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ABSTRACT

DEVELOPMENT OF NANOSTRUCTURED METALLIC GLASSES WITH
HIGH TOUGHNESS

Bagheri Behboud, Ali
Master of Science, Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Sezer Ozering

August 2021, 102 pages

Metallic glasses are metallic alloys with disordered atomic structures and desirable
mechanical properties such as high hardness, high elastic limits, and wear resistance.
These properties make metallic glasses promising materials for wear-resistant,
corrosion-resistant, and biocompatible coating applications. On the other hand,
metallic glasses are brittle, which is a major disadvantage for their use in practice.
This thesis study aimed to tackle this problem through the development of
nanostructured metallic glasses with high toughness and ductility. In the first part,
the thesis considered synthesizing a binary thin film metallic glass over a wide
compositional range. Two binary systems, namely, ZrTa and CuTa were
investigated. Physical vapor deposition method was the approach for producing the
thin films samples, and a combinatorial sputtering technique was employed during
the deposition process. This way, 25 monolithic samples (13 ZrTa and 12 CuTa
samples) were produced in only two sputtering sessions. The microstructures of the
alloy systems were then investigated, demonstrating a wide compositional range of
amorphous structures in both systems. Combining these with micromechanical
testing provided the underlying structure-property relationships. The next step was
the exploration of a novel approach for overcoming the brittle nature of metallic

glasses through engineered heterogeneities in the form of compositional



modulations. A recently developed indentation-based energy method was used to
determine the fracture toughness of nanolayered ZrTa samples, and the results
demonstrated that the nanolayered metallic glass composites combine high hardness
with ductility, rendering this approach promising for the development of commercial

coatings for engineering applications.

The same route was also explored CuTa system. In this case, a more sophisticated
technique was used to measure the ductility through direct tensile testing. The results
showed that the nanolayered metallic glass and MG-crystalline composites combine
high hardness, elastic modulus, and ductility, demonstrating their great potential to
develop high performance composite coatings.

Keywords: metallic glasses, thin films, fracture toughness, mechanical properties,

nanostructured materials

Vi



Oz

YUKSEK TOKLUGA SAHIiP NANOYAPILI METALIK CAM
ALASIMLARIN GELISTIiRILMESI

Bagheri Behboud, Ali
Yiksek Lisans, Makina Miihendisligi
Tez Yoneticisi: Assoc. Prof. Dr. Sezer Ozering

Agustos 2021, 102 sayfa

Metalik camlar, diizensiz atomik yapilara ve yliksek sertlik, mukavemet ve asinma
direnci gibi Ustin mekanik Ozelliklere sahip metalik alasimlardir. Bu 6zellikler
metalik camlar1 aginma Onleyici, korozyona dayanikli ve biyouyumlu kaplama
uygulamalari i¢in umut verici kilmaktadir. Ote yandan, metalik camlar kirilgandir ve
bu da uygulamalar igin blylk bir dezavantaj olusturmaktadir. Bu tez galismasi,
yiiksek tokluk ve siineklige sahip nanoyapili metalik camlarin gelistirilmesi yoluyla
bu problemin Ustesinden gelmeyi amaglamaktadir. Tezin ilk bolimi, genis bir
kompozisyon araliginda ikili sistemlerde ince film metalik camlarin sentezlenmesini
ele almaktadir. Bu kapsamda ZrTa ve CuTa ikili sistemleri incelenmistir.
Numuneleri Uretmek icin fiziksel buhar biriktirme yontemi kullanilmig ve
kombinatoryal sactirma yaklagimi benimsenmistir. Bu sayede, sadece iki sagtirma
seansinda 25 monolitik numune (13 ZrTa ve 12 CuTa numunesi) Uretilmistir.
Ardinda tiim numunelerin ig¢yapisi incelenmis ve her iki sistemde de genis bir
kompozisyon araligi i¢in amorf yap1 gozlenmistir. Gergeklestirilen mikromekanik

olclimler sayesinde ilgili yapi-6zellik iliskileri kurulmustur.

Bir sonraki adim olarak, kompozisyon modilasyonlar1  araciligiyla
nanoheterojenliklere sahip nanokatmanli metalik camlar {iretilmistir. Bu kapsamdaki

ZrTa numunelerinin kirilma toklugunu 6lgmek igin yakin zamanda gelistirilen

Vil



nanosertlik temelli bir enerji yontemi kullanilmistir. Sonuglar, s6z konusu
nanokatmanli metalik cam kompozitlerin yiiksek sertlik ve ylksek stinekligi beraber
sundugunu gostermis ve bu yaklasimin miihendislik uygulamalar1 igin ticari
kaplamalarin gelistirilmesine yonelik potansiyel tagidigini ortaya koymustur. ZrTa
calismasinda oldugu gibi, CuTa ¢aligmasinda da kompozisyona bagli modilasyonlar
seklinde tasarlanmig heterojen bir yap1 incelenmistir. Bu kez kaplamalara dogrudan
¢ekme testi uygulanmis ve nanokatmanli metalik cam ve metalik cam-Kkristal
kompozitlerin yuksek sertlik, elastikiyet modilu ve siinekligi bir araya getirdigi
ortaya konmustur. Elde edilen sonuglar, nanokatmanli metalik cam kaplamalarin

miihendislik uygulamalar1 i¢in biiyiik gelecek vaat ettigini gostermektedir.

