if brittle and flattened into 

pancake shape if it is soft. [42].  

Table 2.1. Glassy alloy system with calendar year, cooling rate and size [1, 32] 

Year  Alloy system  Technique  Cooling rate  

(K s-1)  

Shape 

/thickness/diameter  

1959  Cu-Ag  Gun technique  106 Thin foil/40μm  

1971  Pd80Si20 Melt spinning  105-106 30 cm length 

ribbon  

1988  Mg-Ln-M  Copper mold 

casting  

103-10-1 25mm dia. rod  

1990  Zr-Al-Cu  Tilt casting  103-10-1 15mm dia. rod  

1993  Ti-Zr-(Fe, Co, 

Ni)  

Suction casting  103-10-1 10 mm dia. rod  

1995  Zr-(Ti, Nb, Pd)-

Al-(Fe, Cu, Ni, 

Cu)  

Suction casting  103-10-1 30 mm dia. rod  

2001  Cu-(Zr, Hf)-Ti, 

Al, Ag  

Copper mold 

casting  

103-10-1 10-25 mm dia. rod  

2004  Ni, Pd, P  Water 

quenching  

103-10-1 15 mm dia. rod  

2006  Co-(Cr, Mo)-

(C,B)-(Y, Er)-

(Fe, Co, Ni, Cu)  

Copper mold 

casting  

103-10-1 10 mm dia. rod  
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Table 2.1 shows the different glassy alloy systems with their preparation technique and year 

of manufacture. 

2.8. Application of metallic glasses 

Metallic glasses are finding a wide range of application in various fields such as automobiles, 

electronic gadgets, sporting equipments, magnetic core, jewellery etc. which are listed below 

with properties in Table 2.2. 

Table 2.2. BMG alloy system and their applications [10, 43, 44]  

Base alloy Property  Application Alloy system 

Zr  based  Smaller size, high sensitivity, 

high pressure endurance 

Diaphragm used in pressure 

sensors in automobile inds. 

Zr–Al–Ni–Cu 

 high torque  micro geared motors used 

in cell phones 

`High elastic energy Sporting equipment Zr-Ti-Cu-Ni-

Be 

Ti based  High tensile strength, large 

elastic elongation, high 

corrosion resistance  

Glassy alloy pipes used in 

coriolis flow meter 

Ti–Zr–Cu–

Ni–Sn 

Fe based Low core loss, high electrical 

resistivity 

Magnetic core Fe–Cr–P–C– 

B–Si 

Pt and Pd 

based 

High hardness, wear and 

corrosion resistant, lustre,  

Jewellery   

Pt based High fracture toughness Die material Pd-Cu-Ni-P 

 

2.9. Deformation behaviour of metallic glasses 

Metallic glasses have high tensile strength but have very less ductility and fails just after the 

yield point is reached. The deformation behaviour of metallic glasses may be classified as (a) 

inhomogeneous deformation and (b) homogeneous deformation. 
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2.9.1. Inhomogeneous deformation 

The deformation occurring at low temperature, high stress condition is inhomogeneous. At 

temperature lower than 0.5Tg deformation is localized in few very thin shear bands that are 

formed on planes of maximum resolved shear stress. The material fails catastrophically as the 

deformation is unstable at high stress. Metallic glasses undergo strain softening at low stress 

and high strain rates which leads to the creation of shear bands. These shear bands lead to 

decrease in local viscosity of glass. This phenomenon is described by the creation of free 

volume due to flow distension, structural order creation by shear transformation zone (STZ) 

operation, local heating [39]. Two possible reasons were suggested for the inhomogeneous 

deformation through shear band formation. These are:  

(i) Decrease in viscosity due to formation of more free volume with deformation. This causes 

decrease in density of glass and so resistance to deformation. Spaepen derived an expression 

for steady state inhomogeneous deformation in metallic glasses on the basis of competition 

between creation and diffusional annihilation of free volume [15]. 

(ii) Adiabatic heating occurs in local region of shear band and so lead to viscosity fall of the 

metallic glass [45]. 

The ‘pop in’ events in load-displacement curves of nano-indentation are associated 

with activation of shear bands. In case of slow indentation rate a single shear band is able to 

accommodate deformation. When the strain rate is increased atoms do not get enough time to 

accommodate deformation and so multiple shear bands are formed resulting in a smooth 

load-displacement curve [11].  
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2.9.2. Homogeneous deformation 

The deformation occurring at high temperature and low stresses is homogeneous. Such 

condition leads to Newtonian flow and thus strain rate is proportional to stress. But with 

increase of stress value applied strain rate sensitivity decreases and flow become non-

Newtonian. At high temperature greater than 0.8Tg glass have viscous flow in which plastic 

strain is distributed continuously, but not inevitably equally between different volume 

elements of glasses [46]. It causes significant plastic flow and therefore is of commercial 

importance. The homogeneous deformation behaviour can also be explained on the basis of 

STZ as proposed by Argon [14]. A changeover from Newtonian to non-Newtonian 

deformation behaviour is associated with crystallization (formation and precipitation of nano-

crystals) within the glassy matrix at high temperature. It is also investigated that 

homogeneous deformation is associated with crystallization of glass partially [39].  

2.9.3. Deformation maps 

A steady state constitutive flow law describes different modes of deformation using equation 

( , , )f T structure  --------------------------------------------- (2.2) 

where,   is strain rate,  is the shear stress and T is temperature. ‘structure’ represents all 

the structural parameter of the material 

The steady state condition means that all the structural parameters are determined by 

some external parameters-temperature and stress. Spaepen [15] introduced a deformation 

map for metallic glasses based on the above concept. He calculated boundary between 

homogeneous and inhomogeneous deformation regions. Fig. 2.7 shows the deformation map 
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of metallic glass to indicate various modes of deformation. Stress is plotted on Y-axis on a 

logarithmic scale and temperature on X-axis. Map shows that homogeneous deformation 

occurs at low stress and high temperature and shows high strain rate dependency which are 

indicated by strain rate contours. On the other hand in high stress levels and low temperature 

region, inhomogeneous deformation takes place and is independent of strain rate applied. 

Unlike melt spun metallic glass ribbon, BMGs have wide super-cooled liquid region, ΔTx (Tx-

Tg). Here Tx is crystallization temperature and Tg is glass transition temperature for glass 

[39]. 

 

Figure 2.7. Deformation map for metallic glass proposed by Spaepen [15]  
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2.10. Mechanical properties determination through nano-indentation 

When an indenter is inserted in a sample both elastic and plastic deformation occurs, and 

results in a hardness impression. During unloading only the elastic portion of deformation is 

recovered and so it provides only the elastic solution in modelling the contact process (Fig. 

2.8). In nano-indentation experiments load applied on the indenter and depth of indentation 

are continuously measured for the desired indentation depth. The data for the loading and 

unloading of indenter are plotted on load-displacement (P-h) plot to obtain some of the 

elasto-plastic properties of a sample such as hardness of the alloy, stiffness calculated by 

slope of unloading curve, elastic modulus (E), Yield strength (σy), residual stress etc. 

 

Figure 2.8. Load-Displacement curve with key parameters, Fmax, peak indentation load; hmax, 

indenter displacement at peak load; S, contact stiffness [47]  

 

The stiffness (S) calculation is made through the slope of unloading curve at 

maximum loading point ( )dF dh . The expression for the stiffness is given below [48].  

                
*2

c

dF
S E A

dh 
  ------------------------------------------------------- (2.3) 
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where, Ac = Projected area of elastic contact 

               
22

*

11 1 i

iE E E

 
     -------------------------------------------------------- (2.4) 

E* describes the reduced elastic modulus, and it consists of elastic modulus of indenter, Ei 

and its poison’s ratio, νi. E and ν represents the elastic modulus and poison’s ratio 

respectively of specimen [48]. The equation (2.3) for stiffness calculation hold good equally 

for spherical, cylindrical and other type of indenters as well. 

There occurs elastic deformation only during indentation initially which can be 

described by Hertz’s theory and expression for force (F) can be given by  

                  
1/2 3/24

3
F r E h     -------------------------------------------------------- (2.5) 

r, is the radius of indenter, h is the indentation depth and E* is reduced elastic modulus.     

Hardness (H) of the material is the mean pressure the material supports under the 

load. So H can be calculated as, 

H=
c

F

A
 ------------------------------------------------------------------ (2.6)        

2
2 2 2( )

4

c
c c c

d
A r d h


    ------------------------------------------------ (2.7) 

                     c

F
h h

S
   --------------------------------------------------------- (2.8)                           

where, F is force on indenter, Ac is area of contact, h is depth of indentation. hc (Eq. 2.8) is 

employed to determine the projected area of contact by Sneddon’s equation [49].   is 
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geometric constant which is 0.75 for spherical indenters. dc is diameter of residual impression 

in surface. S is contact stiffness [50].   

2.11. Effect of state of stress 

Table 2.3. Mechanical properties of metallic glasses in compression, tension deformation 

studies 

Table 2.4. Mechanical properties of metallic glass under indentation experiment 

Composition (at.%) σc,f 

(MPa) 

σy 

(MPa) 
𝛆f (%) Hv Dc 

(mm) 

Fracture features Refer

ence 

Cu45Zr47.5Ag7.5 1820  2.9 556 6.0 Shear bands at 45° 

to the loading 

direction 

 

[51]  
Cu45Zr45Ag10 1810  0.3 542 6.0 

Cu42.5Zr47.5Ag10 1780  0.3 534 5.0 

Cu45Zr50Ag5 1885  0.2 585 3.0 

Cu47.5Zr47.5Al5 2265 1547 18  2.0 Wavy shear bands [52] 

Cu46Zr46Al8 2050 1200 2.9  2-5  [53] 

Zr55Al20Co20Cu5 2200  2.7  3-5 Vein pattern [54]  

Ti40Zr25Ni8Cu9Be18  1720 0.034  3 Shear bands at 

39.5 ̊ to loading 

direction  

[55] 

Alloy Sample dimension Load 

(N)  

Hardness 

(GPa) 

σ
y 

(Gpa) 

Indenter Refer

ence 

Zr–5Ti–17.9Cu–

14.6Ni–10Al (wt.%) 

(vit.105) 

1.6mm × 5mm × 

30 mm 

160 5.5 1.96 Spherical  

(Φ 400µm) 

[56] 

Zr40Ti14Ni10Cu12Be24 4mm×2mm×2mm  5.4  2.3 Berkovich [57] 

Zr55Cu30Al10Ni5   

Φ 2mm ×1mm  

0.004

-0.5 

8-6.5  Berkovich  [58] 

Φ 2mm×100mm 1 5  Vicker’s 

Pd42Ni40P18  Φ 5mm 4.9-

49 

5.8-6   Vicker’s [59] 

Zr52.5Al10Ti5Cu17.9 

Ni14.6 

0.6 mm × 3 mm × 

15.3 mm 

 6.64 1.65  [60] 
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Table 2.5. Mechanical properties of Zr-based glass matrix composites in compression and tensile deformation 

 

Composition (at.%)  Crystallite 

phase 

      σ
y 

 (GPa) 
𝛆

f 
(%)  E 

(GPa)  

H 

(GPa) 

Dim. 

