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SYNOPSIS
Metallic glasses (MGs) are amorphous alloys produced by the rapid quenching of liquid alloys
at high cooling rates by melt spinning technique. They first came into the picture when Klement
and Duwez were trying to quench Au-Si eutectic alloy at very high cooling rates and ended up
discovering a new material known as metallic glass [Klement et al., 1960]. Over the past few
decades, many experimental and simulation studies have been conducted, discovering metallic
glasses with novel compositions, and investigating their mechanical and functional properties.
It has been observed that MGs exhibit high yield strengths (~ 2 GPa), large yield strains (~ up
to 2%) along with excellent formability at high temperatures, good corrosion, and wear
resistance, making them potentially suitable for electronic, bio-medical applications [Telford,
2004]. One of the major drawbacks of MGs is their poor room temperature tensile ductility as
they fail catastrophically after the elastic limit due to the plastic flow localization into narrow
shear bands [Schuh et al., 2007]. Extensive literature studies have been focused on improving
the plasticity of MGs by altering their internal microstructure with an aim (i) to reduce the
plastic strain localization (distribution of plastic strain into multiple shear bands) or (ii)
mitigating the unhindered propagation of shear bands by having a crystalline phase in the
amorphous matrix. In the former one, the surface of the MGs is severely deformed to create
more free volume or shear transformation zones (the fundamental units of plastic flow carriers
of MGs), thereby leading to profuse shear banding during the deformation. While the latter is
more effective in increasing the ductility of the glasses with a reduction in strength. Both the
methods suffer from certain disadvantages. For example, the severe plastic deformation due to
shot peening is only limited to the surface layers, with the core of MG still comprising the
original structure. Similarly, the BMG composites contain a significant volume fraction of the
crystalline phases leading to a reduction in fatigue strength and other properties (e.g., corrosion
resistance, conductivity, etc.) that are unique to a completely amorphous structure. These
studies illustrate that enhancing the plasticity of binary glasses is still an alluring issue as
obtaining a fully amorphous structure with uniformly distributed free volume at different

regions of the samples is challenging.

With this motivation, Gleiter and co-workers have proposed a concept to obtain a dense
amorphous material by compacting amorphous nanoparticles under high pressure, called
nanoglass (NG). NGs represent a novel modification in the structure of amorphous material,
displaying different properties and structural details than those observed in MGs prepared by
rapid quenching. They have shown improved plasticity at room temperature compared to their



MG counterpart, which is attributed to their unique microstructure containing glass interfaces
(Gls) between the glassy grains (GGs) [lvanisenko et al., 2018]. These Gls, akin to grain
boundaries in crystalline material, are characterized by high free volume and low density
[Ritter et al., 2011]. In general, the areas of high free volume are assumed to be the potential
nucleating sites for the activation of shear transformation zones (STZs), a cluster of atoms that
undergo cumulative shearing under the influence of external load. In NGs, STZs are nucleated
in both the GGs and Gls, with Gls being the preferential sites, leading to numerous shear bands
(SBs) dispersed homogeneously throughout the sample. Recent indentation and in-situ
micromechanical testing experiments have shown that NGs exhibit very high tensile elongation
(up to a plastic strain of ~17%) in comparison to MGs of identical composition [Wang et al.,
2016]. Further, nanoindentation studies on various NGs showed less or no noticeable serrations
in the loading portion of indentation load, P, vs. penetration depth, h, curves, unlike their binary
MG counterparts. This atypical behavior of NGs is attributed to the presence of Gls though
there is no direct experimental evidence to understand the exact reason. However, there are few
Molecular Dynamics (MD) simulation studies to understand the deformation behavior of NGs,
which show that the plastic flow occurs by multiple shear bands and is sensitive to the volume
fraction of interfaces, topological order of amorphous clusters in the interfaces, and the free
volume content of Gls and GGs [Adibi et al., 2016; Adjaoud et al., 2019]. The limited
experimental indentation studies conducted to date reveal the presence of few or no SBs at the
periphery of the imprint in NGs while many SBs in MGs. It is interesting to examine the shear
band characteristics directly underneath the indenters as they affect the serrated flow rather
than the ones around the indenter impression. Understanding the shear band flow underneath
the indentation is impossible by constraint indentation as the deformation features get lost
during sectioning and polishing the specimen. Therefore, bonded interface indentation (BII)
technique is employed to investigate the SB morphology, their density, spatial distribution,

etc., in detail, as shown in Figure 1.

Step 1 Step 2

Step 4

Polish both the surfaces  Glue the polished surfaces  Indentation at the glued interface Separate both the blocks and
which are to be attached observe for shear bands

Figure 1. Steps involved in a Bonded interface indentation (BII) technique.
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The results demonstrate the differences in the shear band characteristics between MG and NG
(Fig.2). It is evident from Fig.2 that the plastic strain in the subsurface deformation region of
MG (Figure 2a) is mainly accommodated by primary shear bands (PSBs) whereas, in NG
(Figure 2b), many fine secondary shear bands (SSBs) are embedded in between the PSBs,
suggesting that both PSBs and SSBs accommodate the plastic strain. In fact, NG also exhibits
a higher subsurface deformation zone, which is associated with the more uniform distribution
of free volume and increased propensity for SB formation even for a small increase in load, P

leading to near homogeneous plastic flow.
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Figure 2. Subsurface SEM images of a PdgoSi2o for a) MG and b) NG at an indentation load
of 100gf.

Although, a considerable number of extensive studies have been conducted on NGs to
investigate their functional and mechanical properties using experiments and simulations. A
limited number of studies are available in understanding the deformation behavior of
structurally relaxed (SR) NGs. It is very important to understand whether a SR NG will deform

in a ductile or brittle manner. The recent MD simulations of Cu-Zr NGs illustrate that structural
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relaxation causes an increase in the volume fraction of fully icosahedron (FI) Cu (0 0 12 0)
clusters [Ritter et al., 2011; Adjaoud et al., 2021]. The fraction of FI Cu (0 0 12 0) clusters at
the Gls increases significantly during the annealing process while they change little in the
interior of GGs. Moreover, Nandam et al., 2017 have reported the absence of pop-ins in the P-
h curves and SBs at the imprint edges of an annealed Cu-Zr NG, contrary to the MD results,
which predict SB-mediated plastic flow. So, it would be interesting to see if relaxing the NG
at high temperatures (nearly at the Tg) has any effect on the nature of the plastic flow.
Therefore, nano and micro-indentation experiments are carried out at different loads on AP and
SR Cu-Zr-based NG. The results reveal that annealing has a marked influence on the SB
behavior and properties of SR NG. The P-h curves, which generally display a smooth behavior
in NG, exhibit discrete displacement bursts in SR NG, indicating that the plastic deformation
is heterogeneous, which is also supported by the shear bands at the periphery of the imprint in
the micro-indentation (Figure 3a). SR NG displays higher hardness than MG, which is

attributed to the FI clusters and the annihilation of free volume (Figure 3b).
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Figure 3. (a) Representative indentation load, P, vs. penetration depth, h, curves of the SR and
AP NGs obtained at a Pmax 0f 4 mN. (b) Variation of nanohardness, Hn, and elastic

modulus, E, with maximum indentation load, Pmax, of both SR and AP NGs.

Further, the H decreases with increasing P in both the nano- and micro-indentation regimes,
showing an indentation size effect. The increase in free volume generation in the subsurface
deformation zone and the increase in deformation volume underneath the indentation with

indentation load appear to be the reasons for the ISE.
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Apart from the recent research on understanding the origins and kinetics of SBs, one of the
important aspects of plastic flow has received very less attention in NGs, which is strain rate
sensitivity (SRS). SRS provides useful information about the mechanism of plastic flow. It has
been shown that SRS can also be obtained from the indentation experiments as m =
dlogH /dlogé;, where H and &; represents the indentation hardness and indentation strain rate,
respectively. In this regard, several studies have been conducted on BMGs to investigate the m
value of BMGs, and most of the studies have reported report negative m, except a few. It has
been argued that the positive m values are due to the experimental artifact, and the possible
reason for this is the overestimation of H without considering the pile-up around the
impression, particularly at high indentation loads [Bhattacharya et al., 2015]. Unlike the
deformed MGs and BMGs, where the free volume is heterogeneously distributed, the NGs have
a more uniformly distributed defect structure. Hence, in the context of NGs, it is very important
to understand: (a) What is the effect of loading rate on NG and MG load vs. displacement
response having identical composition? (b) How does the hardness vary with the loading rate?
(c) What is the role of NG microstructure on m? and (d) How do m values of NGs fare with
the MGs of an identical composition? To address the above questions, nanoindentation
experiments are carried out on a binary CueoZrs MG and NG at different loading rates. Results
show that the P-h curves of MG exhibited noticeable displacement bursts at low loading rates,
which gradually decreased with increasing loading rate suggesting a transition from more to
less severe heterogeneous plastic flow (Figure 4a). While in the case of NG, no noticeable
displacement bursts are present at any of the loading rates suggesting a near homogeneous
plastic flow (Figure 4b). The hardness of both the NG and MG decreases with increasing
loading rate implying negative strain rate sensitivity, m, which is attributed to the increase in
free volume due to the increase in indentation load. The m values of NG are observed higher
than the MG, indicating a tendency towards the near homogeneous plastic flow. To understand
the trend observed in m values between the NG and MG interface, micro-indentation
experiments are performed by utilizing the bonded interface technique. The results indicate that
the primary shear bands (PSBs) are the main carriers of plastic flow in MG, while in NG, owing
to the high free volume, it is by secondary shear bands (SSBs). The high value of m in NG
compared to the MG is attributed to a large number of fine shear bands and near homogeneous

plastic deformation.
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Figure 4. Representative indentation load, P vs. penetration depth, h curves obtained under
different loading rates for (a) NG and (b) MG at a Pmax 0f 4 mN, respectively.

Among the available nanoindentation technique, the use of a three-sided Berkovich pyramid
tip as an indenter has become a standard in conventional hardness tests because of the
possibility of formulating sharper tips with small tip rounding. However, a much sharper
indenter travels a much larger depth inside material for a given load due to the generation of
high-local stresses beneath the tip. The sharper the angle, the greater the strain generated
beneath the tip. Jang et al., 2007 utilized Berkovich and cube-corner indenters to observe the
deformation behavior and concluded that the serrated flow behavior observed in the P-h curves
depends not only on the instrument's resolution but also on the indenter geometry. They
reported that the sharp cube-corner indenter produces more significant pop-ins in P-h curves
and a larger proportion of permanent plastic deformation after unloading. Thus, it is crucial to
understand the dependency of indenter geometry on the mechanical properties of amorphous
material. Nevertheless, most of the studies conducted hitherto are on binary MGs or
multicomponent BMGs, but limited, or no attention has been given till now to understanding
the effect of indenter geometry on the deformation behavior of NGs. Therefore, a series of
nanoindentation experiments are conducted between a binary PdgoSi2o metallic glass (MG) and
nanoglass (NG) using Berkovich and cube-corner indenters having different centreline-to-face
angles. The results show a strong dependence of serrated flow behavior on the indenter angle
observed in MG and NG. The sharp cube-corner indenter displaces a greater volume of material
for a given load (more than three times the Berkovich indenter), and the material deforms by a

cutting mechanism, resulting in prominent serrations in the loading curves and higher pile-up.



For a given geometry of the indenter, NG displays lower hardness than MG owing to the lower
segregation effect, and the hardness decreases with the increase in maximum indentation load,
which signifies the indentation size effect (ISE). The rise in the deformation volume underneath
the tip due to an increase in free volume content with indentation load appears to be the reason
for the ISE. A useful parameter, discrete plasticity ratio, ¥ is utilized to estimate the influence
of serrations on the total plastic deformation. It is observed that ¥ does not change significantly
with the load (Figure 5), indicating that the deformation mode remains the same with either
indenter in both MG and NG (i.e., heterogeneous in MG and homogeneous in NG. The results
are explained in terms of primary concepts to examine the deformation behaviors in the MG
and NG with different indenter geometry.
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Figure 5. Plot showing the variation in the discrete plasticity ratio, ¥ with the maximum
indentation load, P, for MG and MG with Berkovich and cube-corner indenter

(The inset image displays the method to calculate ¥)

In summary, the present thesis is focused on understanding the deformation behavior and
plastic flow of SBs in binary MGs and NGs by utilizing nanoindentation, micro-indentation,
and bonded-interface indentation techniques. The findings will help us shed new light on
understanding the deformation mechanisms of MG and NG and provide novel guidelines for
designing the amorphous alloys with improved ductility, for the desired engineering

applications.
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The organization of the present thesis is as follows:

In chapter 1, the introduction of MG and NG, along with their deformation theories, are
discussed. Further, the different indentation techniques along with the pertinent literature of
MG and NG on those techniques, are discussed in detail. The motivation and objective of the

thesis are also presented.

In chapter 2, Bonded interface indentation (BII) technique is employed to understand the

differences in the shear band characteristics between a binary Pd-Si MG and NG.

In chapter 3, The effect of structural relaxation on the deformation behavior of NG is studied
by employing the nanoindentation and micro indentation techniques. The role of free volume

on the Indentation size effect and deformation behavior is examined.

In chapter 4, the strain rate sensitivity, m, of a binary CueoZrso NG and MG is investigated
using nanoindentation. Indentations were performed at different loading rates in the range of
0.26 to 8 mN/s, which gives equivalent indentation strain rates over three decades. Further, the

BIl method is used to explain the variation in the values of m among MG and NG.

In chapter 5, the role of indenter geometry on the deformation behavior in a PdSi MG and NG
is investigated by using Berkovich and cube-corner indenters. A useful parameter, discrete
plasticity ratio, ¥ is utilized to estimate the influence of pop-ins on the total plastic

deformation.

In chapter 6, the conclusion from the present work is summarized, and directions for future

work is proposed.

X1



List of publications from the present thesis work:

Sharma A., Nandam S. H., Hahn H., Prasad K. E. (2021), On the difference in shear band
characteristics between a binary Pd-Si metallic and nanoglass, Scripta Materialia, 191, 17-
22 (doi.org/10.1016/j.scriptamat.2020.09.009).

Sharma A., Nandam S. H., Hahn H., Prasad K. E. (2021), Effect of structural relaxation on
the indentation size effect and deformation behavior of Cu-Zr- Based Nanoglasses,
Frontiers in Materials, 8, 1-10 (doi.org/10.3389/fmats.2021.676764).

Sharma A., Hirmukhe S. S., Nandam S. H., Hahn H., Singh I., Narayan R. L., Prasad K. E.
(2022), Strain rate sensitivity of a CusoZrso metallic and nanoglass, Journal of Alloys and
Compounds, 921, 165991 (doi.org/10.1016/j.jallcom.2022.165991).

Sharma A., Tripathi A., Nandam S. H., Hahn H., Prasad K. E. (2022), Role of Indenter
geometry on the deformation behavior in a Pd-Si metallic and nanoglass, (Under Review-
JALCOM).

List of publications out of present thesis work:

Hirmukhe S. S., Sharma A., Nandam S. H., Hahn H., Prasad K. E., Singh I. (2021),
Investigation of softening induced indentation size effect in nanoglass and metallic glass,
Journal of Non-Crystalline Solids, 577, 121316 (doi.org/10.1016/j.jnoncrysol.2021.121316).
Sharma A., Sharma J., Singh I., Prasad K. E. (2022), Experimental assessment on the

validity of Interface Indentation technique using Spherical Indenter, (To be submitted).

List of conferences/oral presentations from present thesis work:

1. Sharma A., Prasad K. E. On the differences in the shear band characteristics between a
binary Pd-Si metallic glass and nanoglass. Indian Institute of Metals 75th Annual technical
meeting (IIM ATM 2021), held online on 13 to 15 November 2021.

2. Sharma A., Prasad K. E. Effect of structural relaxation on the indentation size effect and
deformation behavior of CuZr-based nanoglasses. International conference on advanced
materials and mechanical characterization (ICAMMC 2021-VIRTUAL) on 2-4 December
2021.

Xl



TABLE OF CONTENTS

ACKNOWLEDGEMENT ...ttt sttt |
SYINOPSIS ettt ettt be et e e bt et e e bt et e e teeenne e Vv
LIST OF FIGURES ...t XVII
LIST OF TABLES ... .ottt ne e XX
NOMENCLATURE . ...ttt sttt b e sae e aeesnee s XXIV
ABBREVATIONS AND GREEK SYMBOLS ... XXIV
ACRONYMS Lttt e b e e b e ne e nn e anns XXVII
CHAPTER L.t b e et e a e e b e e s be e ann e e nneeannas 1
INTRODUGCTION. ... ne e e s 1
1.1. Metallic glasses: History, Kinetics, and Applications..........c.ccccovveviveieiieeieciesiennn, 1
1.2.  Deformation theories OF IMGS ..ot 4
1.2.1.  Free VOIUME thEOTY: .....ocviiice e 5
1.2.2.  Shear transformation Zone thEOIY .........ccoiiiiiiie e 6

1.3.  Ductility Improvement in MGS .........cooiiiiiiieiee e 8
1.4.  Nanoglass: A new amorphous material.............ccoceririiiniiiiic e, 9
1.4.1.  Attractive attributes 0Ff NGS OVEr MGS.......ccocciiiiiiiiiiiciceee e, 12

1.5. Indentation as a tool to characterize the deformation behavior of amorphous alloys

14
151, NaNOINAENTALION ...ttt 15
1.5.1.1.  Nanoindentation Studies 0N MGS ..........cccooiiiiiiiiiiiie e, 18
1.5.1.1.1. Serrated flow behavior in the P-h CUIVES .........c.cceoeiiiiiiiiiiiice, 18
1.5.1.1.2. Indentation Size €ffeCt.........ccooiiiiiiii e 20
1.5.1.1.3.  Strain rate SENSITIVILY .....c.covveiiieeiieiie et 22
1.5.1.2.  Nanoindentation StudieS 0N NGS .........ccccciririiininieee e 23
1.5.2.  Bonded interface iNdentation ...........cccooeeiirineninseee e, 25
1.5.2.1.  Bonded interface indentation studies on MGS.........cc.ccoevviinineiiincneens 26
1.6. Summary of the literature studies and issues for investigation............ccccccccevvernenne. 29

XV



1.7.  Scope and Objective Of the theSIS .......cceiveieie e 30
1.8.  Organization Of the theSiS..........ccciiviiiiieiece e 31
CHAPTER 2.ttt sttt bbbttt st st neane s 32

On the differences in the shear band characteristics between a Pd-Si binary metallic

o100 N g F= T gL 0| - LSRR 32
2.1 INEFOTUCTION ..ot bbbt 32
2.2.  Materials and EXPerimMENTS........ccooiiiiiiiiieieie et 34
2.3, RESUIL aNd DISCUSSION .....uviuiiiiiiiiiitisii sttt ettt 34
R S YU 111 -1 Y PSRRI 41

CHAPTER Gt ettt b et b e e sne e n e e ne e nr e 42

Effect of Structural relaxation on the Indentation Size effect and Deformation Behavior

Of CU-Zr-Based NANOGIASSES .........civieiiiiieiieeie ettt e st e et e e re e snaenne e 42
3.1 INEPOTUCTION .t 42
3.2.  Material and EXPErimENTS ......c.oiiiiiiiiiiiieieie et 44
3i3L  RESUILS .ttt 46

3.3.1.  Indentation Load, p, vs. Penetration Depth, h, CUIVesS ...........cccoceririnininienn. 46
3.3.2.  Variation of Nanohardness with the Indentation Load.............cccccocevvrininnenne. 47
3.3.3.  Microhardness and Deformation Morphology Around the Imprint .................. 49
3iA. DISCUSSION ..ttt etttk e b bbbttt ettt b ettt b e e e 52
IR TS TU 111 -1 Y PRSPPI 56

CHAPTER 4 ...ttt ettt b e b et et e e sae e et e e neeenee e 57

Strain rate sensitivity of a CusoZrao metallic and nanoglass...........cccooevvvieinieiieniennnen, 57
A1 INEFOTUCTION .ttt bbbt 57
4.2.  Material and eXPeriMENTS........c.eciiiiiieiie e see e sree s 60
A3, RESUILS ... 63
A4, DISCUSSION ...ttt bbbttt b bbb e 71

4.4.1. Analysis of P vs. h curves: effect of loading rate ..........cccocevvevviinienieneennen, 71

bY



4.4.2. Variation of hardness between the NG and MG ........ooooeeeiiiioeiiieeeeeee 72

4.4.3.  Strain rate sensitivity of NGs and MGs and its structural dependence.............. 73
11 011 1T YU UPR TP 75
CHAPTER 5.ttt bbbttt et bbbt e et e e nes 76

Role of Indenter geometry on the deformation behavior in a PdSi metallic and

[ F= L0 F= T PSR PRT 76
5.1 INTOTUCTION ...ttt 76
5.2, Material and eXPerimENTS.........cccoiiiiiiiiiieieie e 78
5.3, RESUILS .. 80

5.3.1. Indentation load, P vs. displacement, h CUIVES............c.cccerviiviieiie i, 80
5.3.2. SEM and AFM analysis of indentation imprints ............cccccevvveveiieiieieseenenn, 83
5.3.3.  Effect of indenter geometry on the hardness ...........cccocvevevieiveie s, 85
5.4, DISCUSSION ...ttt ettt bbbt bbbttt n ettt ben st e 87
5.4.1.  Analysis of P-h curves, serrated flow, and Pile-up around the indenter............ 87
5.4.2.  Indentation size effect (ISE) in hardness. ........c..cccovveviiieiecie e 90
5.5, SUMMEIY .ot nb e ne e 92

CHAPTER Bttt e b ettt e s e bt e b e e et e e sbeeanbeeebeeeneee e 93

ConcluSIONS aNd FULUIE SCOPE......cuiiiiiieiie it 93
6.1.  Summary and CONCIUSIONS..........cccoiiiiiiiieieie e 93
6.2.  Directions fOr FULUIE WOTK .........cccooiiiiiiiiice e 94

APPEND X A et eabee e 96

BIBLIOGRAPHY ..ottt beeanee s 109

XVI



LIST OF FIGURES

Figure 1.1 Representative plot displaying a variation of molar volume or enthalpy with

temperature during the transition of liquid melt into an amorphous glass. The Tg increases
with an increase in cooling rate. [Image inspired from the work of Kauzmann, 1948] ............ 1
Figure 1.2 Schematic displaying the process of (a) Suction casting and (b) Melt spinning
used to fabricate MGs [Adopted from Huang et al., 2006; Rong et al., 2018].......c...ccecvvernnen. 2
Figure 1.3 Typical application of BMGs (a) Sports (Golf sticks), (b) Automobile (Gears and
Gearboxes), (c) Biomedical implants, (d) Electrical (Magnetic core), and (e) Watch cases

[Adopted from Suryanarayana and Inoue, 2000; nasa.gov; Sharma and Inoue., 2010; Meagher

et al., 2016; Schroers et al., 2011].......ccoeiiieiiiie et nreas 3
Figure 1.4 Schematic displaying the deformation theories proposed for MG. (a) Free volume
(Spaepen, 1977) and (b) Shear transformation zone (STZ) theories (Argon, 1979). ................ 5

Figure 1.5 Shear bands observed in MGs at room temperature under different testing
conditions (a)3-point bending, (b)In-situ Tensile, (c)In-situ Compression, and (d) Vickers
Indentation. [Adopted from Hufnagel et al., 2000; Greer et al., 2013; Zhang et al., 2010; Xie
BL AL, 2008] .. oeieeiieie et ettt et e e re e re et e reeteaneenres 7
Figure 1.6 Engineering stress-strain curve of the different types of Zr-based BMG and its
composites, along with inset images displaying their SEM micrographs. DH1, DH2, and DH3
refer to the different compositions of BMG matric composite [Adopted from Hofmann et al.,

Figure 1.7 Figure displaying the analogy of the synthesis route of a (a) Nanocrystal and (b)
Nanoglass. Schematic of IGC is also presented in (b) [Adopted from Gleiter, 2013; Singh et
L., 2020] oottt b et r et et a b et et e be st et re et et et 10
Figure 1.8 () TEM image of a Cu-Zr-based NG. (b) High-resolution TEM image of an Au-
based NG. The inset displays the corresponding SAED patterns. [Adopted from Nandam et
al., 2017; Wang et al., 2014]. ..cvoo i 11
Figure 1.9 Figure displaying the processing route of Cu64Zr36 using MD simulation. Green
and yellow colors represent the Cu and Zr atoms in the shell region, whereas red and blue
colors show Cu and Zr atoms in the core region. The shell region has a different composition
than the core due to surface segregation [Adopted from Adjaoud et al., 2017] ........cceevveeenee. 12
Figure 1.10 Stress-strain curves for CuZr BMG and homogeneous and inhomogeneous NG
with corresponding simulation plots at 16% applied strain. [Adopted from Sopu et al., 2011].