Anahtar Kelimeler: metalik camlar, ince filmler, kirilma toklugu, mekanik

ozellikler, nanoyapili malzemeler
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CHAPTER 1

INTRODUCTION

1.1 Overview

Metallic glasses (MGs) are alloys that exhibit an amorphous atomic structure. MGs’
unique atomic configuration free of crystalline order and grain boundaries provide a
wide range of desirable properties, including high hardness, large elastic limits, wear

resistance, corrosion resistance, and biocompatibility [1-4].

Concentrated alloys of a wide range of metallic element combinations can exhibit an
amorphous structure [5]. Therefore, there exists a huge design space for the
development of amorphous alloys tuned for high strength, wear resistance, and high
toughness.

Thin film metallic glasses (TFMGs) are a special class of MGs usually obtained by
physical vapor deposition [6]. The ultra-high cooling rates offered by this approach
further extend the range of glass-forming compositions and make TFMGs a
promising class of materials for wear-resistant, corrosion-resistant, and
biocompatible coatings [7]. TFMGs also offer advantages for the MEMS industry
due to their defect-free nature, isotropic properties, high elastic limits, and

processability at the nanoscale [8].

A fundamental approach to the exploration of the MG design space has been the
investigation of binary metallic glasses. While binary systems are difficult to
amorphized using conventional rapid cooling schemes, magnetron sputtering-based
physical vapor deposition eliminates this limitation and allows a simpler and

systematic exploration of the design space of binary alloys.



In this thesis, we explore the structure-property relationships of the Zr-Ta and Cu-
Ta systems in detail. The methodology and the design of experiments have been
formulated to cover some key aspects of the current understanding of the mechanical

behavior of metallic glasses, as summarized below.

One of the major drawbacks of MGs is their brittle nature. Considered to be a
primarily intrinsic feature of MGs, the brittleness is mainly due to the shear
transformation zones [9] causing shear banding behavior. Earlier efforts towards
addressing this problem have focused on the development of amorphous-crystalline
composites [10]. In this approach, the distribution of a crystalline phase forces the
amorphous matrix to accommodate further plasticity through the generation of
additional shear bands. The compositional range investigated in this thesis for ZrTa
and CuTa includes microstructures with such amorphous-crystalline domains, whose
effect on ductility will be explored through tensile test and nanoindentation-based
toughness measurements. Moreover, we developed amorphous-crystalline
nanolayerd CuTa composites to investigate the impact of introducing the semi-
crystalline phase on ductility enhancement of them based on tensile test-based

toughness measurements and quantifying the ductility of the samples.

While the development of amorphous-crystalline composites has been proven
successful, these semi-crystalline structures tend to at least partially sacrifice some
unique advantages of fully amorphous alloys such as excellent formability, corrosion
resistance, and ultra-high hardness [11,12]. Furthermore, the microstructure in these
composites is vulnerable to significant structural changes upon alloying or
deformation, making their use in applications challenging. Therefore, there have
been continuing efforts to achieve ductility in metallic glasses while maintaining a
fully amorphous structure. Recent advances in this route were made possible through
the development of metallic glasses with nanoscale heterogeneities [13,14]. These
heterogeneities, based on nanoscale phase separations and thermodynamically
driven modulations in the medium-range order, result in perturbations in the local
mechanical properties and act as strong barriers to catastrophic propagation of shear
bands. Most studies in this field so far have focused on nanoheterogeneities naturally



occurring in metallic glass systems based on the thermodynamic landscape that
favors phase separation. However, there has been no study to date to our knowledge
that attempted at directly engineering the amplitude and periodicity of such
modulations in a controlled fashion. As part of this study, we investigate this novel
route of producing layered ZrTa and CuTa thin film metallic glasses with precisely

controlled properties modulations.

Magnetron sputtering has been the primary method for the production of metallic
glasses in thin film form, due to the accurate control of process parameters and
compositions combined with the advantage of minimized contamination ensured by
the high vacuum levels. The combinatorial magnetron sputtering, on the other hand,
provides a further advantage of producing a continuous range of compositions in a
single sputtering session and enables a precisely controlled experimental approach.
Based on these advantages mentioned above, we employed combinatorial magnetron

sputtering for the synthesis of the Zr-Ta and Cu-Ta films.

In this study, in the light of recent findings and methodological advances, we
systematically investigate the microstructure and mechanical properties of ZrTa and
CuTa alloys over a wide compositional range. In addition, we investigate a novel
route of improving the mechanical response of MGs through composition

modulations.