(mm) 

Fracture 

features  

References  

Zr55Al10 Cu30 Ni5 

 

 

(17.5% 

Tungsten) 

2 

(compressive) 

  6.1±0.2 Φ 3×6  

 
  [61] 

Zr36.6Ti31.4Nb7Cu5.9Be19.1  42%,51%,67% 

of respectively 

BCC dendrites 

of Zr, Ti, Nb 

1.4(tensile) 9.58 84.3   

 

Φ 3-

3.05 

Shear bands at 
45º to the 
principal axial 
loading direction 

  [9] Zr38.3Ti32.9Nb7.3Cu6.2Be15.3 1.3(tensile) 10.8 79.2 - 

Zr39.6Ti33.9Nb7.6Cu6.4Be12.5 1.1 (tensile) 13.1 75.3  

Zr57Al5Nb10Cu15.4Ni12.6 10% W 1.9 

(compressive) 

7 96 - Φ 3×6 Shear bands 

at 45º to the 

principal 

axial loading 

direction 

[6] 

Zr57Al5Nb10Cu15.4Ni12.6 10% Ta 1.8 

(compressive)  

3 87.5 - 

Zr57Al5Nb10Cu15.4Ni12.6  10% SiC 1.0 

(tensile) 

5 71  
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Table 2.6. Mechanical properties of MGs and GMCs obtained under different modes of 

deformation (compressive, tensile, shear and indentation) by simulation studies 

 

BMGs (CuZr)98Al2 

 [62] 

Zr47Cu31Al13Ni9  

[63] 

Cu64Zr36 

[64] 

Cu57Zr43 

 [18] 

Cu65Zr35 

 [19] 

Dimension/ 

atoms 

320×320×120 

Å3  

160×160× 

124 Å3/200000  

5.5×105 

atoms 

32.4×32.4× 

32.4 

Å/2000 

3200  

Potential  TB-SMA TB-SMA  EAM LJ EAM 

Strain rate  

(s-1) 

8.3×108 1.37×109  4×107  5×107 

Yield strength 

(MPa) 

- - 2400 2100 3500 

Hardness 

(GPa) 

5.5 (approx.) 

at 48 Å 

6.5(approx) at 

40 Å  

- - - 

Young 

modulus (GPa) 

85  - 53.33 33.3 58.3 

Maximum load 

(nN) 

- 300  - - - 

Type of load Indentation  Indentation  Tensile shear compression 

 

2.12. Additional details about Zr-Cu based metallic glasses 

 

Figure 2.9. Cu-Zr phase diagram [65]  
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Fig. 2.9 shows the schematic phase diagram of Cu-Zr based metallic glass [65] which is a 

useful tool in selecting the alloy with good glass forming ability. The melting point of 

Cu50Zr50 alloy can be seen to be depicted as 953 ̊ C (1226 K). The EAM potential used for 

simulation of quenching and indentation in the present study is validated by using the above 

value of melting point. The validation is done by melting simulation and radial distribution 

function analysis (RDF) is done to confirm the melting point of the Zr-Cu and Zr-Cu-Al 

model. The procedure is described in detail in result and discussion chapter of this thesis.  

2.13. Gaps in the literature (classical molecular dynamics simulation 

studies) 

Extensive experimental studies have been carried out to understand the deformation 

behaviour of Zr- based MGs and Zr-based MGMCs.  

 However there are seldom studies reported on the influence of volume fraction of 

crystalline phase on the deformation behaviour. 

Extensive studies using classical molecular dynamics (MD) have been carried out to 

understand the stress-strain characteristics and atomistic mechanism of plastic deformation in 

Cu-Zr based metallic glasses. 

 There are seldom atomistic simulation deformation studies reported on the Zr-based 

MGs and GMCs.  

 The effect of strain rate and temperature on the load-displacement characteristics in 

Zr-based MGs and GMCs during nano-indentation are seldom reported.  

 Phase transformation during deformation is not reported.  

 The influence of crystallite shape, volume fraction, distribution on the mechanical 

properties and load-displacement characteristics during nano-indentation.  
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2.14. Broad aims and objectives 

a) To investigate the effect of strain rate (109 s-1-1011 s-1) and temperature (100 K, 300 K 

and 500 K) on the load-displacement behaviour and the response on the mechanical 

properties of Zr50Cu50 based MG and GMCs during nano-indentaion.  

b) To study the effect of crystallite volume fraction on the load-displacement behavior.  

c) To analyze the structural changes taking place during nano-indentation by CSP values.  

d) To investigate the effect of alloying element (Al) on the load-displacement behaviour 

and on the mechanical properties. 

e) To study the effect of crystallite distribution (single-spherical and multi-spherical) and 

shape (spherical and cylindrical) on the load-displacement response. 
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Chapter 3 

molecular dynamics 

simulation procedure 

 

3. Different simulation techniques 

We carry out computer simulations in the hope of understanding the properties of assemblies 

of molecules in terms of their structure and the microscopic interactions between them. This 

serves as a complement to conventional experiments, enabling us to learn something new, 

something that cannot be found out in other ways [66]. In order to gain control over 

properties of and processes in materials, an atomic scale understanding is of primary 

importance. To this end two main techniques are commonly used viz. Molecular Dynamics 

(MD) and Monte Carlo (MC) [67]. 

3.1. Introduction to classical molecular dynamics 

Classical molecular dynamics (MD) is a simulation tool used to understand the property of 

assemblies of molecules in terms of their structure and the microscopic interactions between 

them. It allows one to gain insight into situations that are impossible to study experimentally 

such as extreme temperature and pressure conditions. In MD simulations atoms and 

molecules are supposed to follow the Newtonian dynamics and have “force field” present 

between them for interaction to occur. MD simulation is often used in the study of 

biomolecules and proteins and also in material science. MD was introduced for the first time 
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in 1957 [68] and 500 hard spheres were simulated and studied. Further, some 864 atoms were 

studied with motion of individual atoms in liquid Argon [69]. But after the invention of 

Teraflop parallel simulating system using massively parallel computers about 109 atoms were 

simulated together [70]. The workload is distributed among various processors of parallel 

computers which increases the calculation.  Most time consuming task during simulation is 

the calculation of potential (force field) as a function of coordinates of atoms. Another factor 

which affect the time taken by CPU evaluation is the size of integration time-step i.e., time 

length between evaluation of potential. Time-step chosen in MD calculation should be small 

so as to avoid discretization errors (much smaller than the fastest vibrational frequency in the 

system). Typically it is of the order of 1 femtosecond (10-15). Simulation and calculation 

between atoms is done only if potential between atoms are known or given as input to the 

computer. 

3.1.1. Advantages: 

 

a) It is based on the solution of the equations of motion for all particles in the system.  

b) Complete information on atomic trajectories can be obtained, but time of the 

simulations is limited (up to nanoseconds).  

c) The main strengths of the MD method is the ability to study fast non-equilibrium 

processes with atomic-level resolution (e.g. microscopic mechanisms of 

damage/plastic deformation due to a shock wave propagation, dynamic fracture and 

crack growth, ion bombardment, cluster impact, etc.). 

d) The only input in the model – description of interatomic/intermolecular interaction 
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3.1.2. Limitations: 

a) With MD we can only reproduce the dynamics of the system for ≤ 100 ns. Slow 

thermally activated processes, such as diffusion, cannot be modelled.  

b) Potentials are available for only few metallic systems. 

c) Electrons are not present explicitly; they are introduced through the potential energy 

surface that is a function of atomic positions only (Born-Oppenheimer 

approximation). 

3.1.3. Inter-atomic potential 

In MD, atoms interact with each other and forces act among them which changes along with 

the change of position of atoms. These forces (Fi) are calculated as gradient of potential 

energy function which is dependent on atom/particle coordinate as 

                         i

i
r

U
F




     --------------------------------------------------------------------- (3.1) 

where, ri is the position vector of an atom i. Potential energy, U is a function of atomic 

position and never changes with translation or rotation of atomic position. Equation (3.1) 

represents the law of conservation of mechanical energy E=K+U, where E is total energy, K 

is kinetic energy and U is potential energy.  

3.1.4. Potential in MD simulation 

Embedded atom method potential describes the energy between the two atoms present. The 

energy is sum of functions of separation between atoms and its neighbors. It was developed 



Chapter 3.                                                                             Molecular Dynamics Simulation Procedure 

30 
 

by Daw and Baskes (1984) [71] to study defects in metals. The total energy (Etot) of an N-

atom system is given by  
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jijiiitot rFE
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)(        ----------------------------------------- (3.2) 

where, )( ,, jiji r  is a short range pair potential between atoms with separation
jir ,
, )( iiF  is 

the embedding energy of atom i with electron density 
i due to all its neighbours is 

expressed below: 

          



ij

ijji rf )(   ------------------------------------------------------------- (3.3) 

The other type of potentials are L-J potential [72], Empirical potential [73].  

3.1.5. Simulation method in molecular dynamics 

In MD atomic/molecular motion obeys the law of classical mechanics. Set of initial position 

and velocities of various atoms are given and subsequent time evolution is determined. The 

result shows how position and velocities of atoms are changing with time. The differential 

equation embodied in Newton’s second law (Force = mass × acceleration) is solved for 

obtaining the trajectory of atoms.  

  
i

xi

m

F

t

x





2

2

------------------------------------------------------------- (3.4) 

The above equation describes the motion of particle of mass mi along one coordinate (xi) with 

Fxi being the net force on particle in the same direction. 
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3.1.6. General steps of molecular dynamics simulation 

a) Initial position and velocity is assigned to every atom. 

b) Force on all the atoms are computed with inter-atomic potential known. 

c) Newton’s equation of motion is integrated to obtain trajectory of atoms. They are repeated 

again and again until desired property of all the atoms of system is obtained. 

3.1.6.1. Initializing positions and velocity of atoms 

Initial position of all atoms is determined either by lattice structure and composition or by 

random method. This depends on whether the system to be simulated is crystalline or 

amorphous. These positions can also be assigned from earlier simulation results. Initial 

velocity is found from the temperature of the system and calculated from random distribution 

given by statistical mechanics. Systems containing small number of atoms, their linear 

momentum are scaled to zero because the random assignment of velocity may not sum to 

zero exactly. Velocities can also be assigned from previous simulation results. 