XV



Figure 1.11 (a) Representative Stress-strain curves for MG and NG along with post-

deformation TEM images of (b) MG and (c) NG. [Adopted from Wang et al., 2015] ........... 14
Figure 1.12 Stress-strain curves for (a) NG and (b) MG for different pillar diameters.
[Adopted from Wang et al., 2016] ........cccoriiiiiiieieice e 14

Figure 1.13 Schematic illustration of the (a) indentation load, P vs. displacement, h curves,

and (b) unloading process displaying the important parameters used for the calculation of

different properties. [Adopted and redrawn from Oliver and Pharr, 1992, 2004].................... 16
Figure 1.14 Schematic representing the shape and geometry (a) Berkovich, (b) Cube-corner,
AN (C) CONICAI TIP. .ttt b e bbbt 17
Figure 1.15 Schematic illustration of the P vs. h curve responses obtained for different
materials. [Adopted and redrawn from Oliver and Pharr, 1992, 2004]. ........ccccevvevvivierrennene. 17
Figure 1.16 Representative P — h curves displaying the loading portion of the
nanoindentation tests for Pd and Zr-based BMGs [Adopted from Schuh et al., 2003] ........... 18
Figure 1.17 Representative P — h curves, AFM illumination images with corresponding
depth profiles of AI90Fe5Gd5 MG [ Adopted from Jiang and Atzmon, 2003] .........c.ccue....... 19

Figure 1.18 Representative (a) nano (b) micro-indentation P-h curves of as-cast and annealed
Zr41.2Ti13.75Cul2.5Ni10Be22.5 BMG [Adopted from Murali and Ramamurty, 2005]. .....20
Figure 1.19 Hardness vs. maximum penetration depth plot for the as-cast and structurally
relaxed sample. [Adopted from Steenberge et al., 2007]........coeeveiiiieiiicieiece e 21
Figure 1.20 (a) Profile image of the indent using the atomic force profilometry (AFM)
technique, (b) Plot representing the variation of pile-up ratio with the indentation depth.

[Adopted from Huang et al., 2010]. ......ccoveiieiieieee et 21
Figure 1.21 Variation of Hardness, H with loading rate dP/dt for Zra12Ti1zsCui25Ni1oBe2z s
BMG [Adopted from Bhattacharya et al., 2015] .......cccccveiiiiiiieciec e 23

Figure 1.22 SEM images of the micro-indents in (a) NG and (b) MG, along with the
proposed segregation model, are displayed in (c). [Adopted from Nandam et al., 2017]. ......24
Figure 1.23 Schematic of the various steps involved in a Bonded-interface indentation (BII)
1=T0! o 0 o =TSP PTP 26
Figure 1.24 Representative images displaying the SEM micrographs of the subsurface
deformation zone for Pd and Zr-based BMG. [Adopted and modified from Jana et al., 2004].

Figure 1.25 Representative P-h curves and hardness variation in the subsurface with respect
to the distance from the indenter tip [Bhowmick et al., 2006]. .........cccoooviiiiiiiniinieiceien, 27

XVl



Figure 1.26 Representative subsurface SEM micrographs of (a)as-cast, (b)pre-strained, and
(c) pre-strained plus annealed Zr-based BMG [Adopted from Xie and George, 2008]. ......... 28
Figure 1.27 Representative subsurface SEM micrographs of (a)as-cast and (b)annealed Zr-
based BMG along with (c) P-h curves for different deformed regions [Adopted from Yoo et
L., 2000] ..o r bt R Rttt be et re et e neere s 29
Figure 2.1 Representative SEM (a, b) and Optical (c, d) images of Vickers indentation
imprints: (a) CueoZrso MG (b) CueoZraoNG (c) PdgoSizo MG (d) PdgoSizo NG, and (e) the
interface indentation imprint of a PdgoSizo MG. The arrows indicate the shear band fronts
ArouNd the IMPIINT. ... e et e e e e sae e reesneereenne e 35
Figure 2.2 Subsurface deformation zone of a PdgoSi20 MG at indentation load of 100 gf
indicating (a) complete deformation zone and (b) a high magnification image of the
highlighted region clearly describing that the deformation is accommodated mainly by
PHMArY SNEAT DANGS. .....c.viiiieie e ettt e e e e s e sreereenes 37
Figure 2.3 Subsurface deformation zone of a Pd80Si20 NG at an indentation load of 100 gf
indicating (a) the full view of subsurface deformation zone and (b) a high magnification
image of the highlighted region of (a) describing a profuse density of fine shear bands besides
the primary Shear DANAS. ............coi it 38
Figure 2.4 Plots showing the variation of (a) inter-shear band spacing, 8, with the distance
from the tip of the indentation impression, rqg and, (b) normalized subsurface deformation
zone size, x with indentation load, P for MG and NG. ........ccoooiiiiiiiiiiii e 40
Figure 3.1 X-ray diffraction patterns of the SR and AP NGs displaying the amorphous nature

OF the SAMPIES. ..o et e s be et e e sae e aeerr e re e e e 45
Figure 3.2 Representative indentation load, p, vs. penetration depth, h, curves of the SR and
AP NGs obtained at a Pmax 0F 4 MN. ......coiioiccee e 46
Figure 3.3 Variation of nanohardness, Hn, and elastic modulus, E, with maximum indentation
load, Pmax, of both SR and AP NGs indicating the ISE. ... 47
Figure 3.4 Representative SEM images of Vickers indentation imprints of AP NGs
maximum indentation load, Pmax, 0f (A) 0.5 N, (B)L N, (C)2 N, and (D) 5 N......ccceevvvrennne. 48
Figure 3.5 Representative SEM images of Vickers indentation imprints of SR NGs
maximum indentation load, Pmax, of (A) 0.5 N, (B)L N, (C)2 N, and (D) 5 N. ....ccoevvvrvennee 49
Figure 3.6 AFM images of the residual imprint along with the corresponding line scans taken
across the edge of the imprint of (A) SR and (B) AP NGs obtained at a Pmax 0f 0.5 N. ......... 50

Figure 3.7 Plot showing the dependence of microhardness, Hm, on maximum indentation
l0ad, Pmax, TOr the SR @nd AP NGS. ......ooiiiiiiiiieiee e 51

XIX



Figure 3.8 Variation of the shear band density, y (number of shear bands on the indented
surface), with maximum indentation load, Pmax, for both the SR and AP NGs...........cccue.e. 51
Figure 3.9 Variation of free volume with maximum indentation load, Pmax, for AP and SR
SAMIPIES. .. bRt e bRt b bbb 53
Figure 3.10 Schematic illustrating the differences in microstructure and deformation
morphology between AP and SR NGs. (A, B) represents the deformation morphology at low
and high indentation loads of AP NGs, respectively, while (C, D) for low and high
indentation loads for SR NGS, reSPECHIVEIY. .......ociiiiiiiiiei e 55
Figure 4.1 X-ray diffraction spectra of the MG and NG samples...........cccccevvevviviiieeinennenne. 63
Figure 4.2 Representative indentation load, P vs. penetration depth, h curves obtained under
different loading rates for (a) NG and (b) MG at a Pmax OFf 4 mN, respectively. ..................... 64
Figure 4.3 Enlarged view of the loading portion of the P vs. h curves from regions X and Y
at different loading rates for (a) NG and (b) MG respectively, describing the pop-in

DBRAVIOU ...ttt bbbttt bbb 66
Figure 4.4 Plot representing the variation of pop-in length, hpop-in, With loading rate for NG
210 I8 1/ OSSR 66
Figure 4.5 Plot representing (a) the variation of hardness, H, with loading rate, dP/dt and
(b) strain rate, &, plotted on log scale for NG and MG. ...........ccccooveiiiieiieic e 68
Figure 4.6 Subsurface deformation zone of a CueoZrso MG at a Pmax of 3 N obtained at a
loading rate of 0.3 N/s (an equivalent strain rate of 0.1 s-1) indicating (a) complete
deformation zone and (b) a high magnification image of the highlighted region of (a).......... 69
Figure 4.7 Subsurface deformation zone of a CueoZrs NG at a Pmax of 3 N obtained at a
loading rate of 0.3 N/s (an equivalent strain rate of 0.1 s-1) indicating (a) complete
deformation zone and (b) a high magnification image of the highlighted region of (a).......... 70
Figure 4.8 Variation of normalized primary and secondary shear band density, ¥, in the
subsurface deformation zone for NG and MG.........cccooiiiiiiiiniiiee e, 74
Figure 5.1 (a) X-ray diffraction spectra, and (b) DSC curves of the MG and NG samples
(The inset figure in DSC displays the magnified image of the glass transition region). ......... 79
Figure 5.2 Typical load, P vs. displacement, h curves obtained with Berkovich and cube-
corner indenters at different peak loads for (a, c) MG and (b, d) NG, respectively. ............... 81
Figure 5.3 Representative loading portion of the P — h curves obtained at Pmax=8mN and
corresponding derivative plots representing the variation of dP / dh with h for MG and NG

with (a, ¢) Berkovich and (b, d) cube-corner indenter, respectively..........cccocevvvieiieieiinnnnn, 82

XX



Figure 5.4 Representative SEM images of nanoindentation imprints for MG and NG with (a,
b) Berkovich and (c, d) cube-corner indenter, reSPectively. ........ccccovvvevveviiieseece e 83
Figure 5.5 AFM images of the Berkovich indentation imprints and the corresponding line
scans taken across the edge of the imprint of (A) MG and (B) NG obtained at a Pmax=8mN. 84
Figure 5.6 AFM images of the Cube-corner indentation imprints and the corresponding line
scans taken across the edge of the imprint of (A) MG and (B) NG obtained at a Pmax=8mN. 85
Figure 5.7 Plot showing the variation of (a, b) hardness, H, and (c, d) free volume, Kcf, with
maximum indentation load, Pmax for MG and NG with Berkovich and cube-corner indenter,
(=R LT o (A< Y2 PSSR 86
Figure 5.8 Plot showing the variation in the discrete plasticity ratio, ¥ with the maximum
indentation load, Pmax for MG and MG with Berkovich and cube-corner indenter. ............. 88
Figure 5.9 Schematic of nanoindentation-probed volume, pile-up effect and deformation
mechanism for Berkovich and cube-corner indentation. ...........cccccooeiieienene s 89

APPENDIX A

Figure A.1 X-ray diffraction of the above Ty annealed samples showing the presence of small
crystalline peaks in addition the amorphous hump, confirming its crystalline nature............. 96
Figure A.2 Vickers indentation imprints of above T4 annealed samples showing the shear
bands at the periphery of the IMPrint. ... 97
Figure A.3 Variation of the shear band density, y (Number of shear bands on the indented
surface) with the indentation load, P for SR, AP and crystallized (CR) NGS. ........cccccceevenee. 98
Figure A.4 Variation of nanohardness, Hn, and elastic modulus, E, with maximum
indentation load, Pmax, of both SR and AP NGs indicating the ISE. Corrected nanohardness,
Hc is plotted for the SR NG due to the pile-up generated around the indent imprint. ............. 98
Figure A.5 Representative P-h curves of NG representing the loading a), ¢), e), f), and
unloading b), d), f), h) portion fitted with the help of equation (4) and (5), respectively. ...... 99
Figure A.6 Representative P-h curves of MG representing the loading a), c), e), f), and
unloading b), d), ), h) portion fitted with the help of equations (4) and (5), respectively....100
Figure A.7 Variation of dPdh with h and dP / dh2 with h2 for MG is presented in (a) and
(b), respectively, while the variation of NG in (c) and (d), respectively. ...........ccccovvernnnnn. 102
Figure A.8 Representative loading portion of the P-h curves obtained with the Berkovich
indenter for MG a), c), e), g), and NG b), d), f), h) respectively ..........cccccovniiiiiniiinnnnn, 103
Figure A.9 Representative Unloading portion of the P-h curves obtained with the Berkovich
indenter for MG a), ), ), g), and NG b), d), f), h) respectively. .........cccovniiiiiiiniiiennnn, 104

XXI



Figure A.10 Representative loading portion of the P-h curves obtained with the Cube-corner

indenter for MG a), ¢), ), g), and NG b), d), f), h) respectively. .........cccccoovvviriiiiiieiienenn, 106
Figure A.11 Representative Unloading portion of the P-h curves obtained with the Cube-
corner indenter for MG a), ¢), ), g), and NG b), d), f), h), respectively...........cccoverirnrnn. 107

XXII



LIST OF TABLES
Table 4.1 Summary of the m values reported for glasses in various literature........................ 61
Table 4.2 VValues of m obtained in present study for NG and MG. ..........cccocoiiiniiiiicieen, 67

Table 4.3 Summary of nanomechanical properties and elastic recovery obtained from the
analysis of load, P vs. displacement, N CUIVES ...........cooiieiieii i 74
Table 5.1 Summary of hardness, H values (corrected) obtained with Berkovich and cube-
corner indenter at different maximum indentation loads for MG and NG, respectively......... 91
Table 5.2 Summary of free volume generation, Kcr values obtained with Berkovich and cube-

corner indenter at different maximum indentation loads for MG and NG, respectively......... 91
APPENDIX A
Table A.1 Values of the fitting constants obtained for NG from the load, P vs. displacement, h

curves (Fig. A5) along with the regression co-efficient describing the goodness of the fit..101
Table A.2 Values of the fitting constants obtained for MG from the load, P vs. displacement,

h curves (Fig. A6) along with the regression co-efficient describing the goodness of the fit.

Table A.3 Values of the fitting constants obtained from the loading portion of the load, P vs.
displacement, h curves (Fig. A8) conducted with the Berkovich indenter along with the
regression co-efficient describing the goodness of the fit ........cccccoviveiiiii i 105
Table A.4 Values of the fitting constants obtained from the unloading portion of the load, P
vs. displacement, h curves (Fig. A9) conducted with the Berkovich indenter along with the
regression co-efficient describing the goodness of the fit. .......ccccccoviveii i 105
Table A.5 Values of the fitting constants obtained from the loading portion of the load, P vs.
displacement, h curves (Fig. A10) conducted with the Cube-corner indenter along with the
regression co-efficient describing the goodness of the fit. ..., 108
Table A.6 Values of the fitting constants obtained from the unloading portion of the load, P
vs. displacement, h curves (Fig. A11) conducted with the Cube-corner indenter along with the

regression co-efficient describing the goodness of the fit. ..., 108

XXl



NOMENCLATURE
ABBREVATIONS AND GREEK SYMBOLS

Glass transition temperature

Crystallization temperature

Free volume

Average free volume

Critical volume

Geometrical factor

Temperature dependent rate constant
Atomic volume

Boltzmann constant

Applied Stress

Temperature

Volume of the defect

Flow defect concentration

Shear stress

Indentation load

Maximum indentation load
Penetration depth or Displacement
Final indentation depth
Indentation size or Contact depth
Sink-in depth

Maximum penetration depth

Hardness

XXIV



a,

AG

Af

Dynamic hardness

Nano-hardness

Mirco-hardness

Young’s modulus or Elastic modulus
Elastic modulus of indenter

Elastic modulus of specimen
Stiffness

Contact Radius

Projected area of contact

Poisson’s ratio

Geometry constant

Fitting constants obtained from the Oliver and Pharr method
Activation barrier energy

VVolume fraction of material with potential-jump sites
Strain rate sensitivity

Shear band density

Inter-band spacing

Distance from the tip of the indentation impression
Subsurface deformation zone size

Normalized subsurface deformation zone size
Current

Strain rate

Indentation strain rate

Representative strain

XXV



pop—in

dp/dt

Shear strain rate

Temperature dependent material constant
Pop-in length or pop-in width

Loading rate

Semi-apex angle

XXVI



MG

BMG

BMGMC

MSR

SRO

MRO

SB

STZ

GG

Gl

NG

TEM

SEM

XRD

SAED

IGC

GNP

MD

AFM

DSC

ISE

RISE

Bll

PSB

ACRONYMS

Metallic glass

Bulk metallic glass

Bulk metallic glass matrix composite
Melt spun ribbon

Short range order

Medium range order

Shear band

Shear transformation zone
Glassy grain

Glassy interface

Nanoglass

Transmission electron microscopy
Scanning electron microscopy
X-ray diffraction

Selective area electron diffraction
Inert gas condensation

Glassy nanoparticle

Molecular dynamics

Atomic force microscopy
Differential scanning calorimeter
Indentation size effect

Reverse indentation size effect
Bonded interface indentation

Primary shear band

XXVII



SSB Secondary shear band

AP As-prepared

AC As-cast

SR Structurally relaxed

FI Fully Icosahedron

SLM Selective laser melting
CSM Cooperative shearing model
SP Shot-peened

FEA Finite element analysis

XXVII



CHAPTER 1

INTRODUCTION
1.1. Metallic glasses: History, Kinetics, and Applications
Metallic glasses (MGs) are amorphous alloys fabricated by the rapid cooling of liquid alloys.
In general, when the liquid alloy is rapidly cooled to a temperature lower than the meting point,
it freezes to form a glass at a temperature called glass transition temperature (Tg) (refer to Fig.
1.1). Kauzmann, 1948 was the first scientist who gave the concept of the glass transition
phenomenon according to which when the entropy of the liquid is extrapolated to a temperature
below the melting point, the entropy of the liquid becomes equal to the entropy of the solid,
which is not feasible. Thus, the liquid melt can no longer sustain in that metastable condition
and freezes to form a glass at a temperature known as Kauzmann temperature (Tk) or glass
transition temperature (Tg). It is important to observe from Fig. 1.1 that there is no change in
the molar volume at Tg, implying no shrinkage in the melt during rapid quenching. Another
important information that can be inferred from figure 1.1 is that the Tq depends on the rate of

cooling, and the stability of the glass increases with decreasing cooling rate.

glass
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solid

Tgt 2 Tgl 1

Temperature, T
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Figure 1.1 Representative plot displaying a variation of molar volume or enthalpy with
temperature during the transition of liquid melt into an amorphous glass. The Tg increases with

an increase in cooling rate. [Image inspired from the work of Kauzmann, 1948]



The very first MG came into the picture when Klement and co-workers tried to quench AusSi-
based liquid alloy at very high cooling rates and discovered a new amorphous material named
metallic glass (Klement et al., 1960). They utilized the “Splat quenching” technique to rapidly
cool the liquid alloy at a cooling rate of around 10°- 10° K/s. As it is not possible to achieve
such high cooling rates on thick (or bulk) samples, the MGs, initially, are limited to only thin
flakes or ribbons (typically < 1 mm), usually referred to as melt-spun ribbons. So, in the early
days, the primary objective of the researchers was to fabricate the MGs in the bulk form, also
referred to as bulk metallic glasses (BMGs). BMGs are multicomponent alloys, unlike binary
MGs, and have thickness or diameter greater than 1 mm. Peker et al. 1993, successfully
synthesized the BMGs up to a thickness of 14 mm by employing cooling rates even less than
10K/s. Inoue et al. 1995 made a pioneering contribution to the field of BMGs by introducing
the empirical rules for the fabrication of BMGs, which are as follows:

i.  The overall composition should comprise more than three elements.
ii.  The three main elements should have an atomic size difference of 12%.

iii.  The heat of mixing should be negative among the main elements.

(a) Suction Casting (b) Melt Spinning
— tungsten electrode Ejection pressure
LI L7 melting room
f 7] 4 Induction coil
Ar L
vz i
water-cooling
1  copper crucible 3 Molten alloy
sample 7 Ejecting nozzle i
N
é V molecular pump Rottngwiisi
A\\ / Melt-spun ribbon
S 7
copper mould
— mechanical
' pump

Figure 1.2 Schematic displaying the process of (a) Suction casting and (b) Melt spinning used
to fabricate MGs [Adopted from Huang et al., 2006; Rong et al., 2018]



Following the above rules, different compositions of BMGs were synthesized to date using
methods (refer to Figure 1.2a) like suction casting (Shen et al., 2005; Xia et al., 2007; Xu et
al., 2010).

Since the MGs are formed by rapid quenching of liquid alloy, their atomic structure is similar
to a frozen liquid. Unlike crystalline materials, they do not have a long-range periodic
arrangement of atoms, and the atomic order is categorized into short-range order (SRO) and
medium-range order (MRO). This has a marked influence on the defect structure of MGs and
their structural and functional properties. MGs exhibit high hardness, wear resistance, high
yield strength, resilience, low mechanical damping, excellent corrosion resistance, high
magnetic permeability, and resistivity, which is nearly independent of temperature (Ashby and
Greer, 2006). A combination of the above properties makes them promising materials for
sports, electrical, aesthetics, medical, and space applications, and some of the components

made of glasses are displayed in Fig. 1.3a. (Suryanarayana and Inoue, 2000).

Figure 1.3 Typical application of BMGs (a) Sports (Golf sticks), (b) Automobile (Gears and
Gearboxes), (c¢) Biomedical implants, (d) Electrical (Magnetic core), and (e) Watch cases
[Adopted from Suryanarayana and Inoue, 2000; nasa.gov; Sharma and Inoue., 2010; Meagher
et al., 2016; Schroers et al., 2011]



Another excellent and intriguing feature of MGs is the absence of volume shrinkage at Tg,
which helps in making intricate net-shaped objects like gears, gearboxes, etc. (Wang et al.,
2004). Recently, the National Aeronautics and Space Administration (NASA) has been
exploring the possibility of miniature gears using BMGs, which can survive in cryogenic
environments without the need for lubrication (nasa.gov). BMG gears and gearboxes with
superior wear and corrosion resistance are capable of operating at very low temperatures and
hence can be of help for in-space missions (refer to Fig. 1.3(b)). It is seen that Co- and Fe-
based BMGs have shown good magnetic properties and hence have potential applications in
the transformer core and magnetic shields. Compared to conventional transformers, the power
transformers with MGs as a core are found to help in reducing core losses (Sharma and Inoue.,
2010). Titanium-based BMGs have shown low density, excellent biocompatibility, and
corrosion resistance and are considered ideal materials for biomedical applications (Meagher
et al., 2016). Even the Nickel (Ni) watch cases are also replaced with BMGs with the help of

the blow molding technique to prevent skin allergic reactions (Schroers et al., 2011).

These attractive attributes of MGs are offset by the lack of good tensile ductility at room
temperature. They fail catastrophically in the form of shear bands (SBs) due to plastic strain

localization (Schuh et al., 2007), preventing their widespread usage as a structural material.

1.2. Deformation theories of MGs

The deformation behavior of crystalline materials is explained by the dislocation theory, which
is well supported by strong experimental evidence. The dislocation motion during the
deformation can be well traced by experimental techniques such as transmission electron
microscope (TEM) and high-resolution TEM. Unlike crystalline materials, the deformation
behavior of MGs is difficult to comprehend due to the presence of SRO and MRO. The exact
nature of local atomic motion during the plastic flow of MGs is not fully resolved by
experimental methods. However, the consensus is that the strain is accommodated by the local
rearrangement of a cluster of atoms in the less densely packed regions. The deformation
behavior of MGs is often described by (a) Free volume theory and (b) shear transformation
zone theory proposed by Spaepen, 1977 and Argon, 1979, respectively.



1.2.1. Free volume theory:
The original free volume model was proposed by Cohen and Turnbull,1959 in which the free
volume 9 of an atom is defined as the volume of the cage enclosed by the first nearest neighbor
atoms, less the average volume of an atom. The probability, p(19)d¥, of finding an atom with

the free volume 9 and 9 + d9 in (liquid/glass) is calculated to be:

9
p(9)dd = (;/—) exp <1;—f> 9

Where y is the geometrical factor between 0.5 and 1, and ¥ is the average free volume of an
atom. Free volume theory relies on the existence of voids whose volume is greater than critical
volume 9*. Spaepen (1977) used free volume theory and developed constitutive equations to
describe the plastic flow in MGs. The plastic flow rate is calculated as the product of a fraction

of potential jump sites and the net number of forward jumps per second in the shear direction.