1.2 Metallic Glasses

1.2.1 General Features

Unlike crystalline materials, which possess ordered atomic structure, in amorphous
materials, atoms are arranged in a random pattern, so they do not encounter the
restriction and defects of crystalline materials like dislocations and grain boundaries
[1-4,15]. These amorphous alloys depict a broad range of ideal characteristics,
including remarkable strength, high elastic limit, corrosion resistance, and wear
resistance [4]. Due to their random atomic arrangement and metastable form possess
distinctive structural and mechanical characteristics [16]. The lack of dislocations
and long-range order of atoms found in crystalline materials makes amorphous
materials stronger and harder than their crystalline counterparts. Furthermore, the
large design space provided by MGs, as well as the lack of grain boundaries, allow
for the manufacture of wear-resistant, corrosion-resistant, and biocompatible
coatings [15,17,18]. In other words, Amorphous metallic alloys combine the high

strength of advanced metal alloys with the elasticity of polymers [3,4].

(b) Crystalline

Figure 1. Schematic illustration of (a) amorphous material. (b) crystalline material.

BMGs frequently have higher yield strengths and elastic limits than their
polycrystalline counterpart of identical composition. These characteristics, among
others, imply that metallic glasses might be ideal structural materials. However, at

room temperature, they have little plasticity before fracture happening [19]. While



their lack of ductility prevents them from being used as a structural material
reasonably quickly, their high-temperature sensitivity implies that BMGs might be
used in certain shape-forming processes [20].
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Figure 2. Amorphous metallic alloys combine the superior strength of crystalline
metal alloys with the elasticity of polymers [21].

1.2.2 History and Applications

Amorphous metals were found by Klement et al. around a half-century ago, when
they rapidly quenched a combination of gold and silicon to produce an amorphous
alloy [22]. The melt was kinetically skipped the crystallization step due to low
atomic mobility, resulting in the system solidifying into a meta-stable state with no
long-range order. To put it simply, a high cooling rate was required to prevent
crystallization. The fabrication was confined to foils, ribbons, and powders as a
result. In 1990, metallic glasses which needed lower critical cooling rates to be
produced were found, allowing the production of specimens with thicknesses greater

than a few millimeters [23].



Later on, MGs were industrialized [24], and trying complicated alloying
compositions enhanced the fabricability of metallic glasses, which facilitated bulk

metallic glasses (BMGs) to be developed at slower cooling rates [25,26].

Bulk MGs offer several distinguishing characteristics, including excellent wear
resistance, high strength-to-weight ratio, high hardness, elastic modulus, and high
corrosion resistance [27—29]. Sports equipment, watches, electromagnetic casings,
optical equipment, decorative products, choke coils, power inductors, magnetic field
detection devices, electromagnetic wave shielding sheets, medical instruments, thin-
film coatings, motor parts, and pressure sensors have all been made with bulk MGs
[15].

Even though there is a huge amount of local plastic deformation at the shear bands
in metallic glasses, the macro plastic deformation is still restricted [30]; therefore,
the technical applications of MGs are similarly constrained.

Thin film metallic glasses as a category of MGs lately attracted interest from both a
scientific and a practical perspective [6]. Thin-film MGs permit usto
conduct fundamental research of structure-property relationships in MGs; their
special characteristics also provide opportunities in terms of application. Thin film
metallic glasses are promising candidates for the MEMS industry such as fabrication

of micro-actuators due to their outstanding and unique structure and properties [6,8].

1.2.3 Mechanical Behavior

Metals and alloys are malleable, distinguishing them from other materials such as
ceramics, semiconductors, and specific polymers. That is, they may be plastically
deformed to get the desired shape. Furthermore, their ductility may be modulated,
allowing the level of malleability to be defined according to the needs of

the production process [31].

Every crystalline material contains defects. These defects influence the mechanical
characteristics of metals. The point, linear, and planar crystal defects are the three



types of crystal defects in crystalline materials. Linear defects are known as
dislocations. Planar defects are interfaces between homogenous regions of
the material. Grain boundaries, stacking faults, and external surfaces are examples
of planar defects.

Crystalline materials are composed of various grains of different sizes. Crystallinity
defects like grain boundaries and dislocations are induced into the structure by these
grains. Plastic deformation in material occurs due to the movement of dislocations.
Plastic deformation develops when a sufficient load is applied to enable these
dislocations to move. This load is typically much smaller than the load required to
separate atomic planes by breaking interatomic bonding. When grains become
small enough, grain boundaries become a vast majority of the material and govern
the deformation mechanism. Because grain boundaries can slide easily, a smaller
load is required to distort a material along its grain boundaries. Grain boundaries
further to the material's drawbacks by facilitating chemical reactions
like oxidation and corrosion. As a result, the mechanical properties of crystalline
material are inextricably linked to its crystallographic structure. Dislocation theory
is commonly regarded as a simple explanation of the correlation between crystal

structure and crystalline material strength and ductility [32].