3.1.6.2. Force calculation 

Force calculation on each atom is the most time consuming part in MD simulation. The force 

on atom ‘i’ due to the other atoms ‘j’ surrounding it is calculated from the inter-atomic 

potential which exist between each pair of atom and controls interaction among them. If 

U(dij) is the interaction potential between any pair of atom ‘i’ and ‘j’,the force on atom ‘i’ 

due to atom ‘j’ is given by 



Chapter 3.                                                                             Molecular Dynamics Simulation Procedure 

32 
 

  
( ) ( )i j ij

ij

iji j

r r U d
F

dr r

  
     

------------------------------------------------------- (3.5) 

where, ri and rj are position vectors of atoms ‘i’ and ‘j’ and dij is distance between them and  

is given by 

                        dij= i jr r  ---------------------------------------------------------(3.6) 

In the present simulation studies EAM-FS potential is used for binary Cu-Zr system 

developed by Mendeleev [74]. In Finnis/Sinclair model [75] total energy of an atom is 

represented by 

   
, , , ,

1
( ( )) ( )

2
i i j i j

j i j i

E F r r     
 

   ---------------------------------- (3.7) 

where, F is the embedding energy which is a function of ρ,  is a pair potential interaction, ρ 

is the electron density which is a functional specific to the atomic types of both atoms i and j 

so that different elements can contribute differently to the total electron density at an atomic 

site depending on the identity of the element at that atomic site and alpha and beta are the 

element types of atom i and j. 

3.1.6.3. Integrating the equation of motion 

As the force on the atoms is calculated, the next step is to integrate Newton’s equation of 

motion. There are several algorithms and Velocity-Verlet is one of the well-known 

algorithms which calculates the position and velocity of atoms after time Δt from the known 

values at time t, which is based on following equation 
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where x(t), vx(t), ax(t) are x-component of position, velocity and acceleration of an atom at 

time t, respectively. x(t+Δt), vx(t+Δt),ax(t+Δt) are x-component of position, velocity and 

acceleration of an atom at time t+ Δt. The flow chart (Fig. 3.1) represents the scheme of this 

algorithm. 

 

Figure 3.1.  Flow chart indicating the execution of velocity-Verlet algorithm. 
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3.1.7. Periodic boundary condition 

Periodic boundary condition is employed to simulate an infinite amount of matter with a 

finite simulation box size. Atoms coming out from one boundary of simulation cell emerge 

back from the opposite boundary. Fig. 3.2 represents the schematic of a periodic boundary 

condition. 

 

Figure 3.2. Schematic of a periodic boundary condition. 

3.1.8. Ensembles 

(a) NVE 

In the microcanonical NVE ensemble the system is isolated from changes in atoms (N), 

volume (V) and energy (E). NVE integrator updates position and velocity for atoms in the 

group each time-step. There is no heat exchange with the surrounding. A trajectory of atoms 
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is generated in the system and exchange of potential and kinetic energy occurs and the total 

energy remains conserved. 

(b) NVT 

In NVT ensemble the number of atoms (N), volume of the system (V) and the system 

temperature (T) remain independent variable and are constant during any process. 

Temperature is controlled by Noose-Hover thermostat. 

(c) NPT 

NPT is the isothermal-isobaric ensemble in which number of atoms (N), pressure (P) and 

temperature (T) are conserved. The volume of the system is allowed to change over time. 

Temperature and pressure are controlled by Nose-Hoover thermostat and Nose-Hoover 

barostat.  

3.2. Monte Carlo method of simulation 

Monte Carlo (MC) is a very general computational technique that can be used to carry out 

sampling of distributions. Random numbers are employed in the sampling, and often in other 

parts of the code. One definition of MC based on common usage in the literature is, any 

calculation that involves significant applications of random numbers [76]. 

3.2.1. Metropolis Monte Carlo (MMC)  

3.2.1.1. Advantages 

It generates random configurations with probability of each configuration defined by the 

desired distribution P (rN). This is accomplished by setting up a random walk through the 
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configurational space with specially designed choice of probabilities of going from one state 

to another. Equilibrium properties can be found/studied (e.g. surface reconstruction and 

segregation, composition variations in the surface region due to the surface or substrate 

induced strains, stability of nanostructures). MMC is not limited to the calculation of 

equilibrium properties but can also be used to study dynamic properties [67].  

3.2.1.2. Limitations 

Atoms are displaced based on random numbers, thus in contrast with MD, MC technique is 

not deterministic [67]. 

3.2.2. Kinetic Monte Carlo (KMC) 

3.2.2.1. Advantages 

When the rate constants of all processes are known, we can perform KMC simulation in the 

time domain. Time increments are defined by the rates of all processes and are formulated so 

that they relate to the microscopic kinetics of the system. This method should be used when 

kinetics rather than equilibrium thermodynamics dominates the structural and/or 

compositional changes in the system.  

3.2.2.2. Limitations 

In contrast to MD, KMC is not self-consistent that is it must be assumed that is it must be 

assumed that all possible escape paths from the system’s current state can be found [67].  
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3.2.3. Kinetic Monte Carlo vs. Metropolis Monte Carlo 

In MMC we decide whether to accept a move by considering the energy difference between 

the states, whereas in KMC methods we use rates that depend on the energy barrier between 

the states. The main advantage of kinetic Monte Carlo is that time is defined and only a small 

number of elementary reactions are considered, so the calculations are fast. 

3.3. Advantages of MD over MC 

a) MD simulations tend to be more efficient computationally than MC in the case where 

a system of atoms is being equilibrated at a new temperature or some other change in 

its conditions is implemented.  

b) The advantage for MD results from the fact that the displacements of the atoms 

during an MD time-step are quite different from those discussed earlier for the MC 

methods. With classical MC, a displacement of a particle has nothing to do with the 

environment of the particle, but is chosen by random numbers along the three 

orthogonal co-ordinate axes.  

c) Furthermore, coordinated moves of a number of particles such as those moving into a 

region of reduced pressure are not possible with Metropolis MC, whereas their 

presence in MD allows fast relaxation of a pressure pulse or recovery from artificial 

initial conditions [77]. 

d) MD simulation typically generates a single long trajectory of the system through 

phase space, MC typically samples configuration space. 
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3.4. Ab-initio molecular dynamics simulation technique 

In a molecular-dynamics (MD) simulation the microscopic trajectory of each individual atom 

in the system is determined by integration of Newton’s equations of motion. In classical MD, 

the system is considered composed of massive, point-like nuclei, with forces acting between 

them derived from empirical effective potentials. Ab initio MD maintains the same 

assumption of treating atomic nuclei as classical particles; however, the forces acting on 

them are considered quantum mechanical in nature, and are derived from an electronic-

structure calculation [78]. Ab initio molecular dynamics (AIMD) revolutionized the field of 

realistic computer simulation of complex molecular systems and processes, including 

chemical reactions, by unifying molecular dynamics and electronic structure theory. Most of 

the Ab initio molecular dynamics simulations described in the literature have assumed that 

Newtonian dynamics was sufficient for the nuclei. While this is often justified, there are 

important cases where the quantum mechanical nature of the nuclei is crucial for even a 

qualitative understanding [79]. 

3.5. Introduction to LAMMPS (Large-scale Atomic/Molecular Massively 

Parallel Simulator) 

3.5.1. Background 

LAMMPS is a classical molecular dynamics simulation code run on parallel computers. It 

was developed at Sandia National Laboratories, US. It is a free source code which is 

distributed free of cost under the tem of GNU public license. The primary developers of this 

code were Steve Plimpton, Aidan Thompson and Paul Crozier [80].  
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3.5.2. General features 

a) It runs on single or parallel processors 

b) Optional libraries used: MPI and single-processor FFT 

c) Distributed-memory message-passing parallelism (MPI) 

d) Open source distribution 

e) Easy to extend with new features and functionality 

f) Syntax for defining and using variables and formulas 

g) Run one or multiple simulations simultaneously (in parallel) from one script 

3.5.3. Force fields 

Some of the force fields that are employed in LAMMPS are: 

a) pairwise potentials: Lennard-Jones, Buckhingam, Morse, Born-Mayer-Huggins, 

Yukawa,         

b) soft, class 2 (COMPASS), hydrogen bond 

c) charged pairwise potentials: Coulombic, point-dipole 

d) manybody potentials: EAM, Finnis/Sinclair EAM, modified EAM (MEAM), 

embedded     

e) ion method (EIM), ADP, Stillinger-Weber, Tersoff, REBO, AIREBO, ReaxFF, 

COMB 

f) coarse-grained potentials: DPD, GayBerne, REsquared, colloidal, DLVO 

g) water potentials: TIP3P, TIP4P, SPC 
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3.5.4. Ensembles, constraints, and boundary conditions 

In LAMMPS ‘fix’ is any operation that is applied to the system during time-stepping or 

minimization. For example, the updating of atom positions and velocities due to time 

integration, controlling temperature, applying constraint forces to atoms, enforcing boundary 

conditions, and computing diagnostics etc. Fixes perform their operations at different stages 

of the time-step. If two or more fixes operate at the same stage of the time-step, they are 

invoked in the order they were specified in the input script. 

a) 2d or 3d systems 

b) Constant NVE, NVT, NPT, NPH, Parinello/Rahman integrators 

c) thermostatting options for groups and geometric regions of atoms 

d) pressure control via Nose/Hoover or Berendsen barostatting in 1 to 3 dimensions 

e) simulation box deformation (tensile and shear) 

3.5.4.1. Ensembles used in LAMMPS 

In LAMMPS different ensemble used are NVE, NVT and NPT. 

3.5.4.2. Boundary conditions 

The boundary conditions that are employed in LAMMPS are: 

      i. p p p 

      ii. p p s 

      iii. p f p 
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where ‘p’ stands for periodic along the three directions, ‘f’ and ‘s’ stand for fixed and shrink 

wrapped, which are non-periodic. 

3.5.5. Integrators 

The integrators that are available in LAMMPS are: 

       i. velocity-Verlet integrator 

       ii. Brownian dynamics 

       iii. rigid body integration 

       iv. energy minimization via conjugate or steepest descent relaxation 

3.5.6. Energy minimization 

Atom coordinates are adjusted in LAMMPS so as to perform energy minimization. When 

one of the conditions of minimization criteria is satisfied, iterations are terminated. At that 

position system remain in local minimum potential energy state. The minimization algorithm 

is set by ‘min_style’ command. 

3.5.7. Output 

The output of LAMMPS simulation i.e., position and velocity of each atom is written on the 

dump file. It writes position and velocity of each and every atom dumped at an interval of  

time-steps. The values like temperature, pressure, potential energy of system at some 

particular number of iterations is written on the log file. 
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3.5.8. LAMMPS input script 

LAMMPS simulation runs by reading the text file (in file). It reads one line at a time and as 

the whole program is read, it exits. Each command used causes LAMMPS to take action 

accordingly. LAMMPS input script consist of four parts: 

(a) initialization 

(b) atom definition 

(c) settings  

(d) run a simulation 

(i) Initialization commands used in the present study 

units  metal 

boundary          p p p 

atom_style  atomic 

pair_style  eam/fs 

read_data  abc.dat 

(ii) Atom definition commands used in the present study 

region   box block 0 1000 0 1000 0 0.85 units box 

create_box  2 box 

lattice   fcc 3.6151 
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(iv) Settings used in the present study 

The next step after defining atoms is settting up force field coefficients, simulation 

parameters, output options etc. 

pair_coeff   * * CuZr_mm.eam.fs Cu Zr (force field parameter) 

minimize   1.0e-3 1.0e-6 100000 1000000 (energy minimization) 

timestep   0.002 

thermo              100 (output) 

dump   1 all atom 1000 5050_q_2d_l_v.dump.lammpstrj (output) 

log    log5050(quench_2d).data 

(v) Run a simulation 

MD simulation is run using the ‘run’ command. 