(a)

Figure 1.4 Schematic displaying the deformation theories proposed for MG. (a) Free volume
(Spaepen, 1977) and (b) Shear transformation zone (STZ) theories (Argon, 1979).



The general constitutive equation is given as, % = 2cfkf%sinh (%) where kg is the
temperature-dependent rate constant, Q atomic volume, k is the Boltzman constant, o is the
applied stress, T is the temperature, ¢, is the strain, V; is the volume of defect, and cyis
the flow defect concentration. Spaepen used the above constitutive equation on the creep data
and found that the critical defect (also known as flow defect) size is about 3-4 A. Spaepen also
proposed that the plastic deformation of MGs is characterized by the creation and annihilation
of free volume. At high temperatures and low stresses, the plastic flow is Newtonian with
constant viscosity and is classified as homogeneous deformation. While at low temperatures
and high stresses, free volume is created due to squeezing of atoms into void size less than the
J*causing a reduction in local viscosity leading to heterogeneous deformation. When a load is
applied on MG, the atom jumps from its position to the immediate neighboring place, having
a vacant space, leading to the creation of excess free volume, as shown in Figure 1.4a. The
jumps are favorable to the nearby sites, which can easily accommodate the atom, and the model
is also known as the local jump phenomenon. The steady-state plastic flow is achieved when

the free volume creation rate is equal to the annihilation of free volume.

1.2.2. Shear transformation zone theory
Argon (1979) proposed that the free volume model based on the single atomic jump cannot
describe the deformation. Instead, a cluster of atoms must be needed to accommodate the
plastic deformation. According to this theory, under the application of stress in MG, a local
cluster of atoms (~30-100 atoms) experiences an inelastic transition from one low energy
configuration to another low energy configuration, passing transiently a stimulated
configuration of high energy and volume, as shown in Figure 1.4b. Such clusters of atoms are
known as shear transformation zones (STZs), and the simultaneous operation of several STZs
contributes to the total inelastic strain during the deformation of MGs. Unlike dislocations, the
STZs are transience can not be traced by experimental techniques. The computer simulations
show that the number of STZs are limited at room temperature, and their density increases with
increasing temperature. It is also observed that STZs are transformed in a given direction (in
the direction of applied stress) and cannot be further transformed in the same direction as

dislocations of crystalline materials.

At room temperature and high stresses, the limited number of STZs present at different
locations of MGs coalesce and tends to form shear bands (SBs). Due to the paucity of STZs,

the total plastic strain gets localized into one or few of the SBs, leading to catastrophic failure



of MG, and the deformation, in this case, is deemed as heterogeneous (refer to Figure 1.5a-d).
With the increase in temperature, the density of STZs increases leading to more uniform plastic
flow and a change in the deformation mechanism from heterogeneous to homogeneous. The
operation of STZs also requires significant dilatation of the matrix surrounding it, thus causing
the plastic deformation of MGs sensitive to mean pressure or hydrostatic stress (Patnaik et al.,
2004; Narasimhan, 2004). There have been several efforts to investigate the SB characteristics
during the deformation of MGs, and indentation is one of the useful techniques to
comprehensively characterize them, which will be discussed in detail in the subsequent sections

of the chapter.

Figure 1.5 Shear bands observed in MGs at room temperature under different testing
conditions (a)3-point bending, (b)In-situ Tensile, (c)In-situ Compression, and (d) Vickers
Indentation. [Adopted from Hufnagel et al., 2000; Greer et al., 2013; Zhang et al., 2010; Xie et
al., 2008]



1.3. Ductility improvement in MGs

The catastrophic failure of MGs due to localized shear deformation in the form of SBs at room
temperature restricts their usage in several structural applications. Extensive literature studies
have been focused on improving the plasticity of MGs by altering their internal microstructure

of which the following are notable:

(i) Increase the free volume and STZ of as-cast glasses so as to increase the shear band
density and reduce the plastic strain localization (distribution of plastic strain into
multiple shear bands). This is often achieved by subjecting the as-cast samples to severe
plastic deformation (Wang et al., 2012) using shot or laser shock peening

(if) Providing selective obstacles to the rapidly propagating shear bands by having a
crystalline phase in the amorphous matrix, also known as bulk metallic glass matrix
composites (BMGMCs) (refer to Fig. 1.6) (Das et al., 2003; Hajlaoui et al., 2007; Eckert
et al., 2011; Hofmann et al., 2008; Hays et al., 2000; Narayan et al., 2012; Qiao et al.,
2016).
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Figure 1.6 Engineering stress-strain curve of the different types of Zr-based BMG and its
composites, along with inset images displaying their SEM micrographs. DH1, DH2, and DH3
refer to the different compositions of BMG matric composite [Adopted from Hofmann et al.,
2008]



Although they reduced the shear localization to some extent, both the above methods suffer
from certain disadvantages. For example, the severe plastic deformation due to shot or laser
peening is only limited to the surface layers, with the interior of samples still comprising the
original structure. Similarly, the BMG composites contain a significant volume fraction of
crystalline phases leading to a reduction in fatigue strength and other properties (e.g., corrosion
resistance, conductivity, etc.) that are unique to a completely amorphous structure. These
studies illustrate that enhancing the plasticity of binary glasses is still an alluring issue as
obtaining a fully amorphous structure with uniformly distributed free volume at different

regions of the samples is very challenging.

1.4. Nanoglass: A new amorphous material
The limitations of the above two methods can be overcome if the amorphous alloys are
designed in such a way to contain uniformly distributed free volume throughout the bulk
sample without any crystalline phases. Gleiter and co-workers have proposed a concept to
develop a dense amorphous alloy containing glassy grains (GGs) surrounded by glassy
interfaces (Gls) (akin to nanocrystalline materials), both having different free volume content.
Such glass can be fabricated if the amorphous nanoparticles are compressed at high pressures
to achieve a dense amorphous alloy, with both the grains and interfaces being amorphous. The
central theme of designing such material is to check if the differential free volume present in
GGs and Gls can improve the ductility of the glasses. The molecular dynamic simulations of
such an amorphous alloy reveal the presence of profuse shear bands throughout the volume of
the sample during deformation and thus avoiding plastic flow localization arising from a single
shear band. Hahn and co-workers have fabricated such glass using the inert gas condensation
(IGC) technique. The fundamental principle of IGC involves the evaporation of atoms, which
collide with inert gas atoms in the chamber, lose their energy, and nucleate as small powder
particles close to the evaporation crucible. These nanoparticles subsequently grow in the
chamber and are carried to the cold finger by the convection current of the inert gas. There are
several ways to evaporate the material in IGC, like thermal evaporation, laser ablation,
sputtering, plasma heating, and electric arc discharge. Among these, thermal evaporation is the
most popular because of its flexibility in preparing nanoparticles. The primary problem with
making metallic amorphous nanoparticles in the thermal evaporation technique is the different
vapor pressure of the constituent elements. Since metallic glasses form only in specific
composition ranges, it is of utmost importance to have elements that have similar vapor

pressures. So, to overcome this difficulty for other material systems, magnetron sputtering is



employed instead of thermal evaporation in IGC. The NGs are prepared using direct current
magnetron sputtering in an inert gas condensation (IGC) system. The nano-amorphous particles
generated are collected in a powder collection cup and following the identical route of
fabricating nanocrystalline materials by compacting and sintering nanoparticles (refer to
Figl.7a). These amorphous nanoparticles are then consolidated under high uniaxial pressure
(~3-6 GPa) to obtain a structure consisting of GGs and Gls in bulk form, which is referred to
as nanoglass (NG) (refer to Fig.1.7b) (Jing et al., 1989; Ivanisenko et al., 2018).
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(b) NANOGLASS
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Figure 1.7 Figure displaying the analogy of the synthesis route of a (a) Nanocrystal and (b)
Nanoglass. Schematic of IGC is also presented in (b) [Adopted from Gleiter, 2013; Singh et
al., 2020]
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Mossbauer spectroscopy of NGs reveals that the Gls are relatively less dense compared to the
GGs, i.e., they are characterized by high free volume (Jing et al., 1989). Transmission electron
microscope (TEM) investigations of NGs show that both the GGs and Gls are amorphous in
nature with no signatures of crystalline phases (refer to Fig. 1.8a and b). The very first NG
having a composition of Pd-7oFesSi»7 was fabricated in an inert gas condensation chamber (1GC)
using the thermal evaporation technique. Later on, several other methods, such as magnetron
sputtering (Chenetal., 2013; Nandam et al., 2017, 2020), multi-phase electron deposition (Guo
etal., 2017, 2019; Lietal., 2018), and cold compaction (Fang et al., 2012; Nandam et al., 2017,
2020) were also explored. The average size of GGs and Gls in a NG is reported to be in the
range of ~5-20 nm and ~1-2 nm, respectively (lvanisenko et al., 2018). Several experimental
and simulation studies on the morphology of a NG have reported an excess free volume and
defective SRO in the Gls (Sopu et al., 2009; Ritter et al., 2011; Fang et al., 2012). Interestingly,
it is observed that there is chemical segregation of elemental constituents occurring between
the GGs and Gls.

Figure 1.8 (a)TEM image of a Cu-Zr-based NG. (b) High-resolution TEM image of an Au-
based NG. The inset displays the corresponding SAED patterns. [Adopted from Nandam et al.,
2017; Wang et al., 2014].

Wang et al., 2017 utilized the X-ray scattering technique to study the atomic structure of a
FegoScio glassy nanoparticle (GNP) and NG. The results indicate that the electron density of
the surface shell is lower than the core of the GNP due to the segregation of Fe to the surface,
leading to a lower atomic packing density. During the compaction of these GNPs into a NG,
the extra free volume and SRO present in the core gets percolated to the interfaces. Ritter et
al., 2011 utilized molecular dynamics (MD) simulations on a Cu-Zr-based NG and observed a
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defective SRO in the Gls along with an increase in free volume content of around ~1-2%
compared to the GGs. Adjaoud et al., 2016, 2017 reported the surface segregation of Pd and
Cu to the interfacial regions of PdsoSizo and CuesZrss NG, respectively, which has a significant
influence on the structure of GGs and Gls (refer to Fig. 1.9). Nandam et al., 2017, 2020
observed high free volume in the Gls along with elemental segregation of 10% and 3-4% in
CusoZrso and PdgoSizo NGs. It is evident that, besides the free volume, chemical segregation

also has a marked influence on the physical properties of NG.

(a) Glassy spheres (b) Nanoglass

Consolidation

Interfaces

. . Glassy regions
Core region Shell region

Figure 1.9 Figure displaying the processing route of Cu64Zr36 using MD simulation. Green
and yellow colors represent the Cu and Zr atoms in the shell region, whereas red and blue
colors show Cu and Zr atoms in the core region. The shell region has a different composition
than the core due to surface segregation [Adopted from Adjaoud et al., 2017]

1.4.1. Attractive attributes of NGs over MGs

Unlike MGs, which fail in a brittle manner at room temperature, the NGs have shown
remarkable improvement in ductility. Several MD simulations and limited experimental studies
on different compositions of NGs have shown that NGs exhibit good ductility, and the
deformation appears to be homogenous. Sopu et al. 2011 compared the deformation response
of CuesZrss MG and NG using MD simulations and observed that plastic strain gets
accommodated in multiple shear bands in NGs while in very few shear bands in MGs. Besides
this, they have also investigated the deformation response of a homogeneous and
inhomogeneous NG, which differ from each other in terms of SRO, surface segregation, and

free volume. Their observations reveal an increased SB activity in the inhomogeneous NGs as
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compared to the homogeneous NGs and MGs of identical composition (refer to Fig. 1.10). Albe
et al., 2013 have observed that the deformation in NG changes from homogeneous to
heterogeneous with the increase in grain size. The strength and elastic modulus also increase

with the increase in grain size.
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Figure 1.10 Stress-strain curves for CuZr BMG and homogeneous and inhomogeneous NG

with corresponding simulation plots at 16% applied strain. [Adopted from Sopu et al., 2011].

Wang et al., 2015 performed uniaxial in-situ compression and tension experiments on ScrsFezs
NG and MG and reported a tensile plastic strain of ~17% in NG while MG failed at about ~2%.
The tensile samples showed necking features similar to the ductile metals, while the cross-
section view of compressed samples showed signatures of multiple SBs in NGs single
macroscopic SB in MG (refer to Fig. 1.11). Further, they also investigated the effect of
specimen size on the strength and deformation behavior of NG and MG by varying the pillar
diameter from 2 um to 95 nm. The results showed that strength is independent of specimen
size for MGs while it exhibits strong dependence for NG [Wang et al., 2016]. The deformation
mode remains nearly homogenous in the case of NG at all the pillar sizes, whereas a transition
in deformation mode is observed in MG with decreasing pillar size (refer to Fig. 1.12). Though
uniaxial micro and macro compression experiments are helpful in understanding the
deformation behavior of NGs, they are expensive and time-consuming and often fail to capture
SB characteristics completely. In this regard, indentation is an extremely useful technique for

characterizing the deformation behavior of amorphous alloys.
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Figure 1.11 (a) Representative Stress-strain curves for MG and NG along with post-
deformation TEM images of (b) MG and (c) NG. [Adopted from Wang et al., 2015]
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Figure 1.12 Stress-strain curves for (a) NG and (b) MG for different pillar diameters. [Adopted
from Wang et al., 2016]

1.5. Indentation as a tool to characterize the deformation behavior of

amorphous alloys
The indentation technique is one of the oldest methods to characterize the material’s
mechanical strength by means of hardness. This technique has certain advantages as compared

to the conventional uniaxial compression: (i) It requires a small sample size, (ii) Experiments
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can be performed in quick time (iii) It involves constrained loading conditions. The constrained
loading is particularly helpful in characterizing the deformation response of behavior of brittle
materials as the large elastic continuum surrounding the indentation impression will resist the
unhindered propagation of cracks. With the advent of instrumented indentation, it is possible

to determine the elastic modulus of materials in addition to the indentation hardness.

1.5.1. Nanoindentation
Among the available instrumented indentation techniques, nanoindentation is found to be more
effective due to its ability to apply indentation loads as small as nN and measure the penetration
depths with a resolution of nm. During nanoindentation, the indentation load, P, and penetration
depth or displacement, h, are continuously recorded to yield P vs. h curves, and a typical P vs.
h curve of an elastoplastic material is shown in Fig. 1.13a. The hardness and elastic modulus
are indirectly computed from the unloading portion of the P-h curve using the analysis
proposed by Oliver and Pharr, 1994, popularly known as the O&P method. According to the
O&P analysis, the relation between the P and h of the loading and unloading curves are

described by equations 1 and 2 presented below:

P = ah? Q)

P=B(h—hy) )

where «a, g, are the fitting constants of the loading curve while g, r are fitting constants obtained
from the unloading curves, h and h indicate the instantaneous and final penetration depth of

the indenter, respectively.

Loading P, q- Maximum indentation load
hy- Final penetration depth
) h.- Indentation size
Unloading R pax- Maximum penetration depth
hg- Sink-in depth
§- Stiffness

a- Contact radius

Load, P

v

h—f hf hmu:x
Displacement, h
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Figure 1.13 Schematic illustration of the (a) indentation load, P vs. displacement, h curves,

and (b) unloading process displaying the important parameters used for the calculation of
different properties. [Adopted and redrawn from Oliver and Pharr, 1992, 2004].

The values of g and r depend on the indenter geometry, and q lies in the range of 1.2 - 1.6,
whereas r is in the range of 1.2 - 2. In the case of flat punch, both take a value equal to 1. The

hardness, H, determined using the O&P method, is given as,

Pinax

Where Pmax is the maximum indentation load, Ac is the contact area, which is a function of

contact depth, hc. As per the O&P method, the h, is given by equation (2)

Pmax
he = hpgy — ”T (4)

Here, hmax is the maximum penetration depth, u is the geometry constant (~ 0.75, for Berkovich
and cube-corner indenter), and S is the stiffness computed from the upper part of the unloading
curve (refer to Fig. 1.13) as S = dP/dh. Finally, the effective modulus, Es, is obtained from
the equation (5):

Eo= a-vd)|(3E) - (1;—”2)]_1 (5)

where E and v represent the elastic modulus, and Poisson’s ratio and the subscripts i and s
refer to the indenter and specimen, respectively. Before proceeding with any experiment, the
area function of the indenter tip is calibrated with the help of a standard quartz sample by

performing a series of indentations at different indentation depths and the relation between A,
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and h, are obtained which is used in equations 3 and 5 to determine H and Es. Berkovich and
cube-corner indenters are the most commonly used indenters for nanoindentation, and they
differ in the centre to face line angles (refer to Fig. 1.14). Cube corner, a sharper indenter, is
often used to measure the indentation fracture toughness of brittle solids. Besides the hardness
and elastic modulus, the P-h curves also provide information about the dislocation nucleation
stresses in crystalline materials, shear bands in amorphous alloys, cracking events in ceramics,

and phase transformation in materials (refer to Fig. 1.15).

Figure 1.14 Schematic representing the shape and geometry (a) Berkovich, (b) Cube-corner,
and (c) Conical tip.
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Figure 1.15 Schematic illustration of the P vs. h curve responses obtained for different
materials. [Adopted and redrawn from Oliver and Pharr, 1992, 2004].
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1.5.1.1. Nanoindentation studies on MGs

1.5.1.1.1. Serrated flow behavior in the P-h curves

It is well known that the plastic deformation of MGs occurs by nucleation and propagation of
shear bands. Interestingly this is manifested as discrete displacement bursts (also called as pop-
ins or displacement bursts) in the loading part of the P-4 curves. Schuh and co-workers carried
out nanoindentation experiments on Pd and Zr-based BMGs and observed a large number of
pop-ins (refer to Fig. 1.16) in the loading curves. They concluded that each pop-in event
possibly corresponds to the nucleation and activation of an individual SB. The propensity of
SBs depends upon the indentation loading rate and temperature. They observed that pop-in
width decreases with increasing loading rate suggesting that the deformation mechanism
changes from heterogeneous to homogeneous. The threshold strain rate where the pop-ins are
absent depends on the composition of the alloy and the local arrangement of atoms. Due to the
kinetic limit of the SB, a single SB cannot accommodate the plastic strain at higher loading
rates, thus leading to multiple SBs. (Schuh et al., 2002, 2003, 2004).
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Figure 1.16 Representative P — h curves displaying the loading portion of the nanoindentation
tests for Pd and Zr-based BMGs [Adopted from Schuh et al., 2003]

Further, Jiang and Atzmon, 2003 and Greer et al. 2004 analyzed the indentation imprints of
AlgoFesGds and NiypTai4sC7; MGs (obtained at high loading rates) using atomic force
microscopy (AFM) and observed shear bands on the slanting faces of the impression despite
the absence of pop-ins in the P-4 curves (refer to Fig. 1.17). The absence of serrated flow in

the P-h curves could be due to the limitations of the resolution of the instrument. Jang et al.,
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2007 carried out indentation experiments using Berkovich and cube-corner indenters and
showed that indenter geometry also has a marked influence on the serrated flow. At any given
loading rate, the MG, which does not exhibit serrated flow using the Berkovich indenter,
exhibits severe pop-ins with cube-corner indenters suggesting that the propensity of SBs

depends on the plastic strain imposed by the indenter in the subsurface deformation zone.

Load

350
A— 100 nm/s |[nm

B— 50 nm/s
Cc— 10 nm/s 0
D— 1nm/s
400 600 800 1000
Displacement, nm

0 200

700

75 10 7.5 10 nm

Figure 1.17 Representative P — h curves, AFM illumination images with corresponding depth
profiles of AI90Fe5Gd5 MG [ Adopted from Jiang and Atzmon, 2003]

Ramamurty and co-workers 2005 investigated the role of structural relaxation on the P vs. h
curves, hardness, and embrittlement of a Zr-based BMG. The as-cast glasses annealed below
the T, for different time intervals, and the differential scanning calorimetry (DSC) analysis of
the samples shows that the free volume decreases with increasing annealing temperature or
time. The nanoindentation P-h curves show pop-ins in both as-cast and annealed glasses, with
the pop-in width slightly higher for the annealed glasses (refer to Fig. 1.18), which is attributed
to the annihilation of free volume due to structural relaxation and thus leading to increased
heterogeneous plastic flow. The macro-indentation P-h curves do not show serrations which
may be due to the resolution of the instrument. The interesting observation is that the annealed
glass shows a lower nanohardness (vis-a-vis large penetration depths) and higher
microhardness as compared to as-cast BMGs. The trends in microhardness are concomitant
with the reduction in free volume in the annealed BMG, but observations in nanohardness are

conspicuous, which could be an experimental artefact or issues with the metallographic sample
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preparation. Later studies by the same group and others show that the hardness of the glasses
increases with structural relaxation (Ramamurty et al., 2005; Zhang and Xie, 2005; Jiang et al.,
2007; Yoo et al., 2009, 2011; Gu et al., 2013; Chen et al., 2019; Shi et al., 2021).
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Figure 1.18 Representative (a) nano (b) micro-indentation P-h curves of as-cast and annealed
Zr41.2Ti13.75Cul2.5Ni10Be22.5 BMG [Adopted from Murali and Ramamurty, 2005].

1.5.1.1.2. Indentation size effect

Apart from the serrated flow in the P-4 curves, it is observed that the hardness of BMGs
decreases with increasing in indentation load, commonly known as the indentation size effect
(ISE) (Wright et al., 2001; Lam and Chong, 2001; Ramamurty et al., 2005; Yang et al., 2007;
Steenberge et al., 2007; Huang et al., 2010; Xu et al., 2014; Xue et al., 2016; Li et al., 2017;
Zhou et al., 2019). Wright et al., 2001 attributed the ISE in hardness to the material's ability to
nucleate more SBs with increasing load due to an increase in deformation volume. Lam and
Chong, 2001 developed an analytical model analogous to the Nix-Gao model and showed that
geometrically necessary flow defects decreased with increasing indentation load. Later,
Steenberge et al. 2007argued that the ISE observed is a consequence of the generation and
annihilation of free volume in the subsurface deformation zone and proposed a relation between
the hardness and free volume as per the following equation:

~ Asinh~-! | ac
H = Asinh [Bcf exp (kT)] 6)

where constants A and B incorporate the activation volume of the flow event and material
undergoing plastic shear, y is the plastic shear rate, 2 is the atomic volume, ¢f is the
concentration of free volume which evolves during the deformation, k is the Boltzmann

constant, T is the temperature, and AG is the activation barrier energy for defect migration.
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According to the relation, the hardness inversely varies with the amount of free volume, which
increases with an increase in indentation load resulting in ISE. The structurally relaxed BMG
exhibit higher hardness (at all the indentation loads) compared to the as-cast due to the low free
volume content (refer to Fig. 1.19). Huang et al. 2010 attributed the ISE to the pileup of material
around the indenter, which appears to be more pronounced at low indentation loads and thus

leads to the overestimation of O&P hardness (refer to Fig. 1.20).
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Figure 1.19 Hardness vs. maximum penetration depth plot for the as-cast and structurally

relaxed sample. [Adopted from Steenberge et al., 2007]
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Figure 1.20 (a) Profile image of the indent using the atomic force profilometry (AFM)
technique, (b) Plot representing the variation of pile-up ratio with the indentation depth.
[Adopted from Huang et al., 2010].
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1.5.1.1.3. Strain rate sensitivity
One of the key characteristics of plastic deformation of materials is the strain rate sensitivity,
m, as it provides useful information about the mechanisms of plastic flow. Conventionally, m
is determined from the strain rate jump tests under uniaxial loading conditions, and recently it
has been shown that m can also be obtained from the indentation experiments as m =
dlogH /dlogé,, where H and &, represents the indentation hardness and indentation strain rate,
respectively. Several studies (Dalla Torre et al., 2006; Jiang et al., 2007; Mukai et al., 2002;
Dubach et al., 2009a; Gonzalez et al., 2011; Li et al., 2020; Wang et al., 2021; Ma et al., 2020;
Pan et al., 2008; Boltynjuk et al., 2018; Bhattacharyya et al., 2015; Sort et al., 2019; Sahu et
al., 2019; Zhao et al., 2021; Gunti et al., 2022) have been conducted to investigate the m value
of BMGs, and most of the studies have reported negative m, except a few (Li et al., 2020; Wang
etal., 2021; Maetal., 2020; Pan et al., 2008; Boltynjuk et al., 2018). Pan et al., 2008 performed
indentation strain rate jump experiments and observed that the H increases with loading rate,
indicating positive m values. The micromechanics theory of deformation of materials suggests
that the heterogeneous deformation results in negative m as observed in crystalline materials
when the deformation occurs by luder bands. It is puzzling as to why the BMGs exhibit positive
m despite the SB-mediated plasticity. Bhattacharya et al. 2015 have carried out rigorous
experimental investigations on as-cast, structurally relaxed, and shot-peened BMG to check if
the positive m is due to the material’s response or any experimental artefact. Their experimental
results show that m is negative, independent of the structural state of the BMG (refer to Fig.
1.21). A thorough analysis of the indentation impressions using AFM and SEM reveals a
significant pile-up at the edges of the imprint, which increases with loading rate leading to
overestimation of hardness. The possible reasons for this could be due to the lack of sufficient
time (at high loading rates) for the material to relax the structure in the subsurface deformation
zone. A slightly lower m for SP samples is due to the deformation-induced free volume with a
concomitant increase in the number of STZs. Apart from the pile-up, Sort et al., 2019 have
argued that the negative m could be due to the generation and accumulation of free volume at
high loading rates leading to a decrease in hardness. In another study, Zhao et al., 2021 reasoned
that the negative m values arise due to the differences in diffusion relaxation processes at
different loading rates. Recently, Gunti et al. 2021 also observed a negative m and attributed it

to increased activation of STZs at high loading rates.
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Figure 1.21 Variation of Hardness, H with loading rate dP/dt for Zrs12Ti138Cu125Ni1oBe2 s
BMG [Adopted from Bhattacharya et al., 2015]

1.5.1.2. Nanoindentation studies on NGs

In line with the indentation studies on MGs and BMGs, micro and nanoindentation
experiments, albeit limited, are conducted on NG primarily to understand the deformation
behavior. Franke et al., 2014 carried out nanoindentation experiments on Scandium rich
(Fe28Sc72) and Iron rich (FegoSc10) NGs and MGs and observed a higher hardness and modulus
for Iron rich NG as compared to MG with no significant difference in FegoScio glasses. The
reasons for the high hardness of Scandium-rich NG are attributed to the oxidation of NG as the
scandium (Sc) has a high affinity to react with oxygen. Nandam et al., 2017 carried out nano
and micro-indentation experiments on CueoZrso NG and MG and observed no noticeable pop-
ins P vs. h curves in NG while the MG counterparts exhibit pronounced pop-ins. The periphery
of micro-indents in MG shows large SBs, while no SBs are observed in NG (refer to Fig. 1.22).
NG exhibits a higher hardness and elastic modulus as compared to the MG because of the
segregation of Cu atoms to the interfacial regions of Zr-rich dense cores. In another followed
this, Nandam et al. 2020 observed a similar deformation response for PdgoSizo NG and MG,
with both the glasses exhibiting serrations in the P-h curves. A similar observation was reported
for Ni-P thin film NG by Guo et al. 2019.