MGs are devoid of any homogenous plastic deformation in the absence of
dislocation-mediated crystallographic slip [3,16]. Much study has been devoted to
explaining MG deformation, which has recently been described as a sequence of six
events [33]. The first event is STZs nucleation, which occurs when atoms attempt to
organize themselves following the shear strain imposed. The second is the
development and propagation of shear bands [34]. The third is adiabatic heating,
which occurs in locally strained areas [35]. The fourth step is the formation of
nanocrystallites inside or near emerging shear bands [36]. The fifth step is to create
nanovoids in existing shear bands [3]. The sixth is merging the voids, which results

in increasingly larger voids and, eventually, fractures [37].



Another model that could describe the deformation process of MGs is the free
volume model, which defines inhomogeneous deformation in MGs as a result of
biased stacking of free volumes at stressed regions [38]. The schematic illustration

of STZ and free-volume models are depicted in Figure 3.

Figure 3. Schematic representation [16] of (a) STZ model when under an applied
shear force, hundreds of atoms shear collectively [39] (b) an individual atomic
jump in the free-volume model [38].

1.3  Metallic Glass-Crystalline Composites

One of the most significant disadvantages of MGs is their brittleness. Brittleness,
which is thought to be a predominantly inherent characteristic of MGs, is principally
caused by shear transformation zones [9] — the carriers of plasticity in metallic
glasses, causing shear banding behavior. Shear bands, localized deformation paths
with shear softening result in rapid and catastrophic failure, especially under tensile
loading [27]. Earlier attempts to solve this issue centered on the fabrication of

amorphous-crystalline composites [10].

To be more specific, two simple types of amorphous-crystalline composites
fabrication. The first approach is the fabrication of nanolayered samples, which

consist of alternative crystalline and amorphous layers. In this vein, remarkable



ductility can be obtained using metallic glass layers, which are brittle in the bulk
form [40-42]. The existence of crystalline layers efficiently prevents the catastrophic
growth of shear bands in amorphous layers. It inhibits brittle failure, mainly when
the layer thickness is similar to the length scale required for shear localization [41].
The suitability of the flow strengths of the amorphous and crystalline layers has been
demonstrated to enhance codeformation, which also increases nanocomposite
ductility [40,43].

The second method of amorphous-crystalline composites fabrication can produce
and develop monolithic samples while both the amorphous and crystalline phases
are present in the structure of the material. Similarly, in this case, the distribution of
a crystalline phase acts as a barrier to the spread of unstable shear bands [44], forcing

the amorphous matrix to tolerate more plasticity by forming new shear bands.

Figure 4. Cross-sectional bright-field TEM image of CuZr/Zr-100 nanolayers [45]
as an example of crystalline-amorphous nanolayered composite.



1.4 Metallic Glasses with Nanoscale Heterogeneities

Although the fabrication of amorphous-crystalline composites has been effective and
practical, these semi-crystalline structures appear to have lost some of the distinctive
benefits of completely amorphous alloys, such as outstanding formability, corrosion
resistance, and ultra-high hardness [11,12]. Moreover, the microstructures in these
composites are susceptible to substantial structural changes when alloyed or
deformed, making their usage in applications difficult. As a result, efforts to produce
ductility in metallic glasses while preserving an utterly amorphous structure have
been ongoing. This direction has made recent progress feasible by introducing
metallic glasses with nanoscale heterogeneities [13,14]. Based on nanoscale phase
separations and thermodynamically mediated modulations in the medium-range
order, these heterogeneities cause perturbations in the regional mechanical properties

and function as significant barriers to catastrophic shear band growth.

According to recent researches, intentionally increasing structural inhomogeneities
in an amorphous alloy will facilitate distributed plastic flow. Developing the
material's microstructure to prevent extreme strain localization and promoting plastic
flow can help improve the ductility of amorphous alloys [13]. Also, recent work
through MD simulations suggests that nanoscale heterogeneities in a glassy structure
can prevent the localization of strain and prevent catastrophic shear banding [14].

The toughening is especially effective when the structure is composed of hard and
soft phases, where the soft phase accommodates the majority of the plasticity and the
hard phase act as barriers to shear bands. So far, most research in this area has
concentrated on nanoheterogeneities that arise naturally in metallic glass systems
due to the thermodynamic environment that encourages phase separation. To the best
of our knowledge, no study has attempted to directly design the amplitude and

frequency of such modulations in a controlled manner.