3.6. OVITO (Open Visualization Tool) [81] 

 OVITO is visualization and analysis software used to understand atomistic simulation 

models. It is open source software freely available on internet. It is used to do cento-

symmetry parameter analysis, common neighbour analysis coordination number analysis and 

radial distribution function. The model can be sliced to view the inner position of crystallites 

and effect of deformation on it [81]. 

3.7. HPC (High Performance Computing) 

HPC is used to describe computing environment which utilize processing power of cluster of 

computers to address complex computational requirements, support application that require 

significant processing time or handle significant amount of data. All LAMMPS simulation 
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codes were run on HPC with model no-HP DL360p. It is placed in data centre, computer 

centre, NIT Rourkela, Odisha. 

3.8. Molecular dynamics (MD) simulation procedure to obtain Zr50Cu50 

and Zr50Cu30Al20 model MGs and GMCs 

Samples of Zr50Cu50 and Zr50Cu30Al20 based metallic glass and Zr50Cu50 based glass matrix 

composites containing  14 %, 30 %, 50 % crystallites (by volume) were prepared from 

crystalline structure (Fig. 3.3a and 3.3b) in a box of size 100 Å × 100 Å × 100 Å filled with 

90,000 atoms (approximately) by simulated melting and quenching.  

 

Figure 3.3. Atomic snapshot representing (a) crystalline Zr50Cu50 alloy (b) amorphous 

Zr50Cu50 alloy (c) crystalline Zr50Cu30Al20 alloy (d) amorphous Zr50Cu30Al20 alloy 

Zr 

Cu 

Zr 

Cu 

Al 



Chapter 3.                                                                             Molecular Dynamics Simulation Procedure 

45 
 

The crystallites are group of ordered atoms having FCC crystal structure. The equilibration of 

model was done at minimum energy configuration at a temperature of 300 K. The samples 

were heated from 300 K to 2300K for 20 ps, allowing solid to melt and then held at 2300K 

for 100 ps. After that the samples were quenched from 2300K to 300K for 200 ps. Similarly,  

in the studies of Zhou et al. [82] Cu-Zr glass was obtained by quenching from a temperature 

of 2000 K. The pressure in the present study was maintained at 0 bar during whole process. 

Initially amorphous and composite samples were obtained by quenching at a cooling rate of 

1013 K/s [83]. Samples were relaxed under NPT (constant pressure and temperature) 

ensemble. Nano-indentation was carried out on these samples with an indenter having a 

spherical tip (radius 20Å) up to a depth of 40Å along Y-direction. The MD simulation of 

nano-indentation was employed under NVT (constant volume and constant temperature) 

ensemble. The bottom part of sample was kept fixed to prevent the substrate from moving in 

the direction of indentation during the whole simulation.  The size of substrate was 100 Å × 

20 Å × 100 Å.  Periodic boundary condition was applied in non-loading directions i.e., along 

X- axis and Z-axis. MD simulation of nano-indentation was carried out on MG and GMCs 

containing different volume fraction of crystallites as mentioned earlier to study its effect on 

mechanical properties of materials and deformation behaviour. The strain rates used for 

indentation were 2.5 × 109 s-1, 2.5 × 1010 s-1, 1.25 × 1011 s-1 and 2.5 × 1011 s-1. The simulation 

of nano-indentation comprised of indentation and equilibrium stages. In equilibrium stage the 

indenter was kept at a distance of 3 Å from sample in order to avoid long range attractive 

force between them. In the second stage the indenter moved downward to 43 Å at above 

mentioned strain rates. The motion of each atom was governed by Newton’s second law of 

motion. Newton’s law of motion was integrated by velocity-Verlet algorithm with a time-
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step of 0.002 ps. P-h curves were drawn for both types of samples at various strain rates to 

study the variation in mechanical properties like strength, yield point value, maximum load 

value and hardness. The EAM (embedded atom method) potential was used to describe the 

interaction between atoms. The total energy of an atom Ei is given by Mendelev et al. [74] as  

                                     
1
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2
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j i j i

E F r r  
 

 
  

 
  ----------------------------- (3.10) 

where, embedding energy F is a function of atom’s electron density  .  is a pair potential 

interaction,  and   are the element types of atoms i and j. It is a widely used potential for 

studying the properties of materials [19, 50]. All the simulations are carried out on LAMMPS 

platform which is a widely used open source code [80].  

3.9. Work plan 

The following Tables (Table 3.1, 3.2, 3.3) list various alloys and several nano-indentation 

parameters that are used to carry out the investigation. 

Table 3.1. Parameters used in alloy model preparation for nano-indentation studies 

Alloy Cooling 

rate 

Crystalline 

volume 

fraction (%) 

Shape of crystallite and 

distribution 

Size of the 

crystallite 

Metallic glass 

Zr50Cu50 1013 K/s - - - 

Zr50Cu30Al20 1013 K/s - - - 

Metallic glass matrix composites 

Zr50Cu50 1013 K/s 14 Spherical and randomly 

distributed 

15 Å radius 

Zr50Cu50 1013 K/s 30 Spherical and randomly 

distributed 

21 Å radius 

Zr50Cu50 1013 K/s 50 Spherical and randomly 

distributed 

20 Å radius 

Zr50Cu50 1013 K/s 14 Single spherical 

crystallite 

32 Å radius 
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Alloy Cooling 

rate 

Crystalline 

volume 

fraction (%) 

Shape of crystallite and 

distribution 

Size of the 

crystallite 

Zr50Cu50 1013 K/s 14 Cylindrical crystallites 10 Å radius 

and 100 Å  

length 

Zr50Cu30Al20 1013 K/s 14 Spherical and randomly 

distributed 

15 Å radius 

Zr50Cu30Al20 1013 K/s 30 Spherical and randomly 

distributed 

20 Å radius 

Zr50Cu30Al20 1013 K/s 50 Spherical and randomly 

distributed 

20 Å radius 

Table 3.2. Several parameters used for nano-indentation studies of metallic glass and glass 

matrix composites. 

Alloy Crystallite 

Volume 

fraction  

(%) 

Temperature of 

deformation  

( K) 

Strain rate ( s-1) Indenter 

diameter 

(Å) 

Depth of 

Indentation 

(Å) 

Zr50Cu50  

 

0 100, 300, 500  2.5 × 109 , 2.5 × 1010, 

1.25× 1011, 2.5 × 1011 

40 40 

Zr50Cu50  

 

14,30, 50 100, 300, 500 2.5 × 109 , 2.5 × 1010, 

1.25× 1011, 2.5 × 1011 

40 40 

Zr50Cu30Al20 0 300 2.5 × 109 , 2.5 × 1010, 

1.25× 1011, 2.5 × 1011 

40 40 

Zr50Cu30Al20 14,30, 50 300 2.5 × 109 , 2.5 × 1010, 

1.25× 1011, 2.5 × 1011 

40 40 

Table 3.3. Nomenclature used in the present study 

Alloy Volume fraction 

 of crystallite 

Nomenclature 

Zr50Cu50 14 Composite-I 

Zr50Cu50  30 Composite-II 

Zr50Cu50  50 Composite-III 

Zr50Cu30Al20 14 Composite-IV 

Zr50Cu30Al20 30 Composite-V 

Zr50Cu30Al20 50 Composite-VI 
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Chapter 4 

 Results and discussions 

 

MD simulations of nano-indentation on Zr50Cu50, Zr50Cu30Al20 metallic glasses (MGs) and 

Zr50Cu50, Zr50Cu30Al20 glass matrix  composites (GMCs) with 14%, 30% and 50% crystalline 

volume fraction have been studied. Nano-indentation tests are conducted at varying strain 

rates (2.5 × 109 s-1, 2.5× 1010 s-1, 1.25 × 1011 s-1 and 2.5 × 1011 s-1) and temperatures (100K, 

300K and 500K) to investigate the deformation behaviour and response on the mechanical 

properties such as yield point, maximum load, and hardness through load-displacement plots. 

Also, the effect of crystallite distribution (single-spherical and multi-spherical) and shape 

(spherical and cylindrical) on the load-displacement response have been studied. Structural 

analysis during deformation has been done by centro-symmetry parameter (CSP) studies. The 

validation of the Zr-Cu and Zr-Cu-Al potentials are performed before the study of alloy 

models. The procedure is described in the following paragraphs. 

4.1. Validation of inter-atomic potentials 

4.1.1. Validation of Zr-Cu inter-atomic potential 

An MD simulation of Zr50Cu50 melting is performed to validate the Cu-Zr EAM-fs 

(Embedded Atom Method-Finnis Sinclair) potential that is used in the present study.  The 

experimentally observed melting point of  ~ 1226 K for  Zr50Cu50 alloy is taken as the 

reference [65] and is input into the MD melting simulation code. The quantitative analysis of 

the structural changes during melting is monitored by RDF (radial distribution function) 
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analysis at every 100 time-steps.  RDF is a plot of atomic density g(r) with respect to inter-

atomic separation (r). Figs. 4.1a and 4.1b shows the RDF plots of the structural changes 

taking place during melting.  Fig. 4.1a shows the initial Zr50Cu50 structure. It can be seen that 

there are many sharp peaks, with the first peak having g(r) value of 18.4 approximately. This 

indicates crystalline structure [83].  At 1200 K (Fig. 4.1b) the intensity of the first peak is 

lower having peak with g(r) value of 2.6. Also, the first peak appears broader and rest others 

are diffused. This reveals the existence of liquid state [83] at 1200 K. Kao et al.[84] also 

found the melting point of Zr50Cu50 system to be 1211 K in the simulation of melting. So, in 

all the present MD simulations, a melting point of 2300 K, much above the observed has 

been taken for obtaining glassy structures by rapid cooling. Similarly, a temperature of 2000 

K was used in Cu-Zr model  melt-quench simulations[84]. 

 

Figure 4.1. RDF plot of Zr50Cu50 metallic glass with (a) crystalline (b) liquid states 

4.1.2. Validation of Zr-Cu-Al inter-atomic potential 

An MD simulation of Zr50Cu30Al20 melting is performed to validate the Cu-Zr-Al EAM-alloy 

(Embedded Atom Method-alloy) potential that is used in the present study.  The 

experimentally observed melting point of Zr53.9Cu33.1Al13 metallic glass is 1136 K [85]. So a 

temperature of 1200 K is taken as input into the MD melting simulation code. The structural 
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changes during melting are monitored by RDF (radial distribution function) analysis at every 

100 time-steps.  A plot between g (r), and inter-atomic separation (r) is drawn as shown in 

Fig. 4.2 for the initial and the structure at 1200 K. It can be seen that RDF plot of the initial 

structure has several sharp peaks while structure at 1200 K has broad and diffused peaks. 