(c) Segregation model

Nanoglass with segregated

Cu rich segregated surface :
interfaces

Figure 1.22 SEM images of the micro-indents in (a) NG and (b) MG, along with the proposed
segregation model, are displayed in (c). [Adopted from Nandam et al., 2017].

Unlike Cu-Zr glass, a lower hardness is observed for Pd-Si NG, and the possible reason for this
is the absence of segregation in Pd-Si NG. The MD simulations suggest the presence of
icosahedral clusters in the interfacial regions of Cu-Zr NG causes an increase in hardness.

Often, most experimental studies link the serrated flow in MGs and NGs to the SBs around the
indenter impression. But this could not be a good correlation as the number of SBs around the
indentation imprint is far less than the number of pop-ins observed on the P-h curves. Probably,
this could be due to the pop-ins recorded in the P-h curves stemming from the SB nucleation
and propagation occurring underneath the indenter, and only a few of these SBs are extended
to the indentation surface. Also, the SBs emanating from the sample's surface are flattened by

the slanting faces of the indenter during the loading process. Hence, a detailed statistical
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analysis of the first, second, and subsequent pop-ins in the P-h curves and related them to the
SB kinetics is still an open question and actively pursued research topic to date. Using
constrained indentation, it is not directly possible to visualize the SB kinetics underneath the
indentation. Therefore, alternate methods of visualizing the SBs underneath the indentation are
needed, of which bonded interface indentation (BII) technique was found to be an important

method.

1.5.2. Bonded interface indentation
The bonded interface indentation (Bll) technique was initially used for investigating the
subsurface deformation events (e.g., cracks) and deformation zone of brittle and ductile
materials. In this method, two rectangular samples of similar dimensions are bonded together
with a strong adhesive. Before bonding the samples, the inner and top surfaces are polished to
a 0.25 pum surface finish by utilizing the standard metallographic techniques. The specimens
are then cold mounted in such a way that the bonded interface is on the top of the mold, and
the top surface is again polished up to a surface finish of 0.25 um. Following this, the Vickers
indentations are performed in such a way that one of the diagonals of the imprint lies along the
interface (refer to Fig. 1.23). Subsequently, the bonded interface is opened by keeping the
bonded samples in acetone for about 30 min, and the subsurface deformation zones are then

further examined using the scanning electron microscope.

Mulhearn and co-workers (1957, 1959) carried out BIl experiments (also referred to as
the composite block technique) on copper and brass samples and compared the shape and size
of a subsurface deformation zone to constrained indentations performed under similar loading
conditions. Their studies revealed that the shape of the deformation zone of Bll and constrained
indentation samples are similar, but the size of the BIl samples is shallower due to the
relaxation of plastic constraints. Later this technique is successfully employed for BMGs to

resolve the subsurface deformation zone and SB characteristics underneath the indenter.
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Figure 1.23 Schematic of the various steps involved in a Bonded-interface indentation (BII)

technique.

1.5.2.1. Bonded interface indentation studies on MGs
Different researchers have utilized the BIl technique to examine the subsurface deformation
behavior in several BMGs (Jana et al., 2004; Ramamurty et al., 2005; Zhang et al., 2005;
Bhowmick et al., 2006; Subhash and Zhang, 2007; Xie and George, 2008; Yoo et al., 2009).
Jana et al., 2004 performed Bll on Pd and Zr-based BMGs and observed profuse shear bands
in the subsurface deformation zone. Two types of SBs (semi-circular and radial) were reported
(refer to Fig.1.24), with semi-circular being more dominant in the Pd-based BMG and radial in
Zr-based BMG. They attributed the presence of dendrite-like crystallites in Zr-based BMG is
possibly responsible for the observed different morphology. The normalized deformed zone
sizes are independent of the applied load for both bulk and interface indentation. The inter-

band spacing is independent of the location and increases with applied load.
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Figure 1.24 Representative images displaying the SEM micrographs of the subsurface
deformation zone for Pd and Zr-based BMG. [Adopted and modified from Jana et al., 2004].

To understand the role of excess free volume on the strain softening in MGs, Bhowmick et al.,
2006 employed the BII technique and then performed a series of nanoindentations in the
subsurface deformation zone. The P-4 curves of the deformed zone were characterized by
several pop-ins as compared to the P-4 curves of the undeformed zone (refer to Figl.25).
Similarly, the hardness values just beneath the indenter were found to be lower than the region

away from the indenter, indicating a gradient in the strain softening behavior.
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Figure 1.25 Representative P-h curves and hardness variation in the subsurface with respect
to the distance from the indenter tip [Bhowmick et al., 2006].

Xie and George, 2008 employed the Bl on (i) as-cast, (ii) pre-strained, and (iii) pre-strained
plus annealed BMG to understand the differences in SB characteristics. The SBs of as-cast and

pre-strained plus annealed BMG are similar while they are completely different in pre-strained
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samples (as displayed in Fig. 1.26). The differences in SB morphology among the samples is
attributed to the differences in free volume. Also, the formation of semi-circular and radial SBs

is due to the different components of stress acting in the subsurface deformation zone.

Figure 1.26 Representative subsurface SEM micrographs of (a)as-cast, (b)pre-strained, and (c)

pre-strained plus annealed Zr-based BMG [Adopted from Xie and George, 2008].

Later, Yoo et al. 2009 performed a series of nanoindentations (as displayed in Fig. 1.27a and
b) on the subsurface deformation zone after gently polishing the interface indented samples.
They managed to perform indentations in the deformed regions between the SBs as well as
including SBs. The P-h curves of these regions are then compared with the undeformed region,
as shown in Fig. 1.27c. Their studies reveal that the hardness of the shear banded regions is the
lowest, followed by the deformed region (between the bands) and the undeformed region. This
is expected as the three regions contain different magnitudes of free volume. Though a good
number of studies have been carried out on BMGs, no such studies are available to characterize
the SB characteristics in the subsurface deformation zone of NGs. It would be interesting to
examine the SB morphology in NGs as there are no direct experimental studies on this front.
This will surely provide insights into the nature shear banding in the subsurface deformation

Zone.
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Figure 1.27 Representative subsurface SEM micrographs of (a)as-cast and (b)annealed Zr-
based BMG along with (c) P-h curves for different deformed regions [Adopted from Yoo et
al., 2009]

1.6. Summary of the literature studies and issues for investigation
In summary, the limited experimental studies conducted on identical NG and MG leads to the
following important observations: (i) NGs exhibit considerable tensile ductility as compared to
MGs (ii) NGs do not fail catastrophically like MGs although the macroscopic plasticity is
mediated by SBs (ii) The P-h curves of NGs do not show noticeable pop-ins in the loading
curves (iv) the periphery of the indentation imprint of NGs do not show any SBs. Though the
absence of serrated flow indicates the near homogeneous deformation of NGs, no direct
experimental evidence exists to characterize the SBs underneath the indentation. Therefore, it
would be interesting to examine the shear band characteristics in the subsurface deformation
zone of NGs and compare them with the MG of identical composition. Similarly, the effect of
structural relaxation on the deformation response of NGs is not well investigated. Nandam et
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al.,, 2017 conducted the micro- and nanoindentation experiments on as-prepared and
structurally relaxed (annealed at 0.9 T4 for 3 h) Cu-Zr NG and observed the absence of pop-ins
in the P-h curves of both the NGs. Commensurate with this, the indentation imprint edges in
both the NGs did not show any SBs. Very recently, Yang et al., 2021 have observed that
annealing of NGs causes an increase in the size of GGs and a decrease in the characteristic
length of Gls to ~ 3 nm. However, no comprehensive experimental studies on the deformation
response of structurally relaxed NGs are available in the literature. Similarly, the effects of
indentation load on the hardness and plastic flow characteristics are not well investigated. Both
glasses are expected to exhibit differences in indentation size effect (ISE) in hardness due to
the differences in their microstructure. The ISE in hardness of NGs is also not investigated, and
it would be interesting also to investigate the effect of structural relaxation on the ISE of NGs.
Another important parameter that influences the plastic deformation of materials is the strain
rate sensitivity, m. The only study available in the open literature on strain rate sensitivity of
NGs is by Nandam et al. 2017 who observed a positive m though the mechanistic reasons for
this are not well discussed. Since the plastic flow in NGs occurs by SBs, it is expected that m
should be negative. Another research problem of interest in the NG literature is the strain rate
sensitivity of NGs. As discussed in the earlier section, the indenter geometry has a marked
influence on the serrated flow in BMGs. It is observed that a much sharper cube-corner indenter
leads to an increased heterogeneous deformation as compared to the Berkovich or Vickers
indenters. However, few studies on this front are available for BMGs, and no studies in the
open literature investigate the effect of indenter geometry on the deformation of NGs. In this
context, it would be interesting to examine the effect of indenter geometry on the (i) serration

flow of NGs, (ii) indentation size effect (iii) SB evolution around the indentation imprint.

1.7.  Scope and Objective of the thesis
Based on the above-identified issues for investigation, the thesis is aimed to accomplish the
following objectives.

e To characterize the differences in SB morphology and the nature of plastic flow in the
subsurface deformed zone of a binary Pd-Si, Cu-Zr NG, and MG using the BlI
technique.

e To study the effect of structural relaxation on the deformation behavior and ISE of Cu-
Zr NG.
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e To determine the strain rate sensitivity of NGs and compare it with the MGs of identical
composition using nanoindentation experiments at different indentation loading rates.
e To examine the role of indenter geometry on the deformation behavior and ISE in Pd-

Si NG and MG using Berkovich and Cube-corner indenters.

1.8. Organization of the thesis

Following the above objectives, the thesis is organized in the following manner.

Chapter 2 presents the micro-indentation and BIl experiments to characterize the differences
in SB morphology between the binary PdgoSi2o NG and MG and the subsurface deformed zone

between the two glasses.

In Chapter 3, the effect of structural relaxation on the ISE and the deformation Behavior of Cu-
Zr-Based NG is explored. The NG samples are annealed just below and above the glass
transition temperature (i.e., 0.98Ty and 1.2Ty) to obtain samples having different defect
structures. Both nano- and micro-indentation experiments are performed on the as-prepared
and structurally relaxed NGs to determine the variation in hardness with indentation load. The
indentation imprints are characterized using AFM and SEM, and the pile-up corrected hardness
is determined. The results are explained by considering the evolution of the deformation zone

with indentation load.

In Chapter 4, the strain rate sensitivity, m, of a binary CusoZrso NG and MG is investigated by
performing nanoindentations over 3 decades of indentation strain rates. The differences in m
between the NG and MG are explained by closely examining the SB characteristics in the

subsurface deformation zone.

In Chapter 5, the role of indenter geometry on the deformation behavior in a Pd-Si MG and
NG is investigated using Berkovich and cube-corner indenters. The differences in hardness
between the two indenters are explained by considering the plastic strain exerted by the
indenters in the subsurface deformation zone and the nature of flow (compression vs. cutting)
exerted by the indenters. The serrated flow and the influence of pop-ins on the total plastic

deformation are characterized by the parameter discrete plasticity ratio, ¥.

Chapter 6 presents key conclusions from the present thesis work and along with the providing

certain directions for future scope.
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CHAPTER 2

On the differences in the shear band characteristics between a Pd-Si
binary metallic and nanoglass

Abstract: This work investigates the Shear band morphology of a binary PdsoSiz2o nanoglass
(NG) and metallic glass (MG) using bonded interface indentation technique. The results clearly
indicate that the plastic strain in the subsurface deformation zone in NG is accommodated by
very fine secondary shear bands in addition to fewer primary shear bands, while in MG, it is
mainly by primary shear bands. Furthermore, at any given indentation load, the size of the
normalized subsurface deformation zone, ¥, is found to be higher for NG compared to MG,
suggesting that the deformation of PdgsoSiz2o NG is more pressure sensitive and softer than MG.
These differences in deformation characteristics between the NG and MG are closely related
to the intrinsic differences in the glass structure”.

2.1. Introduction

Nanoglasses (NGs) are a new class of binary amorphous alloys that exhibit high strength and
good ductility, unlike their metallic glass (MG) counterparts, i.e., melt spun ribbons [Jing et
al., 1989]. The enhanced plasticity of NGs is attributed to their unique microstructural
architecture containing few nanometers (nm) thick amorphous interfaces between the
amorphous grains [Gleiter, 2013; Wang et al., 2014; Chen et al., 2013]. This peculiar
microstructural architecture of NGs is achieved by cold compaction of fine amorphous
nanoparticles (with an average size of 10 nm) obtained by inert gas condensation (IGC)
followed by high-pressure consolidation [Gleiter, 2008]. In IGC, thermal evaporation [Fang et
al., 2012], magnetron sputtering [Hahn and Averback, 1990], and laser ablation [Bag et al.,

2019] can be used for the formation of amorphous nanoparticles.

“The work presented in this chapter is based on the following publication:

A. Sharma, S. H. Nandam, H. Hahn., K. E. Prasad. On the Differences in Shear Band Characteristics between a
Binary Pd-Si  Metallic and Nanoglass, Scripta Materialia, 191 (2021), 17-22 (doi:
10.1016/j.scriptamat.2020.09.009).
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To date, NGs with a variety of binary compositions have been synthesized using IGC (e.g., Pd-
Si, Cu-Zr, Fe-Sc, Ni-Ti, Ni- P, Ni-Nb, etc.), and their mechanical properties have been
investigated by various means [Kushima et al., 2011; Chen et al., 2011; Wang et al., 2015,
2016; Nandam et al., 2017, 2020; Ivanisenko et al., 2018; Pang et al., 2012; Rauf et al., 2018].
Wang et al., 2015, 2016 have carried out nanoindentation and in-situ micromechanical testing
experiments on ScrsFexs NGs and MGs and observed that NGs exhibit very high tensile
elongation (up to a plastic strain ~17%) while MGs failed catastrophically. This improved
ductility of NGs has been attributed to the presence of amorphous interfaces leading to
homogeneous deformation. Furthermore, nanoindentation studies on various NGs [Nandam et
al., 2017; Pang et al., 2012; Rauf et al., 2018; Guo et al., 2019] showed less or no noticeable
serrations in the indentation load, P, vs. penetration depth, h, curves, unlike their binary MG
counterparts. This atypical behavior of NGs is attributed to the presence of glassy interfaces
(Gls), a potential host of STZs and shear band nucleation sites, though the exact reasons are
not well understood. Albe and co-workers [Albe et al., 2013; Sopu and Albe 2015; Adjaoud
and Albe, 2019], and Adibi et al., 2014 have employed Molecular Dynamics (MD) simulations
and showed that the deformation behavior of NGs is sensitive to the volume fraction of
interfaces, the topological order of the amorphous clusters present in the interfaces, and free
volume content of Gls and glassy grains (GGs). They demonstrated that the presence of Gls
promotes the formation of multiple shear bands (SBs) and hence increased plasticity. The
limited experimental studies conducted to date did not show any direct evidence of profuse
shear bands during the deformation of NGs. However, the only difference observed between
MGs and NGs is that the indentation impression of NGs shows few or no SBs at the periphery
of the imprint. Few interesting questions to pose at this juncture are: Why does the P vs. h
curves of NGs show a limited number of serrations in nanoindentation as compared to MGs?
Similarly, why does the periphery of indentation impression in NGs exhibit no or limited
number of SBs in contrast to the MGs? As these observations are direct consequences of
deformation events taking place underneath the indentation, it is important to investigate the
plastic flow behavior beneath the indenter. Consequently, the objectives of this study are to
investigate the SB characteristics underneath the indentation and characterize the subsurface

deformation zone of a binary NG in comparison with MG of identical composition.

Of the several ways to characterize the subsurface deformation zone, bonded interface
indentation (BII) technique in particular, has been very effective in studying the effect of
temperature, indentation rate, and structural relaxation on the SB characteristics underneath
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indentation [Jana et al., 2004a, 2004b; Ramamurty et al., 2005; Bhowmick et al., 2006; Zhang
etal., 2005; Xie and George, 2008; Subhash and Zhang, 2007; Chen and Lin, 210; Narasimhan,
2004]. However, to the authors’ knowledge, no such studies have been performed on binary
MGs and NGs (having identical compositions) to understand the differences in deformation
behavior. Therefore, in the current study, BIl experiments are performed on PdgoSizo NG and
MG, and the SB morphology, their density, spatial distribution, and subsurface de- formation

zone are investigated in detail.

2.2.  Materials and Experiments
PdgoSi2o and CueoZrso MGs are produced by melt spinning technique while the NG samples are
synthesized using magnetron sputtering in an inert-gas condensation (IGC) system with binary
PdgoSi2o alloy as the sputtering target and for more details, the reader is referred to the works
of Nandam et al. [Nandam et al., 2017, 2020]. As prepared NG and MG samples are
characterized using X-ray diffraction (XRD) and differential scanning calorimetry (DSC)
clearly shows the amorphous nature of the samples [Nandam et al., 2020]. Then the samples
are taken for micro-indentation and BIl experiments. To perform BII, two cuboidal specimens
were used with one side of the specimens being polished to a 0.25 um surface finish. The
polished surfaces of the specimen are then bonded together with the help of a strong adhesive
(“super glue”) and allowed to dry for 6 hrs. The specimens are then cold mounted in such a
way that the bonded interface is perpendicular to the mold surface and polished upto a surface
finish of 0.25 um. Following this procedure, Vickers indentations are performed on the
interfaces in the load range of 25 to 300 gf in such a way that the diagonal of the imprint lies
along the interface. The spacing between the successive indents was kept far enough so that
their strain fields do not interact. Subsequently, the bonded interface was opened by dissolving
the adhesive in acetone for 1 hr and the subsurface deformation zones were examined using
scanning electron microscope (SEM) to characterize the shear band morphology underneath

indentation.

2.3.  Result and Discussion
The Vickers indentation imprints of CueoZrso and PdgoSizo glasses presented in Fig. 2.1(a)-(d)
along with a representative image of the imprint obtained from interface indentation shown in
Fig. 2.1e. It is evident from Fig. 2.1a and c that both the MGs shows SBs at the imprint edges
and no SBs are observed in CusoZrs NG (Fig. 2.1 b) while fewer of SBs are noticed in PdgoSi2o

NG (Fig. 2.1d). The differences SB densities between the two NGs may arise due to the
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differences in their topological order [Nandam et al., 2020; lvanisenko et al., 2018]. However,
in both the cases, a higher density of SBs is observed around the imprint of MGs (Fig. 2.1 a
and c) as compared to NGs (Fig. 2.1 b and d). Representative top view SEM image of an
interface indentation imprint of a MG at P of 200 gf is shown in Fig. 2.1e do not show SBs at
the edges unlike Fig. 2.1c. This is expected as the soft adhesive relaxes the indentation strain
and does not offer any constraint to the P which is also consistent with the BIl experiments on
BMGs [Zhang et al., 2005; Xie and George, 2008; Subhash and Zhang, 2007]. Moreover, the
presence of a soft adhesive layer causes plastic displacement of material normal to the P,

thereby leading to a protrusion in the

CugpZrs-NG

PdgoSi-MG

e

No shear No shear
Band ~— «~ Band

10 um 200gf

Figure 2.1 Representative SEM (a, b) and Optical (c, d) images of Vickers indentation
imprints: (a) CusoZrao MG (b) CueoZrsoNG (c) PdgoSizo MG (d) PdgoSizo NG, and (e) the
interface indentation imprint of a PdgoSizo MG. The arrows indicate the shear band fronts

around the imprint.
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impression. For a given indenter geometry, the thickness of the protrusion, y, depends on P,
nature of the material, interface width, thickness and properties of adhesive layer. It is observed
that the value y is found to in-crease with increasing, P. The value y for MG and NG is
measured to be ~7.0 £0.3 and 6.5+0.3 pum, respectively at P of 200 gf and such small differences
in y values between the two is due to the differences in interface width. In case of Zr- based
BMG (Vitreloy 106), Zhang et al., 2005 have observed v to be 3 um for a P of 200 gf and
interface width of 6 um. A slightly higher v is due to the increased interface width present in

the current experiment.