10



1.5  Nanolayered Composites

The mechanical characteristics of nanolayered metals have been extensively studied
during the last two decades. These structures' outstanding strength [46], thermal
stability [47], and radiation resistance [48] make them ideal engineering materials.
Furthermore, metallic nanolayers offer a regulated and systematic method for
investigating the mechanical behavior of materials and surfaces at the nanoscale [49].
Using physical vapor deposition to fabricate nanolayers, in particular, provides an
opportunity for accurate adjustment of layer thicknesses and gives a sharp interface
for studying interface-dominated plastic behavior [50]. Previous researches in
this subject have concentrated on crystalline/crystalline nanolayers. C/C nanolayers
often have significantly greater strength values than their components. The idea of
nanolayered metals has recently been applied to amorphous/crystalline (A/C)
nanolayers with a metallic glass as one of the component layers. Outstanding
ductility may be obtained by employing metallic glass components brittle in bulk
form in A/C nanolayers [40,41]. The presence of crystalline layers efficiently
prevents catastrophic propagation of shear bands in amorphous layers and prevents
brittle failure, particularly when the layer thickness is equivalent to the length scale
required for shear localization [41]. All the over-mentioned nanolayered composites
consist of crystalline layers, and they may not take advantage of the presence of
amorphous alloy in the composite structure completely. These semi-crystalline
(A/C) or fully crystalline (C/C) structures appear to not have or lose some of the
advantages of completely amorphous alloys, such as outstanding formability,
corrosion resistance, and ultra-high hardness [11,12]. In this regard, producing fully
amorphous nanolayered composites while keeping their high hardness, and
improving their ductility and toughness can be an influential work. As a result,
efforts to produce ductility in metallic glasses while preserving a fully amorphous
structure attracted attention. However, there has been no study to date on producing
Amorphous/Amorphous nanolayers consist of alternating amorphous layers with

different mechanical properties.
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1.6 Thin Film Metallic Glasses

Thin film metallic glasses (TFMGs) are a subclass of MGs that are often
manufactured by physical vapor deposition [6]. This approach’s ultra-high cooling
speeds broaden the range of glass-forming compositions even more.

161 Physical Vapor Deposition (PVD)

Physical vapor deposition (PVD) is a common method for preparing thin films [51].
The target material is evaporated into a vacuum chamber containing the substrate.
This method may be used to develop nanostructured materials in the form of thin

films.

Magnetron sputtering is the most widely utilized PVD method in research. This
method employs magnetically accelerated inert gas ions (often Ar+) to knock off
atoms of a target material, sputter them into a vacuum chamber, and finally force
them to condense onto a substrate [52]. lon bombardment of the target material's
surface creates secondary electrons, resulting in a steady plasma in the chamber. The
mechanism of magnetron sputtering is depicted in Figure 5. Two sputtering targets
can be placed in the chamber at the same time, allowing the deposition of two distinct

materials.
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Figure 5. Schematic illustration of magnetron sputtering.

1.7 Mechanical and Micromechanical Characterization of Thin Films

Recent advancements in micromechanical testing have made it feasible to measure
the mechanical characteristics of a nanomaterial. Hardness, elastic modulus,
strength, adhesion, and wear resistance are all micromechanical characteristics that
have been described in the literature [53-55]. Moreover, some novel techniques are
discussed in the literature to facilitate the study of some of the mechanical properties
of materials like fracture toughness for thin films [56,57]. The mechanical and
micromechanical characterization techniques utilized in the thesis study are

discussed in this section.

1.7.1 Nanoindentation

The nanoindentation test is the most widely used method for determining the
hardness of materials at the nanoscale [53-55]. Nanoindentation makes use of a

13



diamond tip that is pushed into the surface of a material in order to penetrate and
leave an impression [58]. The load-displacement curve of the test was created using

a nanoindentation device equipped with force and displacement sensors.

In addition to hardness and elastic modulus, nanoindentation may be utilized to
evaluate a material's yield strength [59]. Some disadvantages of nanoindentation
have been described in the literature, including the substrate, pile-up, and sink-in
effects [60].

1.7.2 Fracture Toughness Measurements

Toughness is a material's capacity to absorb energy during deformation up to fracture
[61,62]. However, the capability of a material to resist the development of a present
crack is referred to as fracture toughness. Toughness includes both the energy
necessary to form the crack and the energy required to allow the crack to propagate
until it fractures, whereas fracture toughness considers the energy meant to allow the

crack to propagate until it fractures [63].

There are several methods to measure toughness and fracture toughness for thin
films, such as bending, buckling, scratching, indentation, and tensile tests. We will
discuss the indentation-based and tensile-based approaches below in detail [63].

1.7.2.1 Indentation-Based Fracture Toughness Measurements

Indentation is the most commonly used and helpful methodology for analyzing thin

film coating toughness [63-65].

Indentation techniques for measuring toughness have been established for bulk
brittle materials and suitably thick, brittle coatings [66,67]. The fracture morphology
becomes increasingly sophisticated as the coating thickness decreases and complex

composition and structure are introduced. This makes assessing fracture toughness
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more challenging. Stress analysis and energy-based are two methods for determining

fracture toughness in the indentation-based models [68].