Therefore, it can be stated that the melting point of the alloy is ~1200 K which is comparable 

with that of the experimentally observed melting point. So, in the present study, the MD 

simulation for obtaining glassy structure in Zr-Cu-Al alloy is taken more than the observed 

i.e. 2300 K.    

 

Figure 4.2. RDF plots of Zr50Cu30Al20 metallic glass with (a) crystalline (b) liquid state.  

4.2. Nano-indentation simulation studies of Zr50Cu50 metallic glass 

The Zr50Cu50 crystalline alloy model was melted and quenched to obtain metallic glass (MG). 

It was then indented with a diamond indenter having a spherical tip (radius = 20Å) up to a 

depth of 40Å along Y-direction. The indentation was done at different strain rates i.e., 2.5 × 

109 s-1, 2.5 × 1010 s-1, 1.25 × 1011 s-1 and 2.5 × 1011 s-1 and at different temperatures in the 

range of 100 K-500 K to understand the load-displacement behaviour.  Fig. 4.3 shows the 

atomic snapshot of the MG at initial (Fig. 4.3a) and after indentation at 2 ps (Fig. 4.3b).  
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Figure 4.3. Atomic snapshots of Zr50Cu50 metallic glass (a) initial, (b) 2 ps. 

4.2.1. Effect of strain rate on the load-displacement behaviour 

Fig. 4.4 shows the load-displacement (P-h) plot of Zr50Cu50 metallic glass at varying strain 

rates and at 300 K. It shows a linear elastic behaviour and non-linear plastic behaviour at all 

the strain rates. As the depth of indentation increases, load on the indenter also increases. 

This shows that it obeys the Hertz’s theory of elastic contact between two bodies within the 

elastic deformation region. 

 

Figure. 4.4. P-h plot for Zr50Cu50 metallic glass at varying strain rates: (a) 2.5×109s-1, (b) 

2.5×1010s-1, (c)1.25×1011s-1 and (d) 2.5×1011s-1. 
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The expression for the load is given by the following equation [50].  

1 2 * 3 24

3
F r E h  ------------------------------------------------- (4.1) 

where, ‘F’ is load, ‘r’ is the radius of indenter, ‘E*’ is the reduced Young’s modulus and ‘h’ 

is the indentation depth. The non-linearity can be observed after the first “pop in” [86] event 

after which serrations or load drops appear, but in irregular fashion. This irregularity may be 

due to lack of long range order of atomic arrangement in metallic glass. The point of first 

load drop is called the yield point [87] . The phenomenon of serration is caused by 

inhomogeneous plastic deformation. The serration in P-h curves of Zr50Cu50 metallic glass at 

varying strain rate is coherent with the simulation result presented by Jiang et al. [16].  

Serrations are present in all the curves at different strain rates but with increase of strain rate 

to 1.25×1011 s-1 and 2.5×1011 s-1 (Fig. 4.4c and 4.4d), they appear to be oscillating about 

certain fixed value of load viz. 150 nN and 350 nN respectively. It does not show an increase 

in load bearing capacity i.e., load value is constant with increase of depth of indentation. This 

is due to strain softening with load fluctuating about a constant value. The same trend that 

after a certain indentation depth, load carried by the sample fluctuate about a certain value 

was observed in the studies of Qiu et al [50]. Further, the maximum load value increases with 

increase in strain rate. With increase of strain rate the atoms are displaced far away at every 

time-step. Atoms do not get enough time to recover or adjust. The ability of sample to resist 

deformation appears stronger. The rise of strain rate thus leads to hardening of sample and 

thus an increase in maximum load values. The same behaviour can be observed in simulation 

studies of Qiu et al. [50].  
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Table 4.1. Comparison of load at different depth of nano-indentation of Zr-Cu and Zr-Cu-Al 

MGs with literature. 

References  Jiang et al., 

2008 [16]  

Qiu et al., 

2014 [50]  

Wu et. al,  

2015 [88] 

Present study 

Alloy 

system 

Cu46Zr54 Cu50Zr50 (CuZr)95Al5 Zr50 Cu50 

Potential LJ LJ LJ EAM 

Box size 

(Å3)/atoms 

250×250× 

125/432,000 

210×150 

×120 

300  × 300 

× 80  

100×100×100/90,000 

 

Indenter 

type/ 

radius (Å) 

Spherical/20 Spherical/30 conical Spherical/20 

Strain rate,  

s-1 

1×1011 2.5×1010 1.25 × 109 1.25× 

1011 

2.5× 

1010 

2.5× 

109 

Indentation  

depth (Å) 

14 25 40 14 25  40 

Load  (nN) 70 180 440 130 86  371 

Temperature

, K  

300 293 300 300 

Boundary 

condition 

Periodic in X 

and Z 

direction 

Periodic in 

X  

and Y 

direction 

Periodic in 

X  

and Y 

direction 

Periodic in X  

and Z direction 

 

Table 4.1 shows the comparative study on the load values at a particular depth of indentation 

of metallic glasses and crystalline material in the literature with the present study at various 

parameters such as strain rate, temperature and indenter diameter. It can be seen that the 

observed values at the same strain rate are different to that reported in the literature. This 

could be due to the difference in sample dimensions, potential used and indenter diameter. 

4.2.2 Effect of temperature on load-displacement response  

The P-h plot of Zr50Cu50 metallic glass sample indented at varying temperatures of 100K, 

300K and 500K and at a constant indentation strain rate of 2.5×1010 s-1 is shown in Fig.4.5. 
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The metallic glass indented at 100K has a higher yield point than that of the other two at 

300K and 500K which shows that yield point decreases with increase in temperature. This 

behaviour is due to the fact that atoms move far away as the temperature is increased so that 

interaction between them weakens which leads to increase in plasticity or alloy become 

softer [50].   

 

Figure 4.5. P-h plot of Zr50Cu50 based metallic glass nano-indented at strain rate of     

2.5×1010 s-1 and temperatures of (a) 100 K, (b) 300 K and (c) 500 K. 

 

It can be observed that the amplitude of flow serrations increase as the temperature is 

increased. This could be attributed to the fact that atomic vibration increase with temperature 

rise and cause more fluctuation in loads. Also, these load drops are not at regular intervals 

because of glasses having short range order arrangement of atoms [89]. 

4.3. Nano-indentation simulation studies of Zr-Cu metallic glass matrix 

composites 

Nano-indentation simulation studies of Zr-Cu metallic glass matrix composites with different 

crystalline volume fractions (14%, 30% and 50% ) were carried out at different strain rates 
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(2.5×109s-1, 2.5×1010s-1, 1.25×1011s-1, and  2.5×1011s-1) and temperatures (100 K, 300 K and 

500 K) in order to understand the influence of crystallites on the load-displacement 

behaviour. Further, centro-symmetry parameter studies were carried out to analyze the 

structural changes taking place in the crystallite during nano-indentation.  

 

 
 

Figure 4.6.  (a) Atomic position snap shots of the Zr50Cu50 MGMC with complete simulation 

box (red coloured atoms: Zr; green coloured atoms: Cu) ; (b) sliced box revealing the 

crystallites position (the atoms are coloured based on the centro-symmetry parameter values 

(blue colour:  no defect; red coloured: defect) 

 

Fig.4.6a shows the atomic position snapshot of Zr50Cu50 based GMC with 14% crystallite 

volume fraction. Fig. 4.6b shows the sliced view of the composite with spherical crystallites 

(blue coloured) embedded in the amorphous matrix. The crystallite is a group of ordered 

atoms having FCC crystal structure. Hereafter, this composite is termed as composite-I. 

Similarly, GMCs with 30% are termed as composite-II and 50% as composite-III. Nano-

Indentation is carried out along Y-direction with periodic boundary conditions in non-loading 

direction. 
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4.3.1. Effect of strain rate on load-displacement response  

4.3.1.1. Composite-I (14% crystallites) 

Composite-I was loaded under varying strain rates, and the P-h plot (Fig. 4.7) was drawn to 

observe the deformation behaviour. It can be seen that all the curves shows linear elastic 

behaviour and non-linear plastic behaviour. In the elastic region the curve obeys Hertzian  

 

Figure 4.7. P-h plot for composite-I at varying strain rates: (a) 2.5×109s-1, (b) 2.5 ×1010s-1, (c) 

1.25×1011s-1 and (d) 2.5×1011s-1. 

contact theory and thus load value rises linearly with indentation depth [50]. The non-

linearity in curve is observed after the first “pop in” or load drop which indicates the onset of 

plastic yielding occurring in alloy [86]. “Pop in” or load drops are present in all the curves 

but at the strain rate of 1.25×1011 s-1 (Fig.4.7c) they appear to be oscillating about a load of 

140 nN after a depth of 24 Å. As the strain rate is increased further to 2.5×1011 s-1 (Fig.4.7d), 

there is decrease in load after maximum load (20 Å). This may be due to strain softening. 

Amorphous phase which is high in volume fraction, bears the load first besides transferring 

to crystallites, softens when plastic deformation occurs after yield point. Load transferred to 
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crystallites simultaneously cause obstruction to deformation initially until deformed 

plastically to amorphous state [25] up till the maximum load value. This lead to strain 

hardening after the yield point. Thereafter, drop in the load occurs indicating strain softening 

after maximum load.  

4.3.1.2. Composite-II (30% crystallites) 

Fig. 4.8 shows the P-h curve of composite-II indented at different strain rates and at 300 K. It 

can be seen that the curves show linear elastic behaviour and non-linear plastic behaviour up 

to a displacement of 40 Å. The curve shows gradual rise in the load with depth of indentation 

following Hertzian contact theory in elastic region [50]. At lower strain rates (Fig 4.8a and 

4.8b), there is increase in load value continuously with indentation depth but not much 

pronounced. The yield point value as well as maximum load values show a rise as the strain 

rate is increased. The Amorphous phase bears load first along with transferring to crystallites. 

Crystallites coming in the path cause obstruction to deformation till it deforms plastically 

[25]. As crystallites and matrix phase are deformed completely at the maximum load, strain 

softening occurs (Fig 4.8c and 4.8d). It can be seen that amplitude of serrations decrease with 

increase in strain rate. This may be due to atoms not getting enough time to rearrange. Also, 

the serrations in the curve are not at regular intervals at all strain rates. This may be attributed 

to the fact that glassy structure has short range order [89]. Yield point value is higher at 

different strain rates than that of composite-I due to higher volume fraction of crystallites 

obstructing the movement of atoms in the glass matrix.  
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Figure 4.8. P-h plot for composite-II at varying strain rates: (a) 2.5×109s-1, (b) 2.5 ×1010s-1, 

(c) 1.25×1011s-1 and (d) 2.5×1011s-1. 