Figs. 2.2 and 2.3 illustrate the subsurface deformation zones of interface indentation regions of
MG and NG, respectively. It is evident from Fig. 2.2 that the plastic strain in the subsurface
deformation region of MG is mainly accommodated by large shear bands (hereafter referred to
as primary shear bands (PSBs)), which appear to be semi-circular in shape with no waviness at
SB front. At the termination points of the impression in MGs, a negligible number of fine SBs
different from PSBs are noticed. While in the case of NGs (Fig. 2.3), a large number of fine
SBs (also referred to as secondary shear bands (SSBs)) are embedded between the PSBs,
suggesting that the plastic strain underneath the indentation in NGs is accommodated by both
PSBs and SSBs. The PSB front in NGs, unlike MGs, is wavy, which may be due to the multiple
SB interaction. Chen and Lin, 2010 performed a rigorous analysis of the SBs underneath
indentation in a BMG and observed that both the PSBs and SSBs are semi-circular in shape
and expand as concentric circles with increasing P. Further, the SSBs in BMGs are formed
orthogonal to the PSBs and the radius of which is found to be V2 times the PSBs. Zhang et al.,
2005 have argued that normal radial stresses are responsible for the formation of PSBs while
SSBs are formed due to the maximum shear stresses. However, in the current study, we define
the fine shear bands located between the PSBs as SSBs, which also appear to be the precursors
to the fully grown PSBs. So, the mechanistic arguments proposed for the formation of SSBs in
BMGs are not valid to explain the origin and nature of SSBs in NGs, which must be associated
with the unique microstructural architecture of NGs comprising of GGs and Gls. The
spectroscopic measurements [Jing et al., 1989; Gleiter, 2008] indicate that Gls contain higher
free volume (about 1-2%) and different topological order compared to the GGs. This promotes
easy nucleation of SBs, and with increasing P, both nucleation and propagation events happen
simultaneously, leading to the formation of SSBs and PSBs, as noticed in Fig. 2.3. Another
interesting observation is that the number density of PSBs in MG is near twice the PSBs in NG
while the deformation volume (computed assuming the elliptical shape of the deformation
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Figure 2.2 Subsurface deformation zone of a PdgoSizo MG at indentation load of 100 gf
indicating (a) complete deformation zone and (b) a high magnification image of the highlighted
region clearly describing that the deformation is accommodated mainly by primary shear

bands.
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Figure 2.3 Subsurface deformation zone of a PdgoSi2o0 NG at an indentation load of 100 gf
indicating (a) the full view of subsurface deformation zone and (b) a high magnification image
of the highlighted region of (a) describing a profuse density of fine shear bands besides the

primary shear bands.
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zone) of MG is ~nearly 10 to 12% lower than the NG at P of 100 gf. This clearly shows that
the net plastic strain carried by the PSBs of NG is much smaller than the PSB of MGs and
hence SSBs can accommodate significant amount of plastic flow leading to plastic strain
delocalization. By simultaneous measurement of penetration depth, h, and electrical current, I,
during the nanoindentation of a BMG, Singh et al., 2016 have shown that the pop-ins in the
loading curve and surges in | are directly correlated to the shear offsets (due to the nucleation
and propagation of SBs) taking place underneath the indentation. Schuh and co-workers [Schuh
et al., 2002, 2003, 2004] have also observed that the occurrence of profuse shear banding (due
to high indentation rates) underneath indentation leads to the absence of serrations in the
loading curves. Therefore, high density of SSBs (vis-a-vis small inter-band spacing) observed
in NGs demonstrate the reasons for less noticeable pop-ins in NGs. The topological order
present in the interfaces [Nandam et al., 2017, 2020; Ivanisenko et al., 2018], size of the GGs,
thickness of the Gls, and free volume distribution may have a marked influence on the
nucleation kinetics of SBs and their propagation dynamics which warrant a detailed
experimental study. A close examination of high magnification images (Fig. 2.3b) of
subsurface deformation zone shows that the SSBs are less wavy than the PSBs indicating easy
percolation of SBs across the GGs and Gls.

To further understand the SB morphology in subsurface deformation zone, we have computed
the inter SB spacing, ¢, the distance between the two adjacent SBs in the plane view of SEM
images and plotted it as a function of distance from the tip of indentation impression, rq, in Fig.
2.4a. Itis evident from Fig. 2.4a that inter PSB spacing, drss in MG increases with rq consistent
with the literature observations reported for BMGs. Unlike MG, dpsg and inter SSB spacing,
osse In NG remain invariant with rq and dssg is found to be 0.26+0.04 pwm, which is an order of
magnitude lower than dpsg ~1.95+0.19 um. In case of BMGs, Ramamurty et al., 2005 have
observed that the variation of ¢ with rq depends on the amount of free volume and its
distribution in the starting material: ¢ is unchanged with rq for as-cast BMGs containing higher
free volume while it increases with rq for annealed BMGs containing lower free volume
(indicating plastic strain localization into few dominating SBs). The differences observed in
orss between the NG and MG can be attributed to the differences in free volume content, which
is generally higher for NG than the MG [Wang et al., 2015, 2016; Nandam et al., 2017, 2020].
The subsurface deformation zone, A, is measured as the distance from the tip of the indentation
impression to the farthest SB and normalized with the total distance from the specimen sur-

face, D (which is also referred to as normalized deformation zone, ). The y is plotted against
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the indentation load, P in Fig. 2.4b leads to the following important observations: (i) y is nearly
independent of P in MG (ii) at any given P, NG shows a higher y than MG (iii)  increases with
increase in P for NG. Ramamurty and co-workers [Jana et al., 2004a, 2004b; Ramamurty et al.,
2005; Bhowmick et al., 2006; Prasad and Ramamurty, 2012] have shown that y increases with
an increase in pressure-sensitive plastic flow which is indirectly measured by the pressure

sensitive index, o. Narasimhan, 2004 modified the spherical expanding cavity model to suit

4.0 ———
(a)

35 [ i

ST PSBs in MG PSBsin NG

25 | l :
i ® u ]
20 — | | —
o
1.5 - ® .
1.0 1 SSBs in NG
wo®, l

efeconiefonioRslosiolseo e
. P [

Interband spacing, & (um)
|
|

0.5 |-

PR I

0 2 4 6 8 10 12 14
Distance from the indenter tip, r (um)

0.0

1o [®)

09 | {
08 | } { |

W T *

Normalized subsurface
deformation zone, ¥

06 |

0 50 100 150 200 250
Indentation load, P (gf)

Figure 2.4 Plots showing the variation of (a) inter-shear band spacing, 8, with the distance
from the tip of the indentation impression, rqg and, (b) normalized subsurface deformation zone

size, y with indentation load, P for MG and NG.
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for pressure dependent solids and shown that y increases with increasing pressure sensitivity
index, a, which is attributed to the increased magnitude of axial stresses underneath
indentation. Prasad and Ramamurty, 2012 have proposed that y comprises of both SB mediated
(heterogeneous) and STZ mediated (homogeneous) deformation regions between which the
latter one is sensitive to hydrostatic pressure. Recent finite element simulation studies of Cu-
Zr based NG and MG show that NG exhibit a higher y compared to MG [Hirmukhe et al.,
2020].

The individual a values of GGs and Gls obtained from fitting the P vs. h curve shows a higher
a for Gls compared to GGs which was attributed to higher free volume of Gls. The variation
of x with P is governed by the relative increase in A and D with increase in P. In case of NG, a
small increase in penetration depth leads to a rapid increase in A as compared to D suggests
easy nucleation and propagation of SBs. One of the possible reasons for this is attributed to
more uniform distribution of free volume and increased propensity for SB formation even for
a small increase in P leading to homogeneous plastic flow. However, understanding free
volume evolution and plastic strain distribution using subsurface indentation experiments
provide more insights about subsurface deformation zone and the contribution of Gls (and
SSBs) to the total deformation.

2.4. Summary
In summary, the present chapter demonstrates the differences in shear band characteristics
between the MG and NG in the subsurface deformation zone. The plastic strain in a NG is
accommodated by finer multiple secondary shear bands besides coarser fewer primary shear
bands unlike a MG where the strain accommodation completely occurs by primary shear bands.
These fine secondary shear bands observed in the NG is due to the presence of glassy interfaces
which leads to nearly homogeneous deformation as compared to the MG counterparts. NG also
exhibit a higher subsurface deformation zone compared to MG, which is associated with the

uniform distribution of free volume leading to easy SB nucleation and propagation.
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CHAPTER 3

Effect of Structural relaxation on the Indentation Size effect and
Deformation Behavior of Cu-Zr-Based Nanoglasses

Abstract: In this work, the deformation behavior of as-prepared (AP) and structurally relaxed
(SR) Cu—Zr—based nanoglasses (NGs) are investigated using nano- and micro-indentation. The
NGs are subjected to structural relaxation by annealing them close to the glass transition
temperature without altering their amorphous nature. The indentation load, P vs. displacement,
h, curves of SR samples are characterized by discrete displacement bursts, while the AP
samples do not show any of them, suggesting that annealing has caused a local change in the
amorphous structure. In both the samples, hardness (at nano- and micro-indentation) decreases
with increasing P, demonstrating the indentation size effect. The micro-indentation imprints of
SR NGs show evidence of shear bands at the periphery, indicating a heterogeneous plastic
flow, while AP NG does not display any shear bands. Interestingly, the shear band density
decreases with p, highlighting the fact that plastic strain is accommodated entirely by the shear
bands in the subsurface deformation zone. The results are explained by the differences in the

amorphous structure of the two NGs”.

3.1. Introduction

At room temperature, conventional amorphous alloys such as bulk metallic glasses and melt-
spun ribbons (MSR) exhibit limited plasticity as deformation gets localized into one dominant
shear band, leading to catastrophic failure [Schuh et al., 2007]. While the same materials can
show extensive plasticity at elevated temperatures (near and above the glass transition
temperature) due to change in the plastic deformation mechanism from the shear band (SB)
mediated to STZ-mediated flow [Prasad and Ramamurty, 2012].

“The work presented in this chapter is based on the following publication:

A. Sharma, S. H. Nandam, H. Hahn., K. E. Prasad. Effect of structural relaxation on the indentation size effect
and deformation behavior of Cu-Zr-based nanoglasses, Frontiers in Materials, 8 (2021), 676764
(doi.org/10.3389/fmats.2021.676764).
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STZs are the fundamental carriers of plasticity (akin to dislocations in crystalline materials) in
amorphous materials, comprising a cluster of atoms undergoing inelastic deformation beyond
critical applied stress. STZs, unlike dislocations, are nearly impossible to observe directly using
experiments, but the molecular dynamic studies show that they occur in the vicinity of regions
containing high free volume. Consequently, it seems that one of the ways to increase the
plasticity of amorphous alloys is to produce a structure containing areas of high free volume.
With this motivation, Gleiter and co-workers [Jing et al., 1989; Gleiter, 2008; Gleiter, 2009;
Gleiter, 2013; Gleiter, 2016] proposed the concept of nanoglasses (NGs) consisting of glassy
grains (GGs) separated by glassy interfaces (Gls) of higher free volume, and later, several
researchers have successfully fabricated NGs using different manufacturing routes [Gleiter et
al., 2014; Nandam et al., 2017; Ivanisenko et al., 2018; Nandam et al., 2020]. Extensive studies
have been conducted on NGs to investigate their mechanical and functional properties using
both experiments and simulations [Chen et al., 2011; Ritter et al., 2011; Sopu et al., 2011,
Wang et al., 2011; Ritter and Albe, 2012; Adibi et al., 2013; Albe et al., 2013; Witte et al.,
2013; Wang et al., 2014; Adjoud and Albe, 2016; Sniadecki et al., 2016; Nandam et al., 2017;
Hirmukhe et al., 2019; Arnold et al., 2020; Singh et al., 2020a; Singh et al., 2020b; Hirmukhe
et al., 2020; Katnagallu et al., 2020; Nandam et al., 2020]. A series of MD simulation studies
have been performed on NGs with different GG sizes and observed that the plasticity increases
with the decreasing size of the GGs. The increase in plasticity is attributed to the increased
number of Gls, which are the potential sites of STZs due to high free volume. Sopu et al.,2011
and Sopu and Albe, 2015 have shown that annealing of NGs causes a change in the deformation
mechanism from STZ to shear band dominated due to the annihilation of free volume and
increase in GG size. The simulations are complemented by the limited number of experimental
studies (primarily using micro-compression or nano-indentation) using a small volume of
materials [Fang et al., 2012; Wang et al., 2015; Wang et al., 2016]. Wang et al. (2015), Wang
et al. (2016) carried out in situ micro-compression of NGs and MSR and observed extensive

plasticity in a binary Fe—Sc NG compared to MSR of identical composition.

The indentation (both micro- and nano-indentation) method is a viable technique to understand
the deformation behavior of glasses as the deformation mechanisms taking place underneath
the indenter gets reflected in the indentation load, P, vs. displacement, h, curves as well as the
residual impression of the indentation imprint. Unlike MSR and BMGs, Cu—Zr-based NGs do
not exhibit any noticeable displacement bursts (also known as pop-ins) in the loading portion

of P vs. h curves, indicating that the flow is homogeneous [Pang et al., 2012; Nandam et al.,
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2017; Rauf et al., 2018] which is also supported by the absence of shear bands at the imprint
edges of a micro-indent. The pop-ins in the loading curves correspond to nucleation and
propagation of shear bands beneath the indentation [Singh et al., 2012; Singh et al., 2016].
Recently, Sharma et al., 2021 have carried out bonded interface indentation experiments and
observed that the subsurface deformation in a Pd-Si NG is accommodated by a large number
of very fine secondary shear bands (SSBs) contrary to the few numbers of large primary shear
bands (PSBs) in MSR of identical composition, suggesting that the absence of noticeable pop-
ins in NGs could be due to the near homogeneous flow underneath the indentation. A good
agreement is found between the experiments and simulations regarding the deformation
mechanisms of the as processed (AP) NGs. However, limited experimental studies are
available in understanding the deformation of structurally relaxed (SR) NGs, despite several
simulation studies, and there appears to be some discrepancy between the two. For example,
Nandam et al., 2017 have reported the absence of pop-ins in the loading curves and SBs at the
imprint edges of an annealed (at 0.9 Tg for 3 h) Cu—Zr NG, contrary to the MD results (though
the exact annealing temperature is not well-described in the literature), which predicts SB-
mediated plastic flow. So, it would be interesting to see if relaxing the NG at high temperatures
(nearly at the Ty) has any effect on the nature of plastic flow. Apart from this, the role of P on
the hardness, H; elastic modulus, E; and deformation mechanisms of AP and SR NGs is not
studied in detail, at least experimentally. In the case of BMGs, it is observed that H decreases
with increasing P, showing an indentation size effect (ISE). It would be interesting to examine
the ISE on H and E in AP and SR NGs. Following this, the present work aims at 1)
understanding the role of annealing (or structural relaxation) on the deformation behavior of
NGs, 2) investigating the effect of indentation load/or size on H and E of AP and SR NGs, and

3) examining the evolution of shear bands with p around the indentation imprint.

3.2.  Material and Experiments

CusoZrso and CueoZrao NGs are synthesized using magnetron sputtering in an inert gas
condensation (IGC) system, and the processing details have been reported in detail by Nandam
et al.,2017. Since the deformation behavior of both CusoZrsp and CueoZrao NG is very similar
in terms of plasticity, we have used AP CugoZrso NG and SR CusoZrso NG for our present
evaluation. We will also make a comparison with the previously published results of CusoZrsg
NG to give a more detailed analysis. Since the glass transition temperature, T, 0f the CusoZrso
NG is not clearly visible, we will consider the T4 of the MSR as the reference, that is, 410 °C
[Nandam et al., 2017]. The AP NG was annealed at 400 °C (about 0.98 Tg) for 90 min as the
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sub-Ty annealing promotes structural relaxation. Both the AP and SR NGs are characterized
using Mo Ko X-ray diffraction (XRD), as shown in Figure 3.1, which does not display any
crystallization peaks in the diffraction spectrum of both the samples, confirming the amorphous
nature of samples. In order to check the thermal stability, the NG samples are annealed slightly
above the Tq (1.2 Ty) for 2 h and the XRD spectrum of which presented in Appendix Al Figure
Al. Appendix Al Figure Al shows small additional peaks in addition to the amorphous hump,
suggesting that NGs are no longer fully amorphous, and the structural relaxation at this
temperature leads to the formation of small crystallites. The sample surfaces for micro- and
nanoindentation experiments are then polished to 0.25 um surface finish using standard
metallographic sample preparation. Nanoindentation was carried out at room temperature in a
load-controlled mode using a Berkovich three-sided pyramidal shaped indenter tip. Before the
experiment, the tip area function is calibrated using a standard quartz sample by making a series
of indentations in the depth range of 80-200 nm. Nano-indentation experiments are conducted
in the load range of 2-8 mN at a constant loading rate of 1 mN/ s. For all the indentations, the
thermal drift was kept under £0.05 nm/s. Micro-indentation experiments are carried out using
a Vickers (four-sided) diamond indenter in the load range of 0.25-10 N with a loading and
unloading segment of 10 s and a holding segment of 15 s at peak load. A minimum of ten
indentations are performed at P to obtain statistically significant data. The indentation imprints
and deformation morphology around the imprints are analyzed using scanning electron

microscopy (SEM) and atomic force microscopy (AFM).
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Figure 3.1 X-ray diffraction patterns of the SR and AP NGs displaying the amorphous nature

of the samples.
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3.3. Results
3.3.1. Indentation Load, P, vs. Penetration Depth, h, Curves

Representative P vs. h curves of AP and SR NGs are shown in Figure 3.2. The loading curves
of AP samples do not show any noticeable pop-ins, suggesting the homogeneous nature of
plastic flow during the indentation, consistent with the literature [Pang et al., 2012; Nandam et
al., 2017; Rauf et al., 2018]. Unlike AP samples, the loading curves for the SR samples are
characterized by a serrated flow, manifested by noticeable pop-ins (as indicated by the arrows).
The serrations in the loading curves are attributed to nucleation and propagation of shear bands
underneath the indentation, indicating that the plastic deformation is heterogeneous [Schuh and
Nieh, 2003; Schuh et al., 2004; Greer et al., 2004; Yang et al., 2007a].
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Figure 3.2 Representative indentation load, P, vs. penetration depth, h, curves of the SR and
AP NGs obtained at a Pmax of 4 mN.

Interestingly, Nandam and co-workers did not observe any pop-ins in SR NGs,
annealed at 350 °C (0.9 Tg) for 2 h, indicating that the deformation is still homogeneous. The
indentation data were then analyzed using the Oliver and Pharr (O&P) method [Oliver and
Pharr, 1992], according to which P and h are related for loading and unloading curves by Eq.
1 and Eq. 2, respectively:

P = ah® )

P=B(h—hy)" )
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where a, 5, n and m are fitting constants, which depend on the material under indentation; and

h and h are the instantaneous and final penetration depth of the indenter, respectively. Higher

values of a for SR samples indicate increased resistance to plastic flow as compared to AP
NGs. The reasons for the increased H in SR samples will be discussed in the subsequent

sections.

3.3.2. Variation of Nanohardness with the Indentation Load

The variation in nanohardness, H,,, and elastic modulus, E, with the B,,,,, plotted in Figure
3.3, clearly shows that both H,, and E decrease with increasing PB,,,,. The decrease in H,, with
Prax 1S referred to as the indentation size effect (ISE) and has been observed even in other
metallic glasses, such as MSR and BMGs [Steenberge et al., 2007; Li et al., 2008; Li et al.,
2009a; Huang et al., 2010; Jang et al., 2011; Xu et al., 2014; Xue et al., 2016]. In the case of
crystalline materials, the ISE is attributed to the presence of geometrically necessary
dislocations (due to high plastic strain gradients) at low P [Nix and Gao, 1998; Pharr et al.,
2010; Prasad and Ramesh., 2019; Kathavate et al., 2021]. However, owing to the amorphous
nature, the ISE in metallic glasses cannot be explained by the dislocation theory and is often
attributed to the shear band nucleation and propagation characteristics underneath the
indentation [Li et al., 2009b] and evolution of free volume during indentation [Yang and Nieh,
2007b].
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Figure 3.3 Variation of nanohardness, Hn, and elastic modulus, E, with maximum indentation
load, Pmax, Of both SR and AP NGs indicating the ISE.
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Huang et al., 2010 attributed the ISE in BMGs to the pileup of shear bands at the periphery of
the imprint, which appears to be more pronounced at low indentation loads (due to the tip
bluntness), thereby overestimation of hardness using the O&P method. However, the blunt tip
theory cannot satisfactorily describe the ISE in NGs as the plastic flow under a blunt indenter
is compressive in nature and transitions to cutting mechanism with a decreasing indenter angle.
Therefore, pileup should be more pronounced for sharp indenters (or geometrically self-similar
indenters) due to the large plastic strain gradients directly underneath the indenter. So, the blunt
tip theory cannot definitely be used to explain the ISE, and the plastic flow characteristics of
the material underneath the indenter will also contribute to the degree of pileup. Further, the
pileup of shear bands does not appear to be the main reason for the ISE in AP NGs, at least as
the imprint edges in SR NGs are free from shear bands (as shown in Figure 3.3, and Figure
3.4). Jang et al., 2011 also argued that the ISE in BMGs could be associated with the
deformation mechanisms (rather than the overestimate in H), such as the occurrence of STZs

in the subsurface indentation zone.

Figure 3.4 Representative SEM images of Vickers indentation imprints of AP NGs maximum
indentation load, Pmax, of (A) 0.5 N, (B)1 N, (C)2 N, and (D) 5 N.
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Figure 3.5 Representative SEM images of Vickers indentation imprints of SR NGs maximum
indentation load, Pmax, of (A) 0.5 N, (B)1 N, (C)2 N, and (D) 5 N.

3.3.3. Microhardness and Deformation Morphology Around the Imprint

To further understand the role of SR on deformation morphology and H, micro-indentation
experiments are performed. The SEM images of micro-indentation imprints of AP and SR NGs
are presented in Figure 3.4, and Figure 3.5, respectively. The imprints of AP NGs do not show
any noticeable shear bands, while the SR NGs have profuse shear bands at the periphery of the
imprint. The absence of shear bands at the imprint edges is generally attributed to homogeneous
flow in metallic glasses, which is typically observed near the T4 [Prasad et al., 2007]. Nandam
et al., 2017 also did observe shear bands in NG samples annealed at 350 °C for 2 h, consistent
with the current results. The AFM images and the profilometry across the imprints of AP and
SR samples (indented at B,,, ~ 0.5 N), as shown in Figures 3.6 A, B, respectively, further
confirm the observations made by SEM. Interestingly, the pileup height (of the shear bands in
SR NGs) at the imprint edges reaches as high as 310 nm (1/3rd of the penetration depth),
suggesting that the plastic strain cannot be accommodated by the material in the subsurface

deformation zone.
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Figure 3.6 AFM images of the residual imprint along with the corresponding line scans taken
across the edge of the imprint of (A) SR and (B) AP NGs obtained at a Pmax of 0.5 N.

The microhardness, H,,, of AP and SR samples is determined from the projected area of the
impression and plotted against B,,,,, as shown in Figure 3.7, which also clearly shows ISE.
Similar observations were made by Ramamurty and co-workers [Jana et al., 2004; Ramamurty
et al., 2005] in the case of BMGs who attributed the ISE in H,, to the roundness of the indenter
at low indentation loads. The saturation H,,, values of AP and SR NGs are 4.9 + 0.03 and 5.9
+ 0.05 GPa, respectively, while for H,,, they were observed to be 7.6 and 8.6 GPa, respectively.
A similar trend was observed in BMGs where the SR samples have shown higher H,,, than the
AP samples [Steenberge et al., 2007; Li et al., 2008; Xue et al., 2016]. The number of SBs at
the imprint edges (defined as SB density, y) is computed and plotted against P4, as shown
in Figure 3.8. y is zero in AP NGs and independent of B, While y decreases with increasing
Pax In SR NGs. The absence of SBs at high PB,,,, indicates that the plastic flow is fully
accommodated by the subsurface deformation zone underneath the indentation without any
pileup of SBs at the imprint edges.
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Figure 3.8 Variation of the shear band density, y (number of shear bands on the indented

surface), with maximum indentation load, Pmax, for both the SR and AP NGs.

The indentation imprints of above-Tg annealed NGs, as presented in Appendix Al Figure A2,

also shows the presence of SBs at the periphery of the impression, indicating that the
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deformation in these samples is also mediated primarily by SBs but slightly to a lesser degree
than that of sub-T4 annealed samples. The shear band density, v, of the above-Tg annealed
samples along with the AP and sub-Tg4 annealed samples, as plotted in Appendix Al Figure

A3, confirms that y decreases in these samples.

3.4. Discussion

It is well-established that sub-T4 annealing of BMGs leads to structural relaxation, thereby
decreasing the free volume content of BMGs [Slipenyuk and Eckert, 2004]. One of the
consequences of this is the embrittlement of BMG, leading to an increase in H [Murali and
Ramamurty, 2005; Ramamurty et al., 2005]. In addition to the annihilation of free volume, the
structural relaxation of NGs also promotes the formation of full icosahedron (FI) clusters,
which may influence the mechanical properties. MD simulations of Cu-Zr NGs illustrate that
structural relaxation causes an increase in the volume fraction of FI Cu (0 0 12 0) clusters.
More importantly, the fraction of FI Cu (0 0 12 0) clusters at the Gls increases significantly
during the annealing process while they change little in the interior of GGs [Ritter et al., 2011;
Adjoud and Albe, 2021]. The increase in volume fraction of FI clusters in the interfacial region
tends to increase the strength of SR NGs [Park et al., 2007; Cheng et al., 2008; Cheng and
Trelewicz, 2019]. This could be one reason for an increase in H and E of SR NGs compared to
AP NG.