1.7.2.1.1 Models Based on Radial Crack Propagation

In the indentation test of materials, several types of cracks depending on the load,
material, environment conditions, and indenter can present [69]. In this vein,
depending on the type of crack induced in the sample toughness of the material can

be determined according to the stress-analysis-based model.

The fracture behavior of thin films is a complicated function of the mechanical
properties of the film, the substrate, residual stresses, film thickness, and indentation
depth [70-76]. When the indentation results in visible radial cracks, the size, and

morphology of these cracks can be used to predict the fracture toughness [63].

1.7.2.1.2 Models Based on Energy Methods

With the development of complicated coating systems like multilayers and appearing
different types of cracks during indentation, it needs to develop a method that can be
useful to determine fracture toughness in different cases. Therefore, there are several
energy-based models, and totally we can categorize them into two main methods.
The first one is based on crack-induced pop-in in the load-displacement curve. In
this model, the calculation of fracture toughness can be done in three different ways,
and all of them are useful when there are excursions or pop-ins in the load-

displacement curves of the sample.

The second approach is suitable for the cases that there is no excursion in the load-
displacement curve. This method is a very suitable approach when we cannot use
the stress-analysis-based model because of the absence of radial cracks, and the
energy method based on crack-induced pop-in in the load-displacement curve is not

applicable due to the absence of excursion in a load-displacement curve. This
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approach consists of two distinct methods. One of these methods is based on the
analysis of irreversible work in the load-displacement curve proposed by Chen et al.
[68,76]. According to the energy-based approach in the case of uncracked materials
under displacement control experiments, fracture plays an important role in
transforming some accumulated elastic energy into irreversible energy [76]. In this

method, the essential factor is to get the plastic work during nanoindentation.

1.7.2.2 Uniaxial Tensile-Based Fracture Toughness Measurements

One of the recently developed methods for exploring fracture behavior and
measuring fracture toughness of the thin films is using the tensile test. Fabrication of
freestanding thin films needs some restrictions, such as difficult and complicated
sample preparation process. Moreover, performing a tensile test on freestanding thin
films cannot be applicable for films with thickness lower than 3 pm [57]. To
overcome such problems, deposition of thin films on polyimide substrates seems to
be a suitable technique. Recent studies show that polyimide-supported metal thin
films can deform up to large strains [77]. In this method, polyimide sheets should be
cut into dogbone-shaped tensile specimens. After the deposition process, a uniaxial

tensile test can be applied on coated polyimide samples.

This model is proposed based on the linear elastic response of the substrate and the
coating [78]. Fracture toughness value is a function of elastic modulus, fracture
stress, film thickness, and the Poisson ratio of the film in this method. Furthermore,
the tensile test can provide some information about the ductility of the films based

on fracture strain results.
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CHAPTER 2

EXPERIMENTAL PROCEDURES AND METHODOLOGY

Aiming to investigate the microstructure and mechanical properties of metallic thin
films fabricated in this study; several types of microstructural analysis and different
types of mechanical and micro-mechanical tests are done on the samples. Before
beginning property analysis of samples produced in this study, all of them were
fabricated using the magnetron sputtering technique. Then the composition of the
samples is investigated using EDS, and microstructural analyses are done using XRD
and TEM. To investigate the mechanical properties of produced samples,
nanoindentation and tensile tests are done them. As an important part of this study,
two different energy methods are used to measure the fracture toughness of the
samples. All the above-mentioned experiments and methods are explicitly described

in this chapter.

2.1  Sample Preparation

In this work, a VAKSIS magnetron sputterer equipped with two guns (RF and DC)
was used to coat all the films. Figure 6 shows the sputterer used in this thesis.

Different sets of films have been prepared.

For the first part of this thesis, ZrTa thin film samples were prepared. We used the
combinatorial technique to sputter these samples in a single step of the sputtering
process. Secondly, we prepared nanolayered samples. Both sets of samples were
sputtered on SiO» wafers. All the monolithic and nanolayered samples have a total
thickness of 1 um. The three nanolayered films prepared had layer thicknesses of 10,

30, and 100 nm. These samples will be discussed more in Chapter 3.
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In the second part of this study, CuTa thin film samples were prepared. We used
again combinatorial technique to sputter these monolithic samples, and two different
substrates, SiO2 and polyimide sheet, are used in the fabrication process. Secondly,
we sputtered two sets of nanolayered samples, and each set contains three
nanolayered films with layer thicknesses of 20, 40, and 100 nm and a total thickness

of 1um. These samples will be used and discussed in more detail in Chapter 4.

The sputter rates of source materials mounted on corresponding guns were calibrated
previously by using the stylus and optical microscopy to measure the film thickness
of the sputtered films in a certain period of time.