4.3.1.3. Composite-III (50% crystallites) 

Figure 4.9 shows the load-displacement plot of composite-III indented at different strain rates 

during loading. The P-h curves show a linear elastic behaviour and non-linear plastic 

behaviour. There is increase in load on indenter with the displacement value in elastic region 

which obeys Hertzian contact theory [50]. As the strain rate is increased (Fig. 4.9c and 4.9d); 

the rise in load become more pronounced as compared to at lower strain rates (Fig. 4.9a and 

4.9b). This may be due to delay in load transfer from matrix to crystallites. The curve shows 

a fluctuating nature about some fixed load in the displacement range of 10Å-30Å. This may 

be so because the amorphous phase which is equal in volume fraction to crystallites bears the 

load first and transfer it to crystallites in a short span. But, these crystallites also get 

deformed to a much extent along with matrix phase till the yield point is reached. It also 

leads to lesser strain hardening (Fig. 4.9d) as compared to composite-I and composite-II. This 

can be observed with a lesser maximum load at the same strain rate. Curve appears flat just 

after the yield point, and finally strain softening is observed after 30 Å of displacement. 
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Figure 4.9. P-h plot for composite-III at varying strain rates: (a) 2.5×109s-1, (b) 2.5 ×1010s-1, 

(c) 1.25×1011s-1 and (d) 2.5×1011s-1. 

4.3.1.4. CSP (centro-symmetry parameter) analysis of composite-I 

Figure 4.10 shows the atomic snapshots of Zr50Cu50 based composite-I at different depth of 

indentation at various strain rates, i.e., 2.5×109 s-1, 2.5×1010 s-1, 1.25×1011 s-1 and 2.5×1011 s-1. 

The centro-symmetry parameter (CSP) is used for analysis of the structural changes during 

indentation. The colour coding is done according to the intensity of defects. CSP value of 

zero indicates no defects while CSP value of twelve indicates surface and stacking fault 

defects [81]. The red and green atoms surrounding the blue circular region (crystallite) is 

Zr50Cu50 metallic glass matrix. The crystallite initially is free of defects (Fig. 4.10a (i), 4.10b 

(i), 4.10c (i) and 4.10d (i)); but with progress of indentation plastic deformation of the 

crystallites occur at all strain rates along with that of glassy matrix. Crystallites deform 

plastically by the initiation and movement of defects such as dislocations as witnessed by the 

change in the colour of the atoms from blue to red.  Finally, the crystallites are seen  
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Figure 4.10. Atomic  snapshots of the Zr50Cu50 metallic glass matrix composites  containing 

14 % crystallites at different depth of indentation (i) initial, (ii) 0.4 Å, (iii) 0.8 Å; and at 

different strain rates: 2. 5×109 s-1 (Fig. 4.10a), 2.5×1010 s-1 (Fig. 4.10b), 1.25×1011 s-1 (Fig. 

4.10c) and 2. 5×1011 s-1 (Fig. 4.10d) 



Chapter 4.                                                                                       Results and Discussion 

61 

 

becoming amorphous (Fig. 4.10a (iii), 4.10b (iii), 4.10c (iii)) with progress of deformation.  

Further, the defect density decreases with increasing strain rate (Fig. 4.10c (iii) and 4.10d 

(iii)). In Fig. 4.10d (iii), the crystallites appear to have less number of defects as compared to 

the case with lower strain rates at the same indentation depth of 0.8 Å. So, it can be stated 

that at higher strain rates, load transfer from matrix to crystallites is delayed as compared to 

that at low strain rates.   

4.3.2. Effect of temperature on load-displacement response 

4.3.2.1 Composite-I (14 % crystallites)  

Composite-I is indented at temperatures of 100 K, 300 K and 500 K and at strain rate of 

2.5×1010 s-1. The corresponding P-h curves are shown in Fig. 4.11. The curves show linear 

elastic behaviour and non-linear plastic behaviour and follow the Hertzian contact theory 

[50] in the elastic region of indentation.  It is observed that, as the temperature is increased  

 

Figure 4.11. P-h plot of composite-I nano-indented at strain rate of 2.5×1010 s-1 and at 

temperature values of (a) 100K, (b) 300 K and (c) 500 K.. 
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from 100 K to 500 K, curves show a decrease in maximum load value at different 

displacements of indenter. This indicates softening of the composite with increase of 

temperature and so the load bearing capacity decreases. The yield point also decreases with 

increasing temperature. This indicates that the compressive strength of composite-I is 

decreasing with temperature rise. Further, the amplitude of serrations increase with 

temperature rise [90]. This is attributed to the atomic vibrations at higher temperature. 

Moreover, strain hardening in the composite can be observed in all the curves with increase 

of depth of indentation 

4.3.2.2. Composite-II (30 % crystallites) 

Fig. 4.12 shows the P-h plot of composite-II at temperatures of 100 K, 300 K and 500 K. 

Curves show an increase in load on indenter with depth of indentation. All curves follow 

Hertzian contact theory in the elastic region and so load is increasing with displacement [50].  

 

 

Figure 4.12. P-h plot of composite-II nano-indented at strain rate of 2.5×1010 s-1 and at 

temperature values of (a) 100K, (b) 300 K and (c) 500 K. 
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Further, at temperature of 300 K the initial slope of the P-h curve is lower compared to the 

others. This could be due to structural changes. Also, strain hardening is observed after 

indentation depth of 20 Å at all temperatures.  

4.3.2.3. Composite-III (50 % crystallites) 

The load-displacement plot of composite-III indented at varying temperatures of 100 K, 300 

K and 500 K is shown in Fig. 4.13. The curves show linear elastic behaviour and non-linear 

plastic behaviour. There is increase in load on indenter with increasing depth of indentation 

in the elastic region. This is because the curve follows Hertzian contact theory [50]. The  

 

Figure 4.13. P-h plot of composite-III nano-indented at strain rate of 2.5×1010 s-1 and at 

temperature values of (a) 100K, (b) 300 K and (c) 500 K. 

amplitude of serrations in P-h curve increases with increase of temperature to 500 K (Fig. 

4.13) [90]. Here, the slope of initial portion of curves appears same at different temperatures. 

There is no significant effect of temperature on the yield point and maximum load.   
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4.3.3 Effect of crystallite distribution and shape 

4.3.3.1. Effect of presence of a single crystallite in Zr50Cu50 based GMC 

Fig.4.14. shows the atomic position snap shots of Zr50Cu50 metallic glass composite in full 

(Fig.4.14a) and sliced view (Fig. 4.14b). Spherical crystallite (blue coloured) of 32 Å radius 

is embedded at the centre occupying 14 % volume fraction. Fig.4.15 shows the curves of load 

 

Figure 4.14. Atomic position snap shots of the Zr50Cu50 metallic glass composite:  (a) 

complete simulation box (red coloured atoms: Zr; green coloured atoms: Cu; (b) sliced box 

revealing the central crystallite position (the atoms are coloured based on the centro-

symmetry parameter values (blue colour: perfect crystal)). 

applied on the indenter (P) Vs depth of indentation (h) in the Zr50Cu50 metallic glass 

composite sample indented at strain rates of 2.5 × 1010 s-1, 6.25 × 1010 s-1 and 1.25 × 1011 s-1. 

All the curves show linear elastic behaviour and non-linear plastic behaviour. Elastic 

behaviour is shown up to first load drop in the curves. The load on indenter increases with 

indentation depth according to Hertz’s contact theory before the beginning of plastic 

deformation [50]. The curve changes its slope after the first load drop indicating plastic 

deformation occurring with further loading. The load drops are irregularly spaced in all 

curves which may be due to short range order structure of GMCs. The maximum load value 
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increases with increase in strain rate of indentation. This could be due to delay in load 

transfer from matrix to crystallites with the rise in strain rate. Crystallites bear further load 

after yield point until amorphized reaching maximum load. 

 

Figure 4.15. P-h plot of Zr50Cu50 metallic glass composite containing mono-crystallite (14% ) 

at different strain rates: (a) 2.5 × 1010 s-1; (b) 6.25 × 1010 s-1; (c) 1.25 × 1011 s-1. 

 

              To compare the effect of distribution of crystallites in form of a single crystallite 

and multi-spherical crystallites on mechanical properties, a P-h plot was drawn as shown in 

Fig. 4.16. It can be observed that there is a clear difference in the curves, as composite with 

single-spherical crystallite appears to bear a higher load at every point of displacement of 

indenter. It reveals that a composite with crystallite in form of mono-sphere has higher 

strength as compared to composite containing same volume fraction of crystallites in multi-

spherical form. This could be due to the obstruction caused to movement of atoms in the 

glass matrix by single-crystallite is more than that in multi-spherical crystallites. 
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Figure 4.16. Comparison of P-h plot response of GMCs containing 14 % crystallite in form 

of mono-sphere and multi-sphere indented at 2.5× 1010 s-1. 

4.3.3.2. Effect of crystallite shape on the load-displacement plot of Zr50Cu50 

based composite 

Figure 4.17 shows the atomic snapshots of Zr50Cu50 based GMC containing crystallites in  

 

Figure 4.17. Atomic snapshots of Zr50Cu50 based GMC containing crystallites in (a) spherical 

and (b) cylindrical forms. CSP value of 0 indicates no defect (blue); CSP value of 12 

indicates surface defect (red). 

spherical and cylindrical forms when there are no defects or deformation in the sample. The 

colour index of blue shows no defect or crystallite in form of cylinders and sphere while 

other colour index like green, yellow red makes the matrix phase. 
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The effect of crystallite shape (here spherical and cylindrical) on the load-

displacement plot (Fig. 4.18) and mechanical properties have been investigated. The two 

curves show a linear elastic behaviour and nonlinear plastic behaviour. Yield point as well as 

maximum load is higher in case of composites containing cylindrical crystallites 

(reinforcement) rather than spherical crystallites of same volume fraction (Table 4.2). The 

reason for the above could be due to fact that cylindrical shape crystallites act as continuous 

reinforcements [91].  

 

Figure 4.18. P-h plot showing GMC with 14 % by volume of spherical and cylindrical 

crystallites indented at 2.5×1010s-1 and at 300K. 

Table 4.2. Yield point and maximum load value for Zr50Cu50 GMC containing crystallites in 

cylindrical and spherical forms indented at 2.5×1010s-1 

 Yield point (nN) Maximum load (nN) 

GMC containing 

cylindrical crystallites 

87.9 127.7 

GMC containing 

spherical crystallites 

74.5 120.4 
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4.4 Nano-indentation simulation studies of Zr-Cu-Al metallic glass 

4.4.1 Effect of strain rate on load-displacement response 

All the P-h plots show a linear elastic behaviour and non-linear plastic behaviour (Fig. 4.19). 