Furthermore, the free volume content and its evolution during plastic deformation influence H
as per the following equation [Hey et al., 1998; Steenberge et al., 2007; Xue et al., 2016]:

H ~ Asinh™! (;—?f exp (%)) (3)

where constants A and B incorporate the activation volume of the flow event and material
undergoing plastic shear, y is the plastic shear rate, Q is the atomic volume, c; is the
concentration of free volume which evolves during the deformation, kis the Boltzmann
constant, T is the temperature, and AG is the activation barrier energy for defect migration. The
free volume evolution during indentation can be computed from the flow equation, the shear

strain rate (y) in metallic glass can be expressed as [Spaepen, 1977]:

Y = 2vAfcy sinh (ZZT) exp (%) 4)

where v is the frequency of atomic vibration (i.e., the Debye frequency), Af is the fraction of

the sample volume in which potential-jump sites can be found, c; is the defect concentration
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which exponentially decays with inverse of reduced free volume, x by exp(—1/x), T is the
shear stress related to the indentation hardness by H = 3v/3t, Q1 is the atom volume, K is the
Boltzmann constant, T is the test temperature, and AG is the activation barrier energy for defect
migration [Steenberge et al., 2007]. Assuming that the changes in Af and AG are less significant

during nanoindentation, the above equation (4) can be re-written as:

()

Tl

KCf =

_ V3 Q AG . . .
where K = 7VAfm exp (— @) can be approximated to constant [Li et al., 2009] and using

equation (3), Kcy is plotted against P, in Figure 3.9 to understand the evolution of free volume
which shows the free volume generation increases with the increase in B,,, in both AP and
SR NGs. The high H of SR NGs as compared to the AP NGs can also be attributed to lower
c¢. During nano-indentation, with the increase in the load, the higher amount of free volume
generation leads to the activation of more STZs, thereby leading to the mechanical softening
of the material and ISE in H.
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Figure 3.9 Variation of free volume with maximum indentation load, Pmax, for AP and SR

samples.

Another possible reason for the ISE in SR-NGs could also be attributed to the
overestimation of H at low indentation loads due to the pileup. The pileup is not significant in

nano-indentation, and the differences in pileup are corrected, and Oliver—Pharr hardness is not
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substantial and differs by less than 5% (as shown in Appendix Al Figure A4). Therefore, the
ISE observed in SR NGs is indeed the response of the material not an experimental artifact.
Unlike nanohardness, the microhardness values presented in Figure 3.7 are computed from the
projected area of the impression and hence are corrected for pileup. It is also observed from
Figure 3.7 that the ISE is more pronounced in microhardness than nanohardness. The ISE is
mainly connected to the plastic zone size underneath the indentation, rather than the over- or
underestimate of hardness due to the pileup. In the case of nano-indentation, the size of the
plastic zone at the lowest and peak loads is not significant, and hence, the observed differences
are smaller, while in the case of micro-indentation, the difference in indentation depths (and
thus the size of the plastic zone sizes) between the smallest and highest loads is quite
significant, thereby resulting in large ISE. A similar argument can be made to describe the ISE
in NGs with increasing load. The interesting question here is how does the increased plastic
zone size lead to a reduction in hardness and increase pileup? We seek to explain this with the
help of a model presented in Figures 3.10 A-D. Figures 3.10 A, B show the deformation
morphology at low and high indentation loads for AP NGs, respectively, while Figures 3.10 C,
D represent the morphology of low and high indentation loads for SR NGs, respectively. We
have considered the following facts while developing this model: 1) Structural relaxation leads
to a decrease in free volume and STZ density, which is manifested in a reduction in the interface
width and an increase in local atomic density inside the GGs (following MD simulations by
Able and co-workers) and 2) the subsurface deformation volume increases with increasing
indentation load (although the representative strain, &,., is nearly a constant for geometrically
self-similar indenters) implying that a larger volume of the material beneath the indenter

undergoes plastic deformation.

In the case of AP NGs, both at low and high indentation loads (Figures 3.10 A, B), the plastic
flow gets completely confined to subsurface deformation regions owing to the presence of a
large number of STZs (displayed as red atoms) and high free volume present in the GG and Gl
which arrests the shear band pileup at the imprint edges. The increased contribution of free
volume and STZs to the total deformation with an increase in indentation load also results in a
decrease in H. In the case of SR NGs, at low indentation loads (Figure 3.10 C), the plastic flow
cannot be completely accommodated by the region underneath the indentation (owing to the
low free volume and STZ density in the subsurface deformation zone), causing the upward
flow of material (vis-a-vis shear bands) between the indenter and material, thereby leading to
pileup of shear bands at the periphery of the imprint.
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Figure 3.10 Schematic illustrating the differences in microstructure and deformation
morphology between AP and SR NGs. (A, B) represents the deformation morphology at low
and high indentation loads of AP NGs, respectively, while (C, D) for low and high indentation
loads for SR NGs, respectively.

On the other hand, the deformation volume increases with increasing indentation
load (as shown Figure 3.10D), facilitating the increased contribution of free volume to the total
plastic flow under the indentation arresting the pileup of shear bands. Another possibility that
prevents the shear band pileup is the frictional forces between the indenter and specimen
interface, which increases with increasing load leading to their flattening on the slanting faces
of the impression. However, a detailed study is warranted to investigate the friction effects, the
evolution of free volume, and shear band characteristics in the subsurface deformation zone.
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3.5.  Summary

In summary, it is observed in the present chapter that the free volume has a marked influence
on the deformation behavior of Cu—Zr NGs, with structurally relaxed (SR) NGs exhibiting a
higher H than the as-prepared (AP) NGs. The loading curves of the SR NGs, in contrast to AP
NGs, exhibit discrete displacement bursts, indicating that the plastic deformation is
heterogeneous, which is also supported by the shear bands at the periphery of the imprint in
the micro-indentation. The increase in H and serrated flow of the loading curves is attributed
to the FI clusters and reduction in free volume due to the annealing, respectively. Further, the
H decreases with increasing P in both the nano- and micro-indentation regimes, showing an
indentation size effect. The increase in free volume generation in the subsurface deformation
zone and the increase in deformation volume underneath the indentation with indentation load

appear to be the reasons for the ISE.
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CHAPTER 4
Strain rate sensitivity of a CusoZrs metallic and nanoglass

Abstract: In this work, the strain rate sensitivity, m, of a binary CusoZrso nanoglass (NG) and
metallic glass (MG) are investigated using nanoindentation. Indentations were performed at
different loading rates in the range of 0.26-8 mN/s, which gives equivalent indentation strain
rates over three decades. The load vs. displacement curves of MG exhibited noticeable
displacement bursts at low loading rates, which gradually decreased with increasing loading
rate suggesting a transition from more to less severe heterogeneous plastic flow. While in the
case of NG, no noticeable displacement bursts are present at any of the loading rates suggesting
a near homogeneous plastic flow. In both NG and MG, the hardness decreases with increasing
loading rate, resulting in negative strain rate sensitivity, m. The m for NG is higher than the
MG, indicating a more homogeneous flow underneath the indentation. Interface indentation
experiments and subsequent analysis of the deformation zone showed a larger number of fine
secondary shear bands (SSBs) in NG as compared to the primary shear bands (PSBs), while
the plastic flow in MG is accommodated mostly by the PSBs. The findings of the current study
will help improve the understanding of the plastic deformation behavior of NGs and provide
insights for designing the novel microstructural architecture of amorphous alloys with

improved ductility”.

4.1. Introduction

Amorphous alloys, such as metallic glasses (MGs) and bulk metallics glasses (BMGSs), exhibit
an interesting combination of mechanical properties such as high yield strengths (~ 1 GPa) and
large yield strains. However, these advantages are overshadowed by their poor room
temperature ductility due to the plastic flow localization into thin shear bands, thereby leading
to catastrophic failure [Falk and Langer, 1998; Schuh et al., 2007; Song et al., 2009].

“The work presented in this chapter is based on the following publication:

A. Sharma, S. S. Hirmukhe, S. H. Nandam, H. Hahn., 1. Singh, K. E. Prasad. Strain rate sensitivity of CugoZrao
metallic and nanoglass, Journal of Alloys and Compounds, 921  (2022), 165991
(doi:10.1016/j.jallcom.2022.165991).
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When deformed at elevated temperatures (near the glass transition temperature, Tg), the same
glasses exhibit extensive plastic flow, which is attributed to the strain partitioning into multiple
fine shear bands [Prasad and Ramamurty, 2012]. To date, different methods have been
proposed to improve the room temperature ductility of MGs, of which the notable ones include
the fabrication of (i) bulk metallic glass matrix composites (BMGMCs) [Hays et al., 2000] and
(i) Nanoglasses (NGs) [Gleiter, 2013; Ivanisenko et al., 2018]. BMGMCs comprise of
crystalline phases embedded in an amorphous matrix which appears to resist the unhindered
propagation of shear bands in the matrix regions, thereby avoiding catastrophic failure and thus
increasing the ductility. However, due to the presence of crystalline phases, the key attributes
of a fully amorphous structure cannot be completely exploited. Recently, it was shown that
BMGs could also be fabricated using the selective laser melting (SLM) process, which offers
distinct shear band characteristics compared to the conventional BMGs but exhibits lower

strength and ductility due to the presence of large porosity [Deng et al., 2021].

Unlike BMGMC:s, the newly developed NGs contain a fully amorphous structure
with glassy grains (GGs) separated by glassy interfaces (Gls). Similar to the MGs, the
fundamental units of plastic deformation in NGs are the shear transformation zones (STZs)
which are a cluster of atoms that undergo cumulative shearing under the influence of external
load and nucleate in the regions of high free volume [Ritter et al., 2011; Adjaoud and Albe,
2016, 2019]. In NGs, both the Gls and GGs are the sources of free volume, and hence the
probability of finding STZs is much higher than the MG counterparts. NGs are fabricated using
bottom-up approaches like magnetron sputtering, electroplating, and inert gas condensation
[Chen et al., 2011; Witte et al., 2013; Sniadecki et al., 2016]. The preliminary deformation
experiments conducted on NGs show reasonably good plasticity compared to the MGs of
identical composition [Nandam et al., 2017, 2020, 2021; Sharma et al., 2021a, 2021b; Wang et
al., 2015, 2016]. The reason is attributed to the unique microstructure of NGs, which promotes
nucleation of multiple shear bands, leading to strain partitioning and consequently avoiding
plastic flow localization. Although there have been experimental studies characterizing the
plastic flow characteristics of NGs, limited attention was given to investigating the effect of
loading rate (or the strain rate) on the deformation behavior of NGs. One of the key
characteristics of plastic deformation of materials is the strain rate sensitivity, m, as it provides

useful information about the mechanisms of plastic flow.

The dependence of flow stress, @, on the strain rate, &, is expressed by the power-law

relation o = Cé™where C is a temperature-dependent material constant and m is strain rate
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sensitivity. The positive m values indicate homogeneous deformation, while the negative m
indicate heterogeneous deformation. Besides qualitatively describing the nature of
deformation, m is also used to quantify the activation volume needed for the plastic
deformation. Conventionally, m is determined from the strain rate jump tests under uniaxial

loading conditions, and recently it has been shown that m can also be obtained from the

' . . dlo
indentation experlments asm = dloj

:’ where H and &; represents the indentation hardness and

p

indentation strain rate, respectively. The &; is expressed as , where P is the indentation

max

loading rate and B,,,, is the maximum indentation load [Dieter, 1986]. At room temperature,

most of the engineering alloys display positive m values ranging between 0 and 0.1.

Several studies [Dalla Torre et al., 2006; Jiang et al., 2007; Mukai et al., 2002;
Dubach et al., 2009a; Gonzalez et al., 2011; Li et al., 2020; Wang et al., 2021; Ma et al., 2020;
Pan et al., 2008; Boltynjuk et al., 2018; Bhattacharyya et al., 2015; Sort et al., 2019; Sahu et
al., 2019; Zhao et al., 2021; Gunti et al., 2022] have been conducted to investigate the m value
of BMGs, and most of the studies, except a few [Li et al., 2020; Wang et al., 2021; Ma et al.,
2020; Pan et al., 2008; Boltynjuk et al., 2018], report negative m, while limited studies are
available on MGs and NGs. Pan et al., 2008 performed indentation strain rate jump experiments
and observed that the H increases with loading rate, indicating positive m values. Using m
values and the cooperating shearing model (CSM), they have determined the STZ volume,
which is in the range of 2—7 nm? (containing a few 100’s atoms) for most BMGs. Recently,
Boltynjuk et al., 2018 observed a higher m in severely deformed Zr- based BMG than the as-
cast BMG and attributed the positive m values to high STZ sites. Bhattacharyya et al., 2015
argued that the positive m values are due to the experimental artifact and the possible reason
for this is the overestimation of H without considering the pile-up around the impression,
particularly at high indentation loads. Further, they argued that the negative m values are due
to the lack of time (with increasing loading rate) for the material to relax the structure. Sort et
al., 2019 reasoned that the negative m values are due to the generation and accumulation of
free volume at high loading rates. Recently, Sahu et al., 2019 reported a negative m value for
Nieo Zrso thin-film MG (containing fine crystals of 2-3 nm in size) and attributed it to a decrease
in STZ size at high loading rates and relaxation mechanisms prevalent at low loading rates. In
another study, Zhao et al., 2021 reasoned that the time available for relaxation or diffusion is
less at a higher loading rate, making the material softer, resulting in negative m. Recently,

Gunti et al., 2022 have also argued that higher loading rates caused significant activation of
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STZs and accredited the difference in the deformation behavior in mode to the strain rate
fluctuations observed with increasing indentation depth. The negative m obtained from various
literature studies is summarized and presented in Table 4.1. Most of the studies conducted to
date are on the as-cast or deformed MGs and BMGs, but limited attention was given to
understanding the strain rate sensitivity of NGs. Unlike the deformed MGs and BMGs, where
the free volume is heterogeneously distributed, the NGs have a more uniformly distributed
defect structure. Hence, it is interesting to investigate the strain rate sensitivity of NGs. This
will not just only provide the key findings but will help us shed new light on understanding the
deformation mechanisms of NG and provide novel guidelines for designing amorphous alloys

with improved ductility.

Therefore, the current study is performed with the following objectives: (a) What is
the effect of loading rate on NG and MG load vs. displacement response having identical
composition? (b) How does the hardness vary with the loading rate? (c) What is the role of NG
microstructure on m? and (d) How do m values of NGs fare with the MGs of an identical
composition? To address the above questions, we have carried out nanoindentation
experiments on a binary CueoZrs MG and NG at different loading rates. In order to understand
differences in shear band characteristics and the trend observed in m values between the NG
and MG interface, micro- indentation experiments are performed as it is difficult to characterize

the same using nanoindentation due to the limitations of maximum indentation load.

4.2. Material and experiments
CusoZrso NG samples are produced in an inert-gas condensation (IGC) system, using binary
CueoZrao alloy as the sputtering target, while the binary CueoZrso MG are synthesized using the
melt-spinning technique. Both the NG and MG used in the current experiments are in as-
processed condition without any subsequent annealing after their fabrication. The NG is disc-
shaped with a thickness of ~0.3 mm and a diameter of 8 mm, and MG has a thickness of 30—
40 um, a width of ~1 mm, and a length of 10-20 mm. The amorphous nature of NG and MG
is confirmed using X-ray diffraction (XRD). XRD was conducted using Cu-Ka radiation within
the range of 2—70°. The surface of the samples is subsequently polished to a surface finish of
0.25 um using the standard metallographic sample preparation method and then taken for

indentation experiments.
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Table 4.1 Summary of the m values reported for glasses in various literature

Zrs5CuzoNisAl (ZR55)

Material Structural Nature of test Strain Rate
state (Strain rate range, s*) | Sensitivity, m
Zrs25Ti5Cu17.9Ni14.6Al10 As-cast Compression -0.001 £
(Vitreloy105) 3.3x103-3.7x10* | 0.0005
(Dalla Torre et al., 2006)
Vitreloy 105 As-cast Compression test - 0.0026
(Jiang et al., 2007) 2.34x10%-1.87x 10*
Pd4oNiaoP20 As-cast Compression Negative
(Mukai et al., 2002) 3.3x10°-2x10°
Vitreloy 105 As-cast Compression -0.002
(Dubach et al., 2009) 3.33x10%-2x10?
ZresCuzoFesAlio As-cast Compression tests - 0.0026
(Gonzalezet al., 2011) 5x 103 -5x107
As-cast Indentation tests @ -0.0166 + 0.001
Structurally Pmax 0f 9 mN -0.0201 £ 0.001
relaxed 2.22x102-4.4x10*
Zr412Ti13.8CU12.5Ni10Bez2s | Shot peened -0.0128 + 0.001
Vitreloy 1
(Bhattacharyya et al., 2015) As-cast Indentation tests @ -0.0137 £ 0.001
Pmax 0f 250 mN 3 ;
Strrlélc;)li(rezlly 333 % 10° - 2 x 10°L 0.0106 £ 0.001
Shot peened -0.008 £ 0.001
TisoZrsNigCusBers BMG Indentation -0.063
(Sort et al., 2019) As-cast 25x10°-1.25x 10
NigoZrso amorphous NG thin -0.032 to -0.057
film As- Indentation tests (300 K)
(Sahu et al., 2019) deposited 0.01,0.1and 1s* -0.021 t0-0.039
(600 K)
Pd40CusoNi1oP20 Indentation tests @ Negative
Zr48Cu3NisAlsAgs As-cast Pmax 0f 50, 100, 200
Zr48CuzsPd2AlsAgs mN
(Zhao et al., 2021) 5x10°%-25x10%
Vitreloy 1
Vitreloy 105 Indentation tests @ Negative
Zrs58.5CU15.6Ni12.8Al103Nb2 g As-cast Pmax of 500 mN
(Vitreloy 106A) 1x10%-1
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Nanoindentation experiments are performed at room temperature using a Hysitron
Triboindenter with a Berkovich three side pyramidal-shaped diamond indenter. The
experiments are conducted in a load-controlled mode at a maximum applied load of 4 mN. The
indentations are performed at different loading rates in the range of 0.26 mN/s to 8 mN/s, which
corresponds to 3 decades of indentation strain rates. A minimum (4 x4) array of 16 indents is
taken at each load to obtain precise and reliable statistical data. The distance between the
successive indents is kept about ten times the maximum indentation depth to circumvent the
strain field interaction. The hardness, H, is determined using the Oliver and Pharr (O&P)
method [Oliver and Pharr, 1992] as

Pmax
H === @)

where P, is the maximum indentation load, and A, is the contact area, which is a function

of contact depth, h.. As per the O&P method, the h,. is given by Eq. (2):

Pmax
h; =hpuu— 1 S (2)

Here, h,,4, 1S the maximum penetration depth, u is the geometry constant which depends upon
the power law exponent m obtained from the unloading slope (1 ~ 0.75 is recommended for
Berkovich indenter), and S is the stiffness which is obtained from the slope of the unloading
part of P vs. h curve as S = dP/dh. Finally, the modulus, E, is obtained using the equation
@):

Eo= (1-vd)|(22) - (20)] ©
where E and v represent the elastic modulus, and Poisson’s ratio and the subscripts i and s
refer to the indenter and specimen, respectively. The berkovich diamond indenter tip is used
having an elastic modulus, E = 1140 GPa and a poisson ratio, u = 0.04. Before starting the
experiment, the area function of the indenter tip is calibrated with the help of a standard quartz

sample by performing a series of indentations at different indentation depths.

Bonded interface indentation (BII) experiments are performed to qualitatively compare
the differences in deformation characteristics beneath the indenter for both the NG and MG
samples as they may provide reasons for the differences in m. Two specimens are taken with
one of their surfaces polished up to 0.25 um surface finish to perform the BIl experiment. The

polished surfaces are then bonded together by applying a strong adhesive (“super glue”) and
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allowed to dry for 5 h. The specimens are then cold mounted in such a way that the bonded
interface is on the top surface of the mould, which is again polished up to a surface finish of
0.25 pm. Following this, Vickers indentation is performed on the interface at a Pmax 0f 3 N.
The indentations are made in such a way that the diagonal of the imprint lies along with the
interface. Subsequently, the bonded interface is opened by dissolving the super glue in acetone
for 1-2 h and examined using a scanning electron microscope (SEM) to characterize the
differences in shear band morphology underneath the indentation between the two glasses.
Although we have used nanoindentation experiments to compute the m values, the micro-
indentation was used for Bll experiments due to the limitations of Pmax in nanoindentation.
Nevertheless, the Bll experiments are performed under similar loading conditions (with the
same load, loading rate, and indenter geometry) on both NG and MG to compare the shear

band characteristics effectively.

4.3. Results
The XRD patterns of the as-prepared MG and NG samples are presented in Fig. 4.1, which
shows a broad characteristic diffraction hump with no signatures of crystalline phases,
confirming the presence of an amorphous structure. Fig. 4.2a and b show the typical P vs. h

curves of NG and MG corresponding to different loading rates, i.e., 0.26, 0.4, 0.8, and 8 mNJ/s.
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Figure 4.1 X-ray diffraction spectra of the MG and NG samples.
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Figure 4.2 Representative indentation load, P vs. penetration depth, h curves obtained under
different loading rates for (a) NG and (b) MG at a Pmax 0f 4 mN, respectively.
The indentation imprints of NG and MG show no significant pile-up at the imprint

edges, indicating that the O&P analysis can be suitably employed to determine the H [Nandam
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etal., 2017; Sharma et al., 2021b]. According to the O&P analysis, the relation between the P
and h of the loading and unloading curves are described by the equations 4 and 5 presented

below:
P = ah1 4

P=B(h-hy) (5)

Where fitting constants a and 8 represent the resistance to indentation, and the elastic recovery
of the material, g, and r represent the power-law exponents of loading and unloading curves,
which depend on the indenter geometry, while h and hf indicate the instantaneous and final
penetration depth of the indenter, respectively. The loading and unloading curves of both NGs
and MGs are well described by the equations (4) and (5) (as presented in Figures A5 and A6
of Appendix Al) with the regression coefficient values, R* close to ~ 0.999. All the P vs. h
curves (at different loading rates) yield similar power-law exponents approving a high level of
reproducibility and repeatability of the nanoindentation results. The loading curves of NG (as
presented in Fig. 4.2a) exhibit smooth behaviour (characterized by the absence of displacement
bursts or “pop-ins”), suggesting homogeneous plastic deformation. This observation is
consistent with previous experimental studies reported for NGs [Nandam et al., 2017, 2020;
Sharma et al., 2021a, 2021b; Li et al., 2017; Hirmukhe et al., 2022; Pang et al., 2012; Rauf et
al., 2018]. Another interesting observation from Fig. 4.2a is the increase in penetration depth
with loading rate suggesting softening of the material, and the reason for this behavior is
discussed in detail in the subsequent sections. Contrastingly, the loading curves of MG samples
(Fig. 4.2b) are characterized by a serrated flow, manifested by a large number of pop-ins
(indicated by arrows), indicating the inhomogeneous nature of the deformation of MGs. A close
examination of the loading segments reveals that the pop-in width decreases with an increase
in loading rate for the MG, as shown in the magnified view in Fig. 4.3. Further, derivative
technique is employed on the loading curves to characterize the pop-in behavior in detail as
shown in figure Fig. A7 of Appendix Al [McGurk et al., 1999; Malzbender et al., 2001]. The
plots dP/dh vs. h and dP / dh? vs. h? for MG are presented in Fig. A7a and b, while for NG
in ¢ and d, respectively. The significant spikes observed in the horizontal line of Fig. A7
indicate the pop-ins occurring due to the nucleation of shear bands in MG. The intensity of
spikes decreases with increasing strain rate, indicating the absence of severe flow localization.
Such spikes are not observed in NG at all the strain rates suggesting a near homogeneous
deformation. Further, the displacement bursts are quantified by measuring the pop-in width,
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hpop-in, at different loading rates, and their average values are plotted as a function of the loading
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Figure 4.3 Enlarged view of the loading portion of the P vs. h curves from regions X and Y at

different loading rates for (a) NG and (b) MG respectively, describing the pop-in behaviour.
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Figure 4.4 Plot representing the variation of pop-in length, hpop-in, with loading rate for NG and
MG.
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rate for NG and MG, as shown in Fig. 4.4. In order to determine the pop-in width, hpop-in, the
loading portion curves are magnified in the regions where there is a deviation from the power
law. The horizontal distance between the start and end points from such regions yields, hpop-in.
The penetration depth corresponding to pop-ins are clearly identified from figure Fig. A7 in
the Appendix Al. It is evident from Fig. 4.4 that for MGs, the hpop-in decreases with an increase
in loading rate. A similar trend is reported for MGs and BMGs in the previous literature studies
[Sort et al., 2019; Zhao et al., 2021; Schuh et al., 2002, 2003, 2004], which is attributed to the
change in deformation mechanism from heterogeneous to homogeneous with an increase in
loading rate. Interestingly, hpop-in remains nearly zero for NG, suggesting no substantial change
in the deformation mechanism with increasing loading rate. The variation of H with the loading
rate for both NG and MG obtained at B,,,, of 4 mN is plotted in Fig. 4.5a. It can be noticed
from the figure that, at all the loading rates, NG exhibits a higher H than the MG, consistent
with the previous experimental and simulation studies [Nandam et al., 2017; Sharma et al.,
20214, 2021b; Hirmukhe et al., 2020; Franke et al., 2014; Adjaoud and Albe, 2021; Xie and
George, 2008]. Besides this, the H decreases with an increased loading rate for both the NG
and MG samples. The m values are obtained from the slope of H vs. equivalent strain rate
plotted in the log-log scale (Fig. 4.5b) and are presented in Table 4.2. In both the glasses, the
m value is found to be negative, but interestingly, its value for NG is towards more positive
than the MG.