Figure 6. VAKSIS Magnetron Sputterer.
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The thickness of the samples was checked by both optical and stylus profilometry. An
uncoated area was created on each sample using compatible vacuum tape masking half
of the substrate. A profilometer was used to scan the samples from left to the right at 5
mm intervals. Figure 7 depicts the tape application and the interface utilized for
profilometry. Figure 8 shows the Profilometry measurements of a coated film using a
stylus profilometer. This figure indicates the film thickness in different locations of
the sample. The sputtering rate is calculated based on the average film thickness
values in different locations, considering the sputtering time. The inset shows the

result of profilometry at a single location on the sample

Interface used for
profilometry

— Sample

Figure 7. The schematic view of the profilometry measurement.
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Figure 8. Stylus-profilometry measurements of a Ta film coated at 100 W for 60
minutes. Ta target was located at RF gun. The inset shows the result of the
profilometry at a single location on the sample.

2.2 Microstructural Characterization

Several characterization techniques were utilized to characterize the samples'
composition and microstructure. X-Ray Diffraction, Scanning Electron Microscopy,
Energy-Dispersive ~ X-ray  Spectroscopy, = Wavelength-Dispersive  X-ray
Spectroscopy, Focused lon Beam, Transmission Electron Microscopy, and Atomic
Force Microscopy are the most common of these methods. This section will go

through each of these briefly.
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2.2.1 X-ray Diffraction

To describe the microstructure of the films, X-ray diffraction measurements were
done, primarily in terms of crystallography and grain size. The XRD method works
by emitting an incident X-ray that interacts with a material's atomic planes and is

then diffracted with the same angle of incidence, theta.

The device then measures the intensity of the diffracted rays. The diffractogram's
highest intensity angles correspond to crystallographic planes. Using Bragg's Law,

the interplanar spacing (d) may therefore be simply determined.

nil = Zdhleine (1)

Where d is the interplanar spacing, is the X-ray wavelength, and n is the order of
diffraction. The crystallographic directions of the atomic planes contained in the film

are denoted by hkl.

Reflected Wave

Incident Wave

Figure 9. Illustration of Bragg’s Law [79].
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The Scherrer Equation will then be used to get the estimated crystal size by

correlating the peak width (B) and crystallite size (L):

KA

L= B(26)cos6 )

Where K is a dimensionless number corresponding to the shape factor and B is the
full width of the related diffraction peak at half maximum (FWHM). K has a range
of acceptable values ranging from 0.89 to 0.94 [79]; we selected 0.9 as an estimate.
The equation demonstrates that larger peaks correspond to smaller crystallites. A
thorough discussion of the approach and computation may be found in the literature
[80]. The XRD measurements on all of the films were taken with a Rigaku Ultima-
IV diffractometer in grazing incidence mode at 1°. Jade MDI program used the
Scherrer equation to approximate the average crystal size in the films. The
wavelength used by the machine is that of copper wavelength, i.e. (Ka) is 1.5418 A
at 22.85°C.

2.2.2 Scanning Electron Microscopy and Energy-Dispersive X-ray
Spectroscopy

Scanning electron microscopy is one of the most used methods for inspecting
materials with microscale features. SEM works by directing an electron beam to a
specific location on a sample and collecting all of the electrons that resulted from the
contact with the sample's surface; these electrons contain a wealth of information
about the composition and topography of the scanned sample [81]. Energy-
Dispersive X-ray Spectroscopy is a method used in conjunction with SEM that
collects the resultant X-ray from contact with the surface. SEM device uses
secondary electrons coming from the sample to produce the surface image of the
sample in the selected area. Collecting the resultant X-ray emitting from the sample

gives us information about the chemical composition of the thin film sample. Surface
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imaging and EDS were done in our study using an FEI Quanta 400F scanning

electron microscope (SEM).

2.2.3 Focused lon Beam

Focused lon Beam milling is a popular technique for machining materials at the
micro and even nanoscale. This method was used to create TEM samples and SEM
cross-sections. In this study, an FEI Nova 600 Nanolab focused ion beam (FIB) was
employed. This system can do FIB and SEM at the same time. Figure 10 depicts a

diagram of the system.

To protect the surface from damages, the samples are first coated with platinum. By
focusing positive Gallium ions on the surface, the sample is milled into the required

form.

Figure 10. llustration of FIB and SEM dual system [83].
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224 Transmission Electron Microscopy

Transmission electron microscopy is a method that employs an electron beam to
penetrate a sample that is 100 nm thick or thinner in order to produce an image
utilizing the electrons transmitted. The image is subsequently magnified and sent to
a camera or a fluorescent screen. This method can scan individual atoms and enables
for the imaging of very tiny things. The TEM microscopy in this work was performed
using a Jeol JEM2100F Field Emission Transmission Electron Microscope. The
TEM samples were produced utilizing the lift-out approach using a Nova 600
Nanolab focused ion beam (FEI Company, OR, USA) (see section 2.2.3).

In addition, we deposited 40 nm thick films on transmission electron microscopy
(TEM) grids containing 18 nm-thick freestanding SiO, windows (by Ted Pella, CA,
USA) to verify the amorphous structure. Figure 11 shows a schematic illustration of
it in the PVD chamber.