In the elastic region curves follows the Hertzian contact theory and so the load value 

increases with increase of displacement of indenter [50]. The plastic behaviour is shown from 

the first “pop in” event occurring in the curves as shown in Fig. 4.19. This point is called the 

 

Figure 4.19. Load-displacement plot for Zr50Cu30Al20 based metallic glass indented at 

varying strain rates from a to d; (a) 2.5×109 s-1, (b) 2.5×1010 s-1, (c) 1.25×1011 s-1,                 

(d) 2.5×1011 s-1. 

yield point [87] whose value increases with increase in strain rate as shown from Fig. 4.19a 

to Fig. 4.19d. These serrations are irregularly spaced in each case due to short range order of 

metallic glass system [92]. There is strain softening (decrease in load) in material at high 

strain rate as seen from the curve (Fig. 4.19d). Maximum load value increases with increase 

of strain rate. This is so because the atoms are displaced farther away, so that they cannot 

return to their original position in short time and resistance to deformation increases [50].  
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4.5. Nano-indentation simulation studies of Zr-Cu-Al metallic glass matrix 

composites 

4.5.1. Effect of strain rate on load-displacement response 

4.5.1.1. Composites-IV (14 % crystallites) 

The P-h curves exhibit a linear elastic behaviour and non-linear plastic behaviour as shown 

in Fig. 4.20. In the elastic region the curve follows the Hertzian contact theory, according to 

which load on indenter is proportional to the displacement of indenter in that direction [50].  

 

Figure 4.20. P-h plot for composite-IV indented at varying strain rates: (a) 2.5×109 s-1, 

(b) 2.5×1010 s-1, (c) 1.25×1011 s-1, (d) 2.5×1011 s-1. 

 

The first drop in the load is an indication of the onset of plastic deformation. Serration in all 

the curves are irregularly spaced due to short range order of glassy structure [92]. Curves 

show a gradual rise in load with displacement and this become more pronounced as the strain 

rate is increased (Fig. 4.20d). This may be so because with increase of strain rate load 

transfer from amorphous matrix to crystallites is delayed. Crystallites bear load along with 

matrix till the yield point. Further load is carried by crystallites which deform plastically until 

the maximum load is reached and become amorphous fully. There occur strain softening as 
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all the crystallites are deformed after 15 Å of displacement. This can be observed by the 

decrease in load value after this distance of indentation.  

4.5.1.2. Composite-V (30 % crystallites) 

Composite-V indented at various strain rates and load-displacement plot was drawn as shown 

in Fig. 4.21. It shows linear behaviour in elastic region and obeys the Hertzian contact theory 

[50].  

 

Figure 4.21. P-h plot for composite-V indented at varying strain rates: (a) 2.5×109 s-1, 

(b) 2.5×1010 s-1, (c) 1.25×1011 s-1, (d) 2.5×1011 s-1. 

 

The first load drop or “pop in” gives the onset of plastic deformation after which curves show 

nonlinear behaviour [86]. Load drop or serrations occur which are irregularly spaced. This 

may be due to lack of long range order in glassy alloys [92]. Though, the yield point rises as 

the strain rate is increased (Fig. 4.21c and 4.21d), the curves show a fall of load after 

reaching maximum load. This can be explained by the strain softening phenomena.  
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4.5.1.3. Composite-VI (50 % crystallites) 

Figure 4.22 shows a P-h plot drawn to understand the deformation behaviour of composite-

VI indented at varying strain rates. It shows a linear elastic behaviour and non-linear plastic 

behaviour. The onset of plastic yield occurs at the first “pop in” or load drop [86].  

 

Figure 4.22. P-h plot for composite-VI indented at varying strain rates: (a) 2.5×109 s-1, 

(b) 2.5×1010 s-1, (c) 1.25×1011 s-1, (d) 2.5×1011 s-1. 

 

The curves follow Hertzian contact theory in elastic region as load is increasing with increase 

of depth of indentation [50]. As the strain rate is increased, amorphous phase of composite 

bears the load at first and then transfer it to crystallites in a short span as crystallites are 

comparably equal in volume fraction. The yield point is lower in case of composite-VI as 

compared to composite-V at 2.5 × 1011 s-1. This shows that amorphous phase is deformed 

earlier and so the load is borne by the crystallites till the maximum load is reached and then 

strain softening occur as all the crystallites become amorphous due to deformation.  
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4.5.2. Effect of temperature on load-displacement response  

4.5.2.1. Zr50Cu30Al20 amorphous alloy  

Fig. 4.23 shows the P-h plot of Zr50Cu30Al20 amorphous alloy at temperatures of 100 K, 300 

K and 500 K. Curves show an increase in load on indenter with depth of indentation. All 

curves follow Hertzian contact theory in the elastic region and so load is increasing with  

 

Figure 4.23. P-h plots of Zr50Cu30Al20 amorphous alloy nano-indented at a strain rate of 

2.5×1010 s-1 and at temperature values of (a) 100K, (b) 300 K and (c) 500 K. 

displacement [50]. The metallic glass indented at 100K has a higher yield point than that of 

the other two at 300K and 500K which shows that yield point decreases with increase in 

temperature. 

4.5.2.2. Composite-IV (14% crystallites) 

The P-h plot of composite-IV (14 % crystallites) sample indented at varying temperatures of 

100K, 300K and 500K and at a constant indentation strain rate of 2.5×1010 s-1 is shown in 

Fig.4.24. At a temperature of 100 K the alloy shows a high yield point as compared with at 

300 K and 500K. The first “pop in” occurring in plots give the yield point of alloy. These 
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“pop in” or serrations are irregularly spaced due to the short range order arrangement of 

atoms.  

 

Figure 4.24. P-h plot of composite-IV nano-indented at strain rate of 2.5×1010 s-1 and at 

temperature values of (a) 100K, (b) 300 K and (c) 500 K. 

4.5.2.3. Composite-V (30% crystallites) 

Fig. 4.25 shows the P-h plot of Zr50Cu30Al20 amorphous alloy at temperatures of 100 K, 300 

K and 500 K. Curves show an increase in load on indenter with depth of indentation. All  

 

Figure 4.25. P-h plot of composite-V nano-indented at strain rate of 2.5×1010 s-1 and at 

temperature values of (a) 100K, (b) 300 K and (c) 500 K. 
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curves follow Hertzian contact theory in the elastic region and so load is increasing with 

displacement [50]. 

4.5.2.4. Composite-VI (50% crystallites) 

Figure 4.26 shows the P-h plot of composite-VI nano-indented at strain rate of 2.5×1010 s-1 

and at temperature values of 100K, 300K and 500K. Different curves show a linear elastic 

behaviour and non-linear plastic behaviour. There is rise in load value with displacement of  

 

Figure 4.26. P-h plot of composite-VI nano-indented at strain rate of 2.5×1010 s-1 and at 

temperature values of (a) 100K, (b) 300 K and (c) 500 K. 

indenter following Hertz’s contact theory in all curves [50]. The curve at 100K has a high 

value of load at all point of displacement as compared with 300K and 500K. As the 

temperature rises curve shows a fall in yield point. ”Pop in” are observed in different curves 

after yield point. 

4.6. Mechanical properties of Zr-Cu based MG and GMCs  

4.6.1. Effect of strain rate on the yield point and maximum load 
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Mechanical properties such as yield point, maximum load, hardness of metallic glass and 

composite samples based on the above explained graphs are presented in a Tabular form for 

comparison and interpreting the mechanical behaviour. From Table 4.6, it can be seen that all 

samples either MG or GMCs show a rise in yield point value with strain rate. At strain rates 

of 2.5×109s-1, 2.5×1010s-1 and 1.25×1011s-1 yield point value for metallic glass is higher than 

those of composites. Composite-III shows the lowest yield point value amongst all other 

composite samples at 2.5×109 s-1 and 2.5×1010 s-1 strain rates. But a sudden rise of yield point 

is observed at strain rate of 1.25×1011s-1. At strain rate of 2.5×1011s-1 all the composites show 

higher yield point value as compared to the metallic glass and composite-III exhibits the 

highest yield strength. This anomalous behaviour of composite-III may be due to the delayed 

load transfer. More is the crystallite volume fraction, at high strain rate; more is available 

time to amorphize all the crystallites and higher will be the yield point.  

Table 4.3 Yield point value of Zr50Cu50 based metallic glass and composites at various strain 

rates 

Strain rate 

(s-1) 

Yield point (nN) 

Metallic glass Composite-I Composite-II Composite-III 

2.5×109 77.3 54.2 58.0 38.4 

2.5×1010 87.9 76.6 78.7 49.4 

1.25×1011 139.4 123.3 103.8 140 

2.5×1011 292.4 310.6 317.6 351.5 

Table 4.4 shows the maximum load values of MG and GMCs. It can be seen that maximum 

load values increase with increase in strain rates. At strain rates of 2.5×109 s-1 and 2.5×1010 s-1 

composites have higher maximum load value as compared to MG. But as the strain rate is 

increased to 1.25×1011s-1 metallic glass has higher maximum load value than any of the 

composites. Also, composites are showing a decrease in maximum load value with increase 
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in crystallite volume fraction at strain rates of 1.25×1011s-1 and 2.5×1011s-1. This could be due 

to amorphization of the crystallites till the yield point is reached. 

Table 4.4 Maximum load value of Zr50Cu50 metallic glass and composites at various strain 

rates 

Strain rate 

(s-1) 

Maximum load values (nN) 

Metallic glass Composite-I Composite-II Composite-III 

2.5×109 88.3 94.5 94.5 97.8 

2.5×1010 106.8 120.9 125.9 131.2 

1.25×1011 196.1 176.2 170.4 167.7 

2.5×1011 385.4 404.2 390.0 385.4 

 4.6.2. Effect of temperature on yield point 

Table 4.5 shows the yield point values of MG and GMCs at temperature of 100 K, 300K and 

500 K. As the temperature is increased bond between atoms become weak and they move far 

away so gets deformed easily. This results in a decrease in yield point as well as maximum 

load value with temperature rise. This trend is also observed in the studies of Lee et al. [93]. 

Composites have a higher yield point value as compared to the metallic glass at different 

temperatures. This could be due to the obstruction caused to movement of atoms in the glass 

matrix by nano-crystallites [94]. 

Table 4.5. Yield point values of Zr50Cu50 metallic glass and composites at different 

temperature of 100 K, 300K, 500 and strain rate of 2.5×1010 s-1 

 

Temperature 

(K) 

Yield point (nN) 

Metallic glass Composite-I Composite-II Composite-III 

100 51 77.1 60 65 

300 22.1 60 50 48.3 

500 6.7 60 64 51.8 
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Table 4.6. Comparing load value of present study with literature at a particular indentation 

depth and temperature. 

References Qiu et al.,2014  

[50]  

Wang et al., 

2010 

[63] 

Paduraru et al., 

2010 

 [95] 

Present study 

 

Alloy system Cu50Zr50 Zr47Cu31Al13Ni9  Cu0.50Zr0.50 Zr50Cu50  

Potential LJ TB-SMA EMT EAM 

Box size 

(Å3)/atoms 

210×150×120 160×160×124/ 

200000 

529×529×160/ 

270000 

100×100×100 

Indenter 

type/radius 

(Å) 

Spherical/40 Conical Cylindrical/ 

300 

Spherical/20 

Strain rate (s-

1) 

0.7×1010 1.37×109 5.6×108 2.5×1010 

Temperature 

(K) 

293 and 500 300 and 600 116 300  

and 500 

100 

Load(nN) 320 and 280 290 and 210 280 87 & 

86.8 

100  

& 85 

110 

 

Indentation 

depth (Å) 

25 40 42 25 40 

Table 4.6 shows the comparison of load of literature results with present study at a particular 

depth of indentation and different temperatures of working in case of Zr50Cu50 metallic glass. 