Table 4.2 Values of m obtained in present study for NG and MG.

Glass Strain rate sensitivity, m @ Pmax of 4mN
CueoZrs-NG —0.028 + 0.002
CueoZrs-MG —0.037 + 0.003

Further, the reasons for the observed differences in m values are examined using subsurface
deformation zones of MG and NG as presented in Figs. 4.6 and 4.7, respectively. It is observed
from Fig. 4.6 that the plastic strain in the subsurface deformation region of MG is mainly
accommodated by large shear bands, known as primary shear bands (PSBs). The PSBs appear
to be semi-circular in shape with no waviness at the shear band front having small and large
curvatures. The shear bands having smaller curvature at their front are much sharper suggesting
unhindered propagation during the deformation, while the one with large curvature has a wavy
front indicating their interaction with other bands during their propagation. The differences in
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Figure 4.5 Plot representing (a) the variation of hardness, H, with loading rate, dP/dt and (b)
strain rate, &, plotted on log scale for NG and MG.

68



N0t of the plane
rotrusion = 4.446im

Figure 4.6 Subsurface deformation zone of a CusoZrso MG at a Pmax of 3 N obtained at a
loading rate of 0.3 N/s (an equivalent strain rate of 0.1 s-1) indicating (a) complete deformation

zone and (b) a high magnification image of the highlighted region of (a).
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Figure 4.7 Subsurface deformation zone of a CusoZrso NG at a Pmax of 3 N obtained at a
loading rate of 0.3 N/s (an equivalent strain rate of 0.1 s-1) indicating (a) complete deformation

zone and (b) a high magnification image of the highlighted region of (a).
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curvatures of the shear bands possibly appeared due to diverse stress fields generated beneath
the indenter during indentation [Subhash et al., 2007; Xie and George, 2008]. Contrastingly, in
the case of NGs, a large number of very fine shear bands, referred to as secondary shear bands
(SSBs), are formed in between PSBs (Fig. 4.7). Unlike MGs, the shear bands front in NGs is
wavy, which may be due to the multiple shear band interactions. The bands are diffused and
thus making it difficult to differentiate the primary and secondary shear bands (SSBs). Similar
observations have been reported in the case of binary Pd-Si MG and NG [Sharma et al., 2021b].
The primary and secondary shear bands are discernible in Pd-Si NGs, unlike the Cu-Zr NGs.
In summary, the following observations can be made from the experimental results (a) The Cu-
Zr NG shows a higher H as compared to the MG, having the identical composition (b) The
pop-ins in the loading portion of P vs. h curves are dependent on the loading rate in MG while
it has a no effect in NG (c) The penetration depth is found to increase with the increase in
loading rate for both MG and NG indicating that both the glasses become softer with increasing
loading rates. (d) The m computed from the nanoindentation data clearly shows a negative
value for both MG and NG, albeit slightly more positive in NG than the MG. (e) The subsurface
deformation zone in NG comprises several fine shear bands compared to the large shear bands
in MG.

4.4. Discussion

In the following discussion and subsequent analysis, the effect of loading rate on the P vs. h
response, H, and strain rate sensitivity is analyzed in light of STZ activity and the differences

in shear band characteristics in the subsurface deformation zone between the two glasses.

4.4.1. Analysis of P vs. h curves: effect of loading rate

The loading part of the P vs. h curve provides insights into the deformation events
taking place underneath the indenter, and the smoother curve (i.e., the absence of pop-ins)
indicates near homogeneous plastic flow. It has been observed in BMGs that temperature, strain
rate, and structural state of the glass govern the pop-in behavior. Ramamurty and co-workers
[Yoo et al., 2009; Raghavan et al., 2008; Bhowmick et al., 2006; Dubach et al., 2009b;
Ramamurty et al., 2005] carried out experiments on as-cast (AC), structurally relaxed (SR),
and shot-peened (SP) BMGs and observed that SP BMG exhibited the lowest number of pop-
ins in the loading curves, which was attributed to the presence of high free volume and
nucleation of a large number of STZs. Schuh and co-workers [Schuh et al., 2002, 2003, 2004]

have developed a deformation mechanism map based on the indentation experiments with
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indentation strain rate and temperature as the abscissa and ordinate. According to this map,
BMGs exhibit near homogeneous flow at high temperatures and high strain rates because of
the dynamic relaxation processes prevalent under these experimental conditions. The post
deformation images of the indentation imprints did not show any shear bands at the periphery
of the impression confirming that the flow is homogenous. Jang et al., 2007 have repeated
indentation experiments under similar conditions (with T and €) with a cube-corner indenter
and reported shear bands at the periphery of the imprint. They argued that the stress state
underneath the indenter, besides the temperature and strain rate, also has a marked influence
on the nature of deformation. One of the possible reasons for this could be the cutting type of
plastic flow mechanism observed under the cube corner indenter in contrast to the compression
type of mechanism in a Berkovich indentation. The absence of pop-ins in NGs at all the
indentation loading rates is attributed to the high free volume containing regions and abundance
of STZ nucleation sites [Ritter et al., 2011]. In contrast, the decrease in the number of pop-ins
in MGs with increasing loading rate is attributed to the difference in the dynamic relaxation
processes around the indentation. Under low indentation loading rates, there is sufficient time
for the material around the indenter to relax the structure in MG, which necessitates the
nucleation of new shear bands or propagation of existing bands leading to pop-ins in the loading
curve. Lack of time for the structural relaxation at high loading rates causes a local increase in
free volume around the indenter, eventually leading to an absence of pop-ins in the loading

curve.

4.4.2. Variation of hardness between the NG and MG

It is observed that the annealed (or structural relaxed) BMGs exhibit a higher H than
the as-cast and shot-peened BMGs due to the presence of low free volume [Raghavan et al.,
2008; Bhowmick et al., 2006; Dubach et al., 2009b]. Following this, it is expected that Cu-Zr
NGs should exhibit a lower H as compared to MGs, contrary to the current experimental results
(Table 4.3) observed in the current study. The possible reasons for this could be attributed to
the (i) compositional segregation prevalent in the nanoparticles during their fabrication in NGs,
(ii) increased pressure sensitivity of NGs and (iii) presence of icosahedra clusters in the
interfacial regions. In CusoZrao NG, a higher Ty and Ty are observed due to the segregation of
Cu to the interfacial regions of GGs with the core rich in Zr [Ritter et al., 2011; Adjaoud and
Albe, 2016, 2019, 2021; Nandam et al., 2017]. These Cu particles are prone to form icosahedra
clusters leading to an increase in medium-range ordering (MRO) in the interfacial regions.

These clusters offer greater resistance to plastic deformation, thereby increasing the H of NGs.
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Recently, it has been observed that the number of clusters and their size can be varied by
thermal annealing, which influences the p-relaxation kinetics and mechanical properties
[Sharma et al., 2021b; Sopu et al., 2011, 2015]. Further, the high free volume present in the
Gls also causes an increase in pressure sensitivity index during the plastic deformation, thereby
leading to an increase in the hardness of NGs [Hirmukhe et al., 2020]. With the help of a
modified expanding cavity model applicable, Narasimhan, 2004 has observed higher H in
materials having higher pressure sensitivity index due to the large elasticity continuum

surrounding the indentation zone.

4.4.3. Strain rate sensitivity of NGs and MGs and its structural

dependence

The negative m for both the NGs and MGs shows that the deformation is heterogeneous in
both the glasses, consistent with the observations reported for BMGs [Dalla Torre et al., 2006;
Jiang et al., 2007; Mukai et al., 2002; Dubach et al., 2009a; Gonzalez et al., 2011]. Between
the two, NGs exhibit more positive m values as compared to the MGs, and these differences in
m are attributed to the variation in the internal microstructures. In both NG and MG, the
fundamental carriers of plasticity are STZs, but they differ in their number density, and the
volume (number of atoms present in the STZ). Pan et al., 2008 have measured the STZ volume
and number of atoms present in the STZ for a number of BMGs using the co-operative shearing
model (CSM). For a CueoTi2sHf1s (which is stoichiometrically closer to the glasses used in the
current study), the STZ volume is 4.23 nm? with 359 atoms. After rigorous evaluation of the
indentation impressions, Bhattacharya et al., 2015 noticed that the positive m in BMGs is
indeed an experimental artifact due to the pile-up of the material around the impression. Choi
et al., 2012 have later computed the STZ volume for an as-cast and annealed Zr-based BMG
(Vit 105), considering the first pop-in load which is found to be 0.347 and 0.464 nm?,
respectively, suggesting that structural relaxation increases the size of STZ. Using the same
procedure, Tao et al., 2021 analyzed the STZ size in a ZrsoCusAlio BMG in three different
structural states (as-cast, annealed, and plastically deformed) and observed it to be 0.43, 0.55,
and 0.34 nm® respectively. These studies clearly show that STZ size depends on the structural
state, which decreases with decreasing free volume content. Nandam et al., 2017 have also
computed the STZ volume in CusoZrso NG and MG as 7.41 and 1.93 nm3, respectively, based
on the positive m value, which are much higher than the predictions of BMG. One of the

possible reasons for this could be due to the high nanoindentation load (25 mN) and the use of
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Table 4.3 Summary of nanomechanical properties and elastic recovery obtained from the

analysis of load, P vs. displacement, h curves

Figure 4.8 Variation of normalized primary and secondary shear band density, ¥, in the

subsurface deformation zone for NG and MG.

H not corrected for pile-up. Since the NGs do not contain pop-ins in the loading curve, it is
impossible to compute the STZ volume based on the first pop-in load, which also implies that
the STZ volume in NGs must be much smaller than the ones predicted for severely deformed
BMG. The subsurface deformation zone presented in Figs. 4.6 and 4.7 (performed under
identical loading conditions) highlights the relative difference in shear band characteristics
between the MGs and NGs, although it is not a true representation of constrained indentation

based on which the m values are computed. The shear band density, ¥, is calculated as the
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number of primary and secondary shear bands (PSBs and SSBs, respectively) per unit
deformation area and plotted for NG and MG in Fig. 4.8. It is observed that the ¥ of PSBs in
NG, unlike MGs, is very small compared to the SSBs. The increased ¥ of SSBs is indicative
of a large number of STZ nucleation sites, thereby reducing the propensity of heterogeneous
deformation. In a nutshell, the less negative m values of NG indicate an increased tendency for
homogeneous nature deformation, which could be attributed to the high free volume (and
concomitant availability of a large number of STZs). A detailed investigation of the STZ size
in NGs is warranted to understand the origins of reduced m values further. Advanced
characterization techniques are needed to resolve further the STZ volume in NGs, which may
provide further insights into the deformation behavior of NGs and ways to enhance the

plasticity of glasses.

45, Summary

CueoZrso nano- and metallic glasses are synthesized using IGC and melt spun technique,
respectively, and their strain rate sensitivity over three decades of strain rates is investigated
using nanoindentation. Further, the deformation characteristics in the subsurface deformation
zone are analyzed using bonded interface indentation. The following conclusions can be drawn

from the current results:

e The serrated flow in the loading curves of MGs decreases with an increase in loading
rate while it does not have any effect on the NGs. NGs do not exhibit serrated flow at
any indentation loading rate.

e The hardness of both the NG and MG decreases with increasing loading rate implying
negative strain rate sensitivity, m. The m values of NG are higher than the MG,
indicating a tendency towards the near homogeneous plastic flow. Despite the high
hardness in NGs, the high free volume is due to icosahedra clusters present at the
interfaces.

e The primary shear bands (PSBs) are the main carriers of plastic flow in MG, while in
NG, owing to the high free volume, it is by secondary shear bands (SSBs). The
relatively positive m in NG compared to the MG is attributed to a large number of fine

shear bands and near homogeneous plastic deformation.
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CHAPTER 5

Role of Indenter geometry on the deformation behavior in a PdSi
metallic and nanoglass

Abstract: In this work, a series of nanoindentation experiments were conducted between a
binary PdSi metallic glass (MG) and nanoglass (NG) using Berkovich and cube-corner
indenters having different centreline-to-face angles. A strong dependence of serrated flow
behavior on the indenter angle is observed in MG and NG. The sharp cube-corner indenter
displaces a greater volume of material for a given load (more than three times the Berkovich
indenter), and the material deforms by a cutting mechanism, resulting in prominent serrations
in the loading curves and higher pile-up. For a given geometry of the indenter, NG displays
lower hardness than MG owing to the lower segregation effect, and the hardness decreases with
the increase in maximum indentation load, which signifies the indentation size effect (ISE).
The rise in the deformation volume underneath the tip due to an increase in free volume content
with indentation load appears to be the reason for the ISE. A useful parameter, discrete
plasticity ratio, ¥ is utilized to estimate the influence of serrations on the total plastic
deformation. It is observed that ¥ does not change significantly with the load, indicating that
the deformation mode remains the same with either of the indenters in both MG and NG (i.e.,
heterogeneous in MG and homogeneous in NG. The results are explained in terms of primary
concepts for enlightening the examination of the deformation behaviors in the MG and NG

with different indenter geometry”.

5.1. Introduction

The deformation behavior of crystalline materials is controlled by dislocations and the presence
of which contributes to an increase in plasticity but substantially reduces the strength of the
crystalline materials. With this consideration Klement et al. 1960 have developed metallic
glasses (MGs) by rapidly cooling the alloys so that their crystallization kinetics gets arrested

and thus leading to amorphous structure.

“The work presented in this chapter is submitted in the following publication:

A. Sharma, A. Tripathi, S. H. Nandam, H. Hahn, K. E. Prasad. Role of Indenter geometry on the deformation

behavior in a PdSi metallic and nanoglass (Under Review- Journal of Alloys and Compounds).
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These MGs exhibit strength values an order of higher than the crystalline alloys of identical
composition, high hardness, wear resistance, excellent corrosion resistance (due to the absence
of grains and grain boundaries) and magnetic permeability [Schuh et al., 2007; Inoue et al.,
2003; Ashby and Greer, 2006]. However, these alloys suffer from room temperature ductility
due to the absence of dislocations although they exhibit super plastic behavior (showing
extensive elongations) at temperatures close to glass transition temperature [Prasad et al., 2007,
2012; Singh et al., 2012]. This atypical behavior of MGs is attributed to the fundamental units
of plastic flow carriers which are typically referred to as shear transformation zones (STZs).
The STZs are a cluster of atoms that accommodate shear strain by atomic shuffling rather than
the linear motion (contrary to the dislocation motion) in the direction of applied shear stress
[Spapepen 1977; Argon 1979]. At room temperature and high applied stresses, the deformation
(at the macroscopic level) occurs by nucleation and propagation of shear bands with the failure
taking place via a dominant shear band. The unhindered propagation of shear bands can be
controlled if the plastic strain is allowed to distribute in multiple shear bands. This can be
achieved by increasing the free volume and distributing it in the entire volume of the sample.
Nanoglasses comprising of glassy grains (Gls) separated by glass interfaces (Gls) appears to
provide extensive tensile elongations [Gleiter, 2013]. The limited experimental results show
that profuse secondary shear bands in NGs compared to the MGs of identical compositions and
the molecular dynamic (MD) simulations shows that the presence of Gls will enable increased
nucleation sites for shear bands [Adjaoud et al., 2016, 2019; Ivanisenko et al., 2018; Hirmukhe
et al., 2020, 2022; Guo et al., 2019; Nandam et al., 2017, 2020; Sharma et al., 2021, 2022]. A
detailed experimental investigation of the effect of temperature, stress state, and strain rate on
the mechanical behavior of NGs under various external conditions will provide further insights
in understanding the differences in deformation mechanisms in NG and MGs.

Sharma et al. 2022 investigated the effect of strain rate on the deformation behavior of
NGs and MGs and observed that the strain rate sensitivity of NGs is more positive than the
MGs of identical composition. Another important factor that influences the deformation
mechanisms is the stress state and strain distribution underneath the indenter which strongly
depends on the indenter geometry. Mulhearn, Tabor, and co-workers [Tabor 1951, Mulhearn
1959] have conducted indentation experiments with indenters having different apex angles, a
and studied plastic flow mechanisms underneath them. Their observation suggests that the
plastic flow mechanism changes from compressive to cutting nature for a glower than 55°.

Jang and co-workers [Jang et al., 2007; Yoo et al., 2007] have carried out the nanoindentation
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experiments on Zr-based BMG at different strain rates using Berkovich and cube-corner
indenters and showed that the indentation load, P vs. penetration depth, h curves of cube-corner
indentations show pop-ins at all the strain rates which is the not the case with Berkovich
indenter. The possible reason for this was attributed to the high indentation pressure under the
cube-corner indenter as compared to the Berkovich indenter. However, the effect of
compression and cutting mechanisms on the flow mechanisms around the indenter for
amorphous alloys such as BMGs and MGs was not highlighted and discussed in detail. Even
the experimental studies conducted on NGs are also limited only to Berkovich and Vickers
indenters which exhibit a compressive flow mechanism. It would be interesting to examine the
plastic deformation behavior of NGs using a cube-corner indenter and characterize the P-h
curves, indentation size effect, and pile-up around the indentation. Therefore, in the current
study, we have carried out nanoindentation experiments on a binary MG and NG (having
identical composition) using Berkovich and cube-corner indenters and studied the effect of
indenter geometry on the characteristics of the P-h curves, differences in indentation size effect
in hardness between the two indenters as well as the samples, the effect of plastic flow

mechanisms on the pile-up around the indenter.

5.2. Material and experiments

PdgoSizo NG samples are prepared by magnetron sputtering technique in an inert-gas
condensation (IGC) chamber, whereas the MG samples are synthesized using melt spinning
technique with binary PdsoSizo alloy as a sputtering target. The NG and MG samples used in
the current experiments are in an as-prepared state without prior annealing after their
fabrication. The NG samples are disc-shaped with a thickness of ~0.4 mm and a diameter of 8
mm while the MG samples have a thickness of 30-40 um, a width of ~1 mm, and a length of
10-20 mm. X-ray diffraction (XRD) analysis confirms the amorphous nature of the glasses (as
shown in Fig. 5.1a) while the glass transition temperature is obtained by performing differential
scanning calorimetry (DSC) analysis and a representative DSC scan is presented in Fig. 5.1b.
Before proceeding with the indentation experiments, the surface of the samples is polished to
a mirror finish by utilizing the standard metallographic technique. Nanoindentation tests are
conducted at room temperature on NG and MG using a Hysitron Triboindenter. Two different
types of indenters Berkovich and Cube-corner are used for the nanoindentation experiments.
The included between the centerline-to-face angles for Berkovich and cube-corner indenters
are 65.3° and 35.3° respectively resulting in different indenter strains in the subsurface

deformation zone. The area function of both the indenter tips is calibrated using the standard
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sample of quartz, and the thermal drift is maintained at 0.05 nm/s. The indentations are

performed within the load range of 2 to 8 mN in a load-controlled mode.
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Figure 5.1 (a) X-ray diffraction spectra, and (b) DSC curves of the MG and NG samples (The

inset figure in DSC displays the magnified image of the glass transition region).
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The loading and unloading rates are kept constant at around 1mN/s, and with a dwell time of 2
s at maximum indentation load, Pmax. A minimum of (3 x 3) array of 9 indents is made at each
Pmax to obtain reliable data. To prevent the strain filed interaction, a distance of ten times the
maximum indentation depth is kept between the successive indents. The hardness, H, is
determined with the help Oliver and Pharr (O&P) method given by the following equation
[Oliver and Pharr 1992, 2004]:

H = fmax 1)

Ac

where B,,,, IS the maximum indentation load, and A, is the projected area of contact, which is

a function of contact depth, h.. As per the O&P method, the h, is calculated as:

Pmax
he = hmax — .UT (2)

Here, hpa, 1S the maximum penetration depth, u is the geometry constant (~0.75, for
Berkovich and Cube-corner indenter), and S is the stiffness computed from the slope of the
unloading part of the P vs. h curve. The elastic modulus, E, of the samples is obtained using
the equation (3):
-1
— o2y [(2A _ 1vE
E=a-w|3E)-) o

where E and v represent the elastic modulus, and Poisson's ratio and the subscripts i and s refer
to the indenter and specimen, respectively. Scanning electron microscopy (SEM) and atomic

force microscopy (AFM) are used to examine the indentation imprints and their deformation

morphology.

5.3. Results

5.3.1. Indentation load, P vs. displacement, h curves

The representative P vs. h curves for MG and NG obtained using Berkovich indenter are
displayed in Figs. 5.2a and b respectively. The loading curves performed at different
indentation loads agree well with each other confirming the homogeneity of the material (refer
to Supplementary data). The loading curves obtained using Berkovich indentation exhibit
contrasting behavior between MG and NG with the loading curves of MG (Fig. 5.2a) exhibiting
serrated flow manifested by large number of pop-ins, while no noticeable pop-ins in NG curves.
These observations are consistent with the literature studies reported on MGs and NGs with
the Berkovich indenter [Nandam et al. 2017, 2020; Sharma et al. 2020, 2022].
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Figure 5.2 Typical load, P vs. displacement, h curves obtained with Berkovich and cube-corner

indenters at different peak loads for (a, ¢) MG and (b, d) NG, respectively.

The absence and presence of pop-ins can directly be attributed to the nature of SBs in the
subsurface deformation zone. Sharma et al. 2021 have carried out bonded interface indentation
experiments on a Pd-Si MG and NG and observed that the plastic deformation underneath the
indenter in MG is accommodated by primary shear bands having a large interband spacing
while for NGs, it is predominantly by fine secondary shear bands (SSBs) having small
interband spacing. It appears that the presence of PSBs leads to serrated flow in P-h curves
while the machine is unable to capture the pop-ins occurring due to SSBs. The P-h curves for
MG and NG generated with Cube-corner indenters are shown in Figs. 5.2c and d, respectively.
Interestingly, unlike Berkovich indenter, the P-h curves obtained using the Cube-corner
indenter show serrated flow even for NGs. Besides this, the hmax at any given P for the cube-

corner indenter is nearly 3 times higher than that observed for Berkovich indenter. One of the
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possible reasons for this could be due to the increase in stress intensity ahead of the Cube-
corner indenter tip as compared to the Berkovich indenter which will be discussed in detail in
the next section. To visualize the pop-ins more clearly, the loading curves corresponding to
Pmax 0f 8 mN is plotted for Berkovich and Cube corner indenters in Figs. 5.3a and b respectively

along with the corresponding dP/dh with h in Figs. 5.3c and d.
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Figure 5.3 Representative loading portion of the P — h curves obtained at Pmax=8mN and
corresponding derivative plots representing the variation of dP / dh with h for MG and NG

with (a, ¢) Berkovich and (b, d) cube-corner indenter, respectively.