Window Size Silicon oxide

Silicon
frame

Silicon
frame

Frame Thickness

Figure 11. Schematic illustration of TEM grid in the PVVD chamber.
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2.3 Mechanical Characterization

As previously stated, micromechanical testing has enabled the measurement of a
nanomaterial's mechanical characteristics. Hardness, elastic modulus, strength,
adhesion, and wear resistance are all micromechanical characteristics that have been
described in the literature [17,53-55]. The instruments utilized to perform
micromechanical characterization techniques in the thesis study are discussed in this

section.

Moreover, some novel techniques are discussed in the literature to facilitate the study
of some of the mechanical properties of materials like fracture toughness for thin
films [56,57]. The mechanical and micromechanical characterization techniques

utilized in the thesis study are discussed in this section.

231 Nanoindentation

The nanoindentation technique (described in section 1.7.1) was used to determine
the hardness and elastic modulus values of all films. The hardness of the films was
measured using an Agilent G200 nanoindenter with a Berkovich tip in continuous

stiffness measurement mode [84].

2311 Nanoindentation-Based Hardness and Elastic Modulus

Measurements

Figure 12 depicts a typical load-displacement curve graphically. The hardness and
elastic modulus data were analyzed using Nanosuite software, and hardness and
elastic modulus values were acquired at a depth of roughly 20% of the total film

thickness.
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Figure 12. The schematic of a load-displacement curve for indentation [46].

A material's nanoindentation hardness is defined as [58]:

(3)

Where H denotes hardness, Pmax represents maximum load during indentation, and
Ap indicates the projected contact area between the indenter tip and the sample at
maximum applied load. The nanoindenter directly detects Pmax, but calculating the
contact area, Ay is difficult. The well-known Oliver-Pharr technique[58] was used to
calculate Ap. The complete specifics of this approach may be found in the literature
[58], and the procedure is detailed here. The technique begins with calculating the
contact stiffness, S, of the indent at the point of greatest load. A power-law curve fit
was conducted on the unloading portion of the force-displacement curve in the

following form:

P=A(h—hs)" 4)
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Where P is the load as a function of h, which symbolizes the displacement into the

surface. hs is the unloading curve's x-intercept, as seen in Figure 12.

The contact stiffness is then computed as S = dP / dh at hmax, where hmax is the greatest
displacement into the sample. Once the stiffness has been determined, the contact
depth, he, must be calculated. If a three-dimensional surface is defined as the
collection of locations where the tip and the sample come into contact with one other,
the contact depth is the height of this surface along the sample surface normal.

Sneddon's equation can be used to calculate contact depth:

P
he = hmax — € rr;ax (5)

where for axisymmetric indenters, epsilon is defined as:

e=%(n—2) (6)

The contact depth of the indenter has a clear correlation with the projected area of
the contact, which is specified by the geometry of the indenter itself. In our situation,

it is the same as a Berkovich tip, which is defined as:

A, = 24.5h? (7)

Ay is the projected area, so the hardness can be calculated through Equation(3).
2.3.1.2  Nanoindentation-Based Fracture Toughness Measurements

2.3.1.2.1 Stress Analysis Method

The nanoindenter also indented selected specimens using a diamond cube-corner tip
for fracture toughness measurements. The fracture toughness of indented materials
was proved to be related to the applied force and crack length in the case of a well-

developed radial fracture induced by indentation through this equation [85]:
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Where P is the applied indentation load, E and H are the elastic modulus and
hardness of the film, respectively. ¢ is an empirical constant that is dependent on the
geometry of the indenter. This constant has different values for different indenters

like Berkovich and cube corner.

A cube corner tip geometry is a common choice, as it induces higher strains and
promotes crack formation more effectively [86] compared to a Berkovich tip that is
standard for hardness measurements. Furthermore, for a given depth, the plastic zone

under a cube corner is smaller, which can help to reduce the substrate effect [76].

2.3.1.2.2 Energy-Based Method

Indentation-based energy methods to measure fracture toughness of the thin films
are briefly discussed in section 1.7.2.1. According to this method, in the case of
uncracked films and no excursion and pop-ins appearing in the load-displacement
curves, a method based on the analysis of irreversible work in load-displacement can

be used to determine fracture toughness.

Based on this method, indentation work can be expressed in the following format:

W, = VVp + Ufra + W, + Woiher )

Where W is total work, Wy is plastic work; We is work of elastic deformation, Usra IS
the fracture dissipated energy, and Wotner includes items such as the heat dissipated
during indentation and etc., which are ignorable.

In this method, total and elastic works can be calculated directly from load-
displacement curves. Irreversible work is the sum of plastic deformation energy,
elastic deformation energy, and fracture dissipated energy. By determining Wp, the

fracture dissipated energy, and after that, fracture toughness can be calculated.
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Our analysis based on the model by Chen [68] is schematically demonstrated in

Figure 13.

Load On Sample (mN)

Displacement