The difference in values may be due to indenter size, potential used and the box dimensions. 

4.6.3. Effect of strain rate on hardness 

It is found that in all the alloys there is an increase in hardness with increase in depth of 

indentation from 25 Å to 35 Å at all strain rates. The same trend was observed in the nano-

indentation studies of Qiu et al., 2014 and Chu et al., 2012,[50, 96].The values obtained from 

the present study are represented in Tables 4.7, 4.8 and 4.9. As seen from Table 4.7 there is 

not much effect of presence of crystallites on hardness when compared with metallic glass. 

At 30 Å and 35 Å of indentation depth, composites have high hardness values as compared to 

MG sample at strain rate of 2.5×109s-1 and 2.5×1010s-1. But, as strain rate is increased to 
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1.25×1011 s-1 and 2.5×1011s-1 there is decrease in for GMCs as compared to MG sample 

(Table 4.8 and 4.9).  

Table 4.7. Hardness of Zr50Cu50 MG and GMCs at varying strain rates at a depth of 25 Å 

Strain rate 

(s-1) 

Hardness (GPa) 

Metallic Glass Composite-I Composite-II Composite-III 

Present 

study 

Literature 

2.5×109 6.5  5.9 6.4 6.4 

2.5×1010 7 7.16 [50] 7.3 6.8 7.3 

1.25×1011 14.6  14.4 13.7 13.9 

2.5×1011 29  29.6 27.8 30.1 

 

Hardness value of MG found in the present study is 7 GPa at a depth of 25 Å which is close 

to the observed nano-indentation simulation results (~7 GPa) of Qiu et al. [50]. 

Table 4.8. Hardness of Zr50Cu50 MG and GMCs at varying strain rates at a depth of 30 Å 

Strain rate 

(s-1) 

Hardness (GPa) 

Metallic Glass Composite- I Composite- II Composite III 

2.5×109 7.7 8.2 8.4 9.3 

2.5×1010 9.4 12.6 11.3 11.2 

1.25×1011 17.9 16.3 16.4 15.0 

2.5×1011 35.6 29.5 30.6 33.4 

Table 4.9. Hardness of Zr50Cu50 MG and GMCs at varying strain rates at a depth of 35 Å 

Strain rate 

(s-1) 

Hardness (GPa) 

Metallic Glass Composite- I Composite- II Composite III 

2.5×109 15.3 14.9 16 16 

2.5×1010 17.4 20.2 18.3 17.8 

1.25×1011 30.7 26.2 24.8 26.5 

2.5×1011 63.7 52.4 53.1 49.7 
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4.6.4. Effect of temperature on hardness 

Tables 4.10, 4.11 and 4.12 show the values of hardness of MG and GMCs at different depths 

of indentation as a function of temperature. It can be seen that hardness decreases with 

increase of temperature for both MG and GMCs. The same trend of decrease in hardness 

with temperature can be observed in the simulation work of Prasad et al. [97]. Hardness 

remains approximately constant with varying crystallite volume fraction in composites. 

Table 4.10 Hardness of Zr50Cu50 based MG and GMCs at varying temperature at 25 Å depth 

Temperature 

(K) 

Hardness (GPa) 

Metallic glass Composite-I Composite-II Composite -III 

100 7.2 7.6 8.1 8.3 

300 7.2 7.3 7.3 7.4 

500 6.9 7.2 6.4 8.3 

Table 4.11 Hardness of Zr50Cu50 based MG and GMCs at varying temperature at 30 Å depth 

Temperature 

(K) 

Hardness (GPa) 

Metallic glass Composite-I Composite-II Composite -III 

100 9.9 12.8 14.2 11.9 

300 9.9 12.3 8.9 11.1 

500 8.8 10.9 12.7 10.6 

Table 4.12 Hardness of Zr50Cu50 based MG and GMCs at varying temperature at 35 Å depth 

Temperature 

(K) 

Hardness (GPa) 

Metallic glass Composite-I Composite-II Composite -III 

100 18.7 19.4 19.4 19.6 

300 17.3 19.2 16.7 17.4 

500 16.5 17.1 16 18.3 
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4.7. Mechanical property of Zr50Cu30Al20 based MG and GMCs 

4.7.1. Effect of strain rate on the yield point and maximum load 

With increasing strain rate, the yield point value shows an increase in metallic glass as well 

as that of composite-IV, V and VI as shown in Table 4.13. It is observed that with addition of 

Al to Zr-Cu yield point is lowered. Further, there is no trend observed on the yield point in 

the GMCs.   Table 4.14 shows the maximum load values of MG and GMCs at different strain 

rates. It is observed that GMCs exhibit higher load bearing capacity than the MG at all strain 

rates. Also, the load bearing capacity is the highest for the GMC with maximum crystalline 

volume fraction.  

Table 4.13. Yield point values for Zr50Cu30Al20 based MG and GMCs at different strain rates 

Strain rate 

(s-1) 

Yield point (nN) 

Metallic glass Composite-IV Composite-V Composite-VI 

2.5×109 24.3 29.5 16.0 19.0 

2.5×1010 44.6 49.6 26.2 44.1 

1.25×1011 94.2 97.1 139.5 148.9 

2.5×1011 263.4 276.6 355.7 310.5 

 

Table 4.14. Maximum load values for Zr50Cu30Al20 based MG and GMCs at different strain 

rates 

Strain rate 

(s-1) 

Maximum load value (nN) 

Metallic glass Composite-IV Composite-V Composite-VI 

2.5×109 60.4 73.1 64.2 78.8 

2.5×1010 83.3 84.4 93.7 89.7 

1.25×1011 131.7 129.3 175.8 184.4 

2.5×1011 304 304.3 401.3 421.5 
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4.7.2. Effect of strain rate on the hardness 

Hardness of Zr50Cu30Al20 MG and GMCs are shown in Table 4.15 at a depth of 35 Å at 

varying strain rates and at a temperature of 300 K. It can be observed that hardness is 

increasing with strain rate value. The hardness value of literature work of Wang et al., [62] 

on (Cu50Zr50)88Al12 metallic glass reveal a hardness value of 5.2 GPa. The variation may be 

due to strain rate used i.e., 0.8×109 s-1, potential used (LJ potential), Box size (320 ×320 

×320 Å3). 

Table 4.15 Hardness of Zr50Cu50Al50 based MG and GMCs at varying strain rates at 35 Å 

depth 

Strain rate 

(s-1) 

Hardness (GPa) 

Metallic Glass Composite-IV Composite-V Composite-VI 

Present 

study 

Literature 

[62] 

2.5×109 9.7 5.2 12.0 9.6 11.8 

2.5×1010 13.1  14.5 15.7 11.8 

1.25×1011 22.4  19.6 31.5 29.6 

2.5×1011 40.0  42.4 54.6 51.1 

4.8. Variation of potential energy with displacement of indenter 

A relationship between Potential energy and displacement of indenter in the Zr50Cu50 

amorphous alloy sample has been explained with the plot at different strain rates of 

indentation as shown in Fig.4.27. 
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Figure 4.27. Potential energy vs. displacement of indenter plot at strain rates (a) 2.5×109s-1 

(b) 2.5×1010s-1 (c) 1.25×1011s-1 (d) 2.5×1011s-1 

It is observed that there is a sharp fall in potential energy for the alloy when strain rate is 

2.5×109 s-1. Further increase in strain rates (2.5×1010 s-1, 1.25×1011 s-1, 2.5×1011 s-1) shows a 

gradually falling behaviour in plot [98]. It shows that elastic and plastic energy increases 

with increase in strain rate [50]. So, amorphous Zr50Cu50 alloy indented at high strain rate can 

bear high loading for a longer depth of indentation. Also, potential energy increase slowly 

but fluctuates more prominently with decrease in strain rate. It shows that potential energy 

versus displacement curve is also rate dependent. 
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Chapter 5 

Conclusions and Scope for 

future work 

 

5.1. Conclusions 
a) Zr-based MGs exhibit higher yield and maximum load with increase in strain rate. 

This is attributed to the displacement of atoms to a larger distance at high strain 

rates so that they cannot return to their position in a short time. Thus, the 

resistance to deformation increases. The rise of strain rate thus leads to hardening 

of sample and thus an increase in maximum load value.   

b) Zr-based GMCs exhibit higher yield and maximum load as compared to MG with 

same composition as the strain rate is increased.  This is attributed to obstruction 

to the movement of atoms in the glass matrix by the nano-crystallites and the 

delay in load transfer from matrix to crystallites at higher strain rates.  

c) In Zr50Cu50 GMCs the maximum load  increases with increase in crystalline 

volume fraction at low strain rates (2.5 × 109 s-1 , 2.5 × 1010 s-1 ) while decreases 

at high strain rates (1.25 × 1011 s-1, 2.5 × 1011 s-1 ). As the strain rate is increased 

along with crystallite volume fraction, crystallites get deformed too till the yield 

point is reached. So, the maximum load value decreases. Also, this is the reason 

that strain hardening decreases with increase in volume fraction of crystallites. 

d) Amorphization of the crystallites occur with progress of deformation at all strain 

rates in GMCs as seen from the CSP analysis of Zr50Cu50 GMCs. This 

amorphization rate is reduced as the strain rate is increased.  
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e) Serrations are irregularly spaced in the load-displacement curves due to short 

range order of amorphous alloys.  

f) Amplitude of serrations fluctuate about a certain load at higher strain rates (2.5 × 

1011 s-1) in case of Zr50Cu50 MG and GMCs and then load value decreases. This is 

attributed to strain softening phenomena.  

g) Hardness increases with increase of strain rate as well as depth of indentation for 

all Zr-based MG and GMCs. This may be due to increase in load more distinctly 

with strain rate rise. 

h) Composite containing single-crystallite has higher yield point value and 

maximum load as compared to that of composite with multi-spherical crystallites 

for the same crystallite volume fraction. This could be due to strong resistance 

against deformation from a monolithic crystallite. 

i) Composites containing continuous cylindrical crystallites bear a higher load than 

that of composite containing spherical crystallites of same volume fraction of 

crystallites. This could be due to continuous reinforcement provided by composite 

containing cylindrical crystallites. 

j) There is sharp fall in potential energy with decrease in strain rate.  

5.2. Scope for future work 

a) Stress distribution analysis at the crystallite sites. 

b) Interface strength between crystallite and metallic glass. 

c) Analysis of defects in the crystallite during deformation such as dislocation partials, 

twins and stacking faults. 
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