The loading curves of the NG are displaced along x-axis while the dP /dh of MG along the y-
axis for clarity. The following observations can be made from these Figs. 5.2 and 5.3: (i) The
number of pop-ins and pop-in width of MG is higher for Cube-corner than the Berkovich
indentation (ii) The significant spikes observed dP/dh with h plots indicate the increase pop-

in width (vis-a-vis SB nucleation and propagation) which is more pronounced in the Cube-
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corner indentation (iii) The loading curves of Berkovich indentation made with NG do not
clearly shows any pop-ins concomitant with no noticeable spikes in dP/dh vs. h plots. (iv)
The intensity of spikes in the dP/dh vs. h plots increases in the Cube-corner indentations

which appears to be more pronounced at large penetration depths.

5.3.2. SEM and AFM analysis of indentation imprints

Figs. 4a and b illustrate the SEM images of the Berkovich indentation imprints of MG and NG,
respectively while Figs. 5.4c and d of MG and NG shows the imprints made of cube-corner
indenter. The SBs are observed at all the edges of Berkovich indentation imprints for MG (Fig.

5.4a) while one of the edges of the imprint shows signatures of SBs in the case of NG.

Figure 5.4 Representative SEM images of nanoindentation imprints for MG and NG with (a,

b) Berkovich and (c, d) cube-corner indenter, respectively.
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These observations are consistent with the indentation studies performed on PdSi MG and NG
[18-19]. On the other hand, profuse number of SBs are observed in MG and NG around the
periphery of the cube-corner indent imprint (Fig. 5.4c, d). AFM and profilometry analysis are
conducted on the Berkovich and Cube-corner indentation imprints (obtained at Pmax of 8 mN)

to characterize pile-up height and the depth of penetration and is displayed in Figs. 5.5 and 5.6.
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Figure 5.5 AFM images of the Berkovich indentation imprints and the corresponding line

scans taken across the edge of the imprint of (A) MG and (B) NG obtained at a Pmax= 8 mN.

The AFM images of the Berkovich indentation imprints for MG and NG (Figs. 5a and b,
respectively) agree with SEM images and the profilometer analysis shows that the pile-up
height (hpile-up) is about 32 nm and 41 nm for MG and NG, respectively. The h,,,, for MG and
NG is reported to be 161 nm and 175 nm, respectively (which is nearly 4-5 times the hpile-up)
indicating that the latter is relatively softer than the former. The AFM images of the Cube-
corner indentation imprint (Fig. 5.6) displays large number of SBs at the periphery of the
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impression. The hpiie-up 0f MG and NG in this case are about 246 nm and 265 nm with the
corresponding hmax as 518 and 533 nm (which is nearly 2 times the hpiie-up), respectively. A
comparison of hpiie-up and hmax of Berkovich and Cube-corner indenters shows that the increase
in hpile-up 1S significantly high (about 6 — 7 times) in contrast to the increase in hmax which is

only about 3 times.
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Figure 5.6 AFM images of the Cube-corner indentation imprints and the corresponding line
scans taken across the edge of the imprint of (A) MG and (B) NG obtained at a Pmax =8 mN.

5.3.3. Effect of indenter geometry on the hardness

Figures 5.7a and b represent the variation of nano-hardness of MG and NG with Pmax for
Berkovich, and Cube-corner indenter, respectively. The hardness calculated with the O&P
method is shown by dotted lines. Due to the pile-up observed around the indent imprint (Fig.
5.5, 5.6) O&P method overestimates the hardness and it needs to be corrected for pile-up. The
pile-up corrected hardness is computed as the ratio of indentation load and projected area of
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the impression (which is obtained from the indentation imprint). The pile-up corrected hardness

is plotted against the Pmax and is shown in Figs. 5.7a and b as the solid lines.
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Figure 5.7 Plot showing the variation of (a, b) hardness, H, and (c, d) free volume, Kcf, with

maximum indentation load, Pmax for MG and NG with Berkovich and cube-corner indenter,

respectively.

It is evident from Fig. 5.7a that the hardness of MG is higher than the NG for Berkovich

indentation. The results are in concurrence with the observations of Nandam et al. 2020 on Pd-

Si glass having identical composition. Both the glasses display indentation size effect (ISE) in

hardness and the reasons for this could be attributed to the ease of SB nucleation with increasing

Pmax due to the increase in indentation volume. Unlike Berkovich indenter, the O&P hardness

(not corrected for pile-up) of cube-corner indentations displays similar hardness for both MG

and NG. Besides this, the O&P hardness also increases with increase in Pmax as shown in Fig.
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5.7b (with dotted lines) which could be due to the increase in pile-up with indentation load.
The hardness corrected by taking the pile-up into consideration and is plotted with Pmax in Fig.
5.7b as displayed by solid lines. The pile-up corrected hardness shows a higher hardness in MG
than NG and also the ISE is observed in both glasses consistent with the trend observed

Berkovich indentations.

5.4. Discussion

5.4.1. Analysis of P-h curves, serrated flow, and Pile-up around the

indenter

The deformation events taking place beneath the indenter during the application of load is
manifested as pop-ins in the loading curves and the presence of which is related to the
nucleation and propagation of SBs of noticeable size while their absence to the fine or no SBs.
The presence of large number of STZs in the Gls and GGs (in the case of NGs) offers more SB
nucleation sites leading to the formation of fine SBs (and the absence of pop-ins) under
Berkovich indenter which is not the case with Cube-corner indenter. The interesting question
here as to why there is an increased propensity of pop-ins in cube-corner indenter as compared
to the Berkovich indenter? The stress state ahead of the indenter, pressure distribution
underneath the indenter, and the plastic flow mechanisms taking place in the subsurface
deformation zone play a vital role in controlling the pop-in characteristics. Sneddon 1965 has

proposed that the pressure distribution under a rigid conical indenter is given by:

E  cosh™(a/r)
2(1-v2) tan @

p(r) = , 0<r<a 4)

where E and v are the Young's modulus and Poisson’'s ratio of the material, ¢ is the semi-apex
angle of the indenter, r is the radial coordinate on the surface, and a is the contact radius. The
equation shows for any a and r, a higher pressure is generated for the indenter having a smaller
¢ as compared to the indenter having a larger ¢. Prasad et al. 2011 investigated the effect of ¢
on the subsurface deformation and observed that the subsurface deformation zone is elliptical
at ¢ ~ 55° and tends to hemispherical with increasing ¢. Their results also reveal that, for any
given indentation load, the material just underneath the indenter experiences a higher plastic
strain at low ¢ as compared to high ¢. From the indenter geometry, the Cube-corner indenter
having a lower ¢ as compared to the Berkovich indenter and hence records a greater penetration
depth for a given indentation load. This is the possible reason for both the glasses exhibiting a
lower hardness with the Cube-corner as compared to the Berkovich indenter. Similarly, the

volume of material just beneath the indenter experiences a greater plastic strain under the Cube-
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corner indenter than the Berkovich leading to an increased SB activity in subsurface

deformation zone and thus causing serrated flow in the loading curves.

Estimating the contribution of serrated to flow to the total plastic deformation will provide
insights into the nature of plastic flow which is expressed by the discrete plasticity ratio (¥).
Y is defined as the ratio of pop-in displacement, Ahy; to the total displacement, h,; which is

obtained by the summation of Ahg;s and continuous displacement, Ah,,.

Ahg;
y=_—d_ (5
Ahcon"’Ahdis ( )

Fig. 5.8 represents the variation of ¥ with maximum indentation load. Schuh and Nieh 2002,
2003, 2004 performed nanoindentation experiments on various BMGs and showed that ¥
decreases with indentation loading rate from 0.9 to nearly “zero” indicating absence of serrated
flow with loading rate. Later Jang et al. [Jang et al., 2007; Yoo et al., 2007] have shown that
this is an experimental artefact and serrated flow depends on the indenter geometry and
sharpness of the indenter. For a Zr-based BMG, they observed W is independent of loading rate

and is in the range of 0.4-0.7 for Berkovich and 0.75-0.95 for a cube-corner indenter.
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Figure 5.8 Plot showing the variation in the discrete plasticity ratio, ¥ with the maximum

indentation load, Pmax for MG and MG with Berkovich and cube-corner indenter.

The W values for MG computed in the current study lie in the range of 0.53-0.61 for cube-

corner indentation and 0.45-0.50 for Berkovich indentation indicating that under both the
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indenters, the deformation is largely accommodated by the PSBs and the intensity of PSBs
increases with cube-corner indentations. While for NG, W is in the range of 0.32-0.40 for cube-
corner indentation and almost negligible for Berkovich indentation suggesting that the
deformation under cube-corner indentation is more heterogeneous and is likely to be
accommodated in PSBs. A detailed experiments characterizing the subsurface deformation
zone under sharp indenters as well as hardness mapping of underneath the indentation provide
more insights about the shear band characteristics and free volume evolution underneath the

sharper indenters.

The pile-up around the indentation impression is significantly influenced by the strain
hardening characteristics of the material and the nature of plastic flow under the indenter which
in turn is governed by the indenter geometry. In case of highly strain hardened materials (with
very low strain hardening exponent), the material in the subsurface deformation zone (in the
elastic continuum) cannot accommaodate the plastic flow and thus leading to escape of the
materials between the indenter and sample surface resulting in pile-up. Mulhearn and co-
workers [Mulhearn 1959] and recently Prasad et al. 2011 have shown that the plastic flow
mechanism underneath the indenter changes from compression to cutting mechanism with
decreasing ¢ (particularly when ¢ < 55°). Both the mechanisms are explained with the help of

a schematic as shown in Fig. 5.9.

BERKOVICH CUBE-CORNER

HIGH LOCAL
STRESSES

Cutting

nature

Compressive
nature

(hmax)BV

( h max) CcC

(hmax)cc > (hmax) BV

Figure 5.9 Schematic of nanoindentation-probed volume, pile-up effect and deformation

mechanism for Berkovich and cube-corner indentation.

In the compressive mechanism (typically observed in Berkovich, Vickers, spherical, and other

blunt indenters), the material displaced by the indenter gets either accommodated by the radial
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expansion of elastic continuum (for high strain hardening materials) surrounding the plastic
zone or by means of pile-up of material around the indenter (for low strain hardening materials).
In case of Berkovich indenter, most of the plastic flow underneath the indenter gets
accommodated by radial displacement of material during indentation resulting in negligible
pile-up of material in comparison to the hmax. Contrary to this, significant pile-up is observed
during Cube-corner indentation due to the cutting mechanism prevalent underneath the
indentation. In the cutting mechanism, irrespective of the strain hardening characteristics, the
material in the subsurface deformation zone tends to flow around the indenter rather than the

radial expansion and hence causing a significant pile-up.

5.4.2. Indentation size effect (ISE) in hardness.

The hardness of NG, unlike the MG of identical composition, depends on factors such as the
effective free volume present in the microstructure and the segregation of certain elements to
the interface forming icosahedral clusters at the interface. The former decreases the hardness
of the glass while the latter increase it. The Cu-Zr and Scandium rich NGs exhibit a higher
hardness as compared to the MGs of identical composition due to the presence of icosahedral
clusters at the interfaces and the segregation of elements to the interface [Nandam et al., 2017,
2021]. The Pd-Si NGs does not show the presence of such clusters and hence exhibiting a lower
hardness as compared to MGs [Nandam et al., 2020]. Another trend that is observed in both
the glasses is the occurrence of ISE in hardness which is intimately connected to the evolution
of free volume with the indentation load (vis-a-vis indentation volume). The Free volume
evolution during the plastic deformation related to the Hardness by the following equation
[Spapepen 1977; Argon 1979]:

H= 6V3KgT

inh~1|—% A6
sinh [zwfcfexP (KBT)] (6)

where, Kz is the Boltzmann constant, (2 is the atomic volume, T is the temperature, € is the
shear strain rate, v is the frequency of atomic vibration, Af is the volume fraction of material
having potential-jump sites, ¢ is the concentration of free volume evolved during deformation,
and AG is the activation barrier energy. Since all the tests are conducted at constant € and T.
Assuming that the changes in Af and AG are less significant during nanoindentation. The
equation (6) can be further simplified to estimate the free volume generation as [Steenberge et
al., 2007]:
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slipheied),

Ker = ( 3v3&

The K¢y vs. H plots for Berkovich and cube-corner indenters are displayed in Figure 7c and d,
respectively. It is evident from the Figures that the free volume evolution is (i) higher in NG
as compared to MG, (ii) higher in cube-corner indenter than the Berkovich, thereby resulting
in lower hardness. The H and K¢ values obtained with the Berkovich and cube-corner
indenters are presented in Tablel and Table 2. The higher free volume in case cube-corner is

related to the high indentation pressure ahead of the indenter, and larger indentation strain

underneath the indentation.

Table 5.1 Summary of hardness, H values (corrected) obtained with Berkovich and cube-

corner indenter at different maximum indentation loads for MG and NG, respectively.

Hardness, H(GPa)
Pox(mN) Berkovich Cube corner
MG NG MG NG
2 5.45 4.65 3.01 2.89
4 5.25 4.19 2.77 2.45
6 4.85 3.95 2.40 2.23
8 4.62 3.65 2.21 1.93

Table 5.2 Summary of free volume generation, Kcr values obtained with Berkovich and cube-
corner indenter at different maximum indentation loads for MG and NG, respectively.

Free volume, Kc;(GPa™)
P o (mN) Berkovich Cube corner
MG NG MG NG
2 0.19 0.22 0.31 0.32
4 0.20 0.25 0.34 0.38
6 0.22 0.26 0.38 0.41
8 0.23 0.29 0.42 0.47
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5.5.

Summary

The shear band governed deformation behavior of PdSi metallic- and nanoglasses is explored

with the help of the nanoindentation technique by utilizing two geometrically different

pyramidal indenters, i.e., Berkovich and cube-corner indenter. Further, a discrete plasticity

ratio is used to examine the transition and the contribution of serrations to the total plastic

deformation. The following conclusions are drawn from the current results:

A significant dependence of serrated flow behavior on the indenter angle is observed in
MG and NG. The sharp cube-corner indenter displaces a greater volume of material for
a given load (almost three times the Berkovich indenter), and the material deforms by
a cutting mechanism, resulting in prominent serrations in the loading curves and higher
pile-up.

NG displays lower hardness than MG owing to the lower segregation, high free volume
and absence of icosahedral clusters.

For a given geometry of the indenter, the hardness of the material decreases with the
increase in maximum indentation load, which signifies ISE. The rise in the deformation
volume underneath the tip due to an increase in free volume content with indentation
load appears to be the reason for the ISE.

The discrete plasticity ratio, ¥ values computed are higher in case of a cube-corner
indentation than the Berkovich signifies that the deformation under cube-corner
indentation is more heterogeneous and is likely to be accommodated in PSBs.
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CHAPTER 6
Conclusions and Future Scope

Abstract: This chapter summarizes the important results and key conclusions from the present
thesis. The scope for future work based on the experiments performed and proposed

mechanisms is mentioned in the last part of the chapter.

6.1.Summary and Conclusions

This thesis presents a systematic investigation on understanding the deformation behavior of
MGs and NGs using indentation technique. Although a considerable amount of simulation
work describing the microstructural features and deformation behavior of NG is available. But,
limited number of experiments are conducted to date to ascertain the role of such unique
microstructure of NG on its mechanical properties. In this context, Nanoindentation and
Bonded interface indentation (BII) technique is utilized to understand the SB characteristics,
effect of structural relaxation, strain rate sensitivity, and the role of indenter geometry in binary
MGs and NGs. The above-mentioned objectives are reported in Chapter 2-4 and the following

conclusions are drawn:

e Plastic strain in the NG is accommodated by very fine secondary shear bands (SSBs)
and fewer primary shear bands (PSBs) whereas in case of MGs, it is mainly by PSBs.
These fine SSBs observed in the NG is due to the presence of glassy interfaces which
leads to nearly homogeneous deformation as compared to the MG counterparts. At any
given indentation load, the size of the normalized subsurface is found to be higher in
NG compared to the MG, which is associated with the uniform distribution of free
volume leading to easy SB nucleation and propagation.

e The results from the micro- and nano-indentation experiments of the as-prepared (AP)
and structurally relaxed (SR) NG reveal that the free volume has a marked influence on
the deformation behavior of NG, with SR NG exhibiting a higher H than the AP NG.
The loading curves of the SR NGs, in contrast to AP NGs, exhibit discrete displacement
bursts, indicating that the plastic deformation is heterogeneous, which is also supported
by the shear bands at the periphery of the imprint in the micro-indentation. The increase
in H and serrated flow of the loading curves is attributed to the fully icosahedron (FI)

clusters and reduction in free volume due to the annealing, respectively. Further, the H
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decreases with increasing p in both the nano- and micro-indentation regimes, showing
an indentation size effect. The increase in free volume generation in the subsurface
deformation zone and the increase in deformation volume underneath the indentation
with indentation load appear to be the reasons for the ISE.

The results from the investigation of the strain rate sensitivity on the MGs and NGs
illustrates that the serrated flow in the loading curves of MGs decreases with an increase
in loading rate while it does not have any effect on the NGs. NGs do not exhibit serrated
flow at any indentation loading rate. The hardness of both the NG and MG decreases
with increasing loading rate implying negative strain rate sensitivity, m. The m values
of NG are higher than the MG, indicating a tendency towards the near homogeneous
plastic flow. Despite the high hardness in NGs, the high free volume is due to
icosahedra clusters present at the interfaces. The BII tests conducted to understand the
higher value of m in NG reveal that the primary shear bands (PSBs) are the main carriers
of plastic flow in MG, while in NG, owing to the high free volume, it is by secondary
shear bands (SSBs). The relatively positive m in NG compared to the MG is attributed
to a large number of fine shear bands and near homogeneous plastic deformation.

A strong dependence of serrated flow behavior on the indenter angle is observed in NG
and MG. A useful parameter, discrete plasticity ratio, ¥ is utilized to estimate the
influence of serrations on the total plastic deformation. It is observed that ¥ does not
change significantly with the load, indicating that the deformation mode remains the
same with either of the indenters in both MG and NG (i.e., heterogeneous in MG and
homogeneous in NG.

6.2. Directions for Future Work

The present study attempts to understand the deformation behavior of MGs and NGs through

indentation technique. In this regard, the SB characteristics along with the role of structural

relaxation, strain rate sensitivity and indenter geometry are explored in details. However, there

are certain tests or characterization to be conducted to establish any assumptions used to

explain the behaviour.

Transmission electron microscopy (TEM) can be utilized to observe the formation of
SBs and STZs clusters. Further, Atomic probe topography (APT) can be used to

understand the segeragation behavior of NG.
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Micro-tensile and compression testing can be conducted to understand and establish a
correlation on the deformation behavior of NG between the indentation and
conventional testing method.

Nanoscratch experiments can be conducted on NG to explore the tribological
applications.

High temperature indentation experiments on BMGs have shown a transition in the
deformation mode [Prasad et al. 2007; 2011]. Therefore, it would be very interesting to
examine the nature of plastic flow in NGs when subjected to high temperature
surroundings.

The hardness mapping of the subsurface zone in BMGs have shown a significant
variation in the serrations of the P-h curves. Moreover, a difference in the hardness of
the deformed (including SB) and undeformed zone were reported [ Yoo and Jang 2008].
Since, we observed with the help of BIl technique that NGs deform by PSBs and SSBs.
Therefore, by performing the hardness mapping of the subsurface deformation zone
will help in providing some new insights about the homogeneous deformation in NG.
The indentation creep experiments conducted at different loading rates and temperature
on several BMGs have shown that the viscoelastic or viscoplastic characteristics are
strongly dependent on the loading rate and temperature. Thus, it would be very
interesting to examine the creep deformation in NGs.

Only limited number of studies have reported the influence of high strain rate and
dynamic failure in BMGs whereas to date no such studies have been conducted on NGs.
This is one of the important open problems which can be explored by conducting high
strain rate experiments on NGs with the help of Split Hopkinson pressure bar (SHPB)
or Kolsky bar.
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APPENDIX A

Intensity (arb. units)

15 20 30 40
20 (Degree)

Figure A.1 X-ray diffraction of the above Tq annealed samples showing the presence of small

crystalline peaks in addition the amorphous hump, confirming its crystalline nature.
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Figure A.2 Vickers indentation imprints of above Ty annealed samples showing the shear

bands at the periphery of the imprint.
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Figure A.3 Variation of the shear band density, y (Number of shear bands on the indented
surface) with the indentation load, P for SR, AP and crystallized (CR) NGs.
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Figure A.5 Representative P-h curves of NG representing the loading a), c), e), f), and

unloading b), d), f), h) portion fitted with the help of equation (4) and (5), respectively.
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Table A.1 Values of the fitting constants obtained for NG from the load, P vs. displacement,

h curves (Fig. A5) along with the regression co-efficient describing the goodness of the fit.

Strain rate, s! Fitting Constants (NG)
Loading curve Unloading curve
a q R? B T R?
0.03 0.89 1.68 0.99 141 1.61 0.99
0.05 0.65 1.74 0.99 2.8 1.71 0.99
0.1 1.35 1.58 0.99 3.48 1.67 0.99
1 0.85 1.66 0.99 2.88 1.71 0.99

Table A.2 Values of the fitting constants obtained for MG from the load, P vs. displacement,

h curves (Fig. A6) along with the regression co-efficient describing the goodness of the fit.

Strain rate, s* Fitting Constants (MG)
Loading curve Unloading curve
a q R? B T R?
0.03 1.01 1.59 0.99 5.82 131 0.99
0.05 1.36 1.52 0.99 5.92 1.39 0.99
0.1 1.52 1.48 0.99 6.55 1.35 0.99
1 1.72 1.45 0.99 551 131 0.99
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Figure A.8 Representative loading portion of the P-h curves obtained with the Berkovich
indenter for MG a), ), ), g), and NG b), d), f), h) respectively
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Table A.3 Values of the fitting constants obtained from the loading portion of the load, P vs.

displacement, h curves (Fig. A8) conducted with the Berkovich indenter along with the

regression co-efficient describing the goodness of the fit

Load, Pmax (mN)

Loading curve fitting constants (Berkovich Indenter)

MG NG
a q R? a q R?
2 0.33 1.80 0.99 0.35 1.77 0.99
4 0.41 1.77 0.99 0.20 1.88 0.99
6 0.37 1.78 0.99 0.20 1.90 0.99
8 0.35 1.80 0.99 0.20 1.88 0.99

Table A.4 Values of the fitting constants obtained from the unloading portion of the load, P

vs. displacement, h curves (Fig. A9) conducted with the Berkovich indenter along with the

regression co-efficient describing the goodness of the fit.

Load, Pmax (mN)

Unloading curve fitting constants (Berkovich Indenter)

MG Unloading curve
B T R? B T R?
2 23.14 1.26 0.99 15.37 1.30 0.99
4 18.01 1.43 0.99 12.49 1.26 0.99
6 23.22 1.31 0.99 11.07 1.37 0.99
8 17.16 1.40 0.99 10.88 141 0.99
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Figure A.10 Representative loading portion of the P-h curves obtained with the Cube-corner
indenter for MG a), ¢), ), g), and NG b), d), f), h) respectively.
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Figure A.11 Representative Unloading portion of the P-h curves obtained with the Cube-
corner indenter for MG a), ¢), ), g), and NG b), d), f), h), respectively.
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Table A.5 Values of the fitting constants obtained from the loading portion of the load, P vs.
displacement, h curves (Fig. A10) conducted with the Cube-corner indenter along with the

regression co-efficient describing the goodness of the fit.

Load, Pmax (MN) Loading curve fitting constants (Cube-corner Indenter)
MG NG
a q R? a q R?
2 0.14 1.61 0.98 0.11 1.66 0.98
4 0.05 1.77 0.99 0.09 1.70 0.98
6 0.05 1.80 0.99 0.06 1.76 0.99
8 0.06 1.77 0.99 0.05 1.80 0.99

Table A.6 Values of the fitting constants obtained from the unloading portion of the load, P
vs. displacement, h curves (Fig. A11) conducted with the Cube-corner indenter along with the
regression co-efficient describing the goodness of the fit.

Load, Pmax (mN) Unloading curve fitting constants (Cube-corner Indenter)
MG Unloading curve
B T R? B T R?
2 12.68 1.45 0.99 10.17 1.43 0.99
4 10.79 1.50 0.99 9.73 1.37 0.99
6 12.48 1.48 0.99 8.42 1.55 0.99
8 10.02 1.44 0.99 7.84 1.52 0.99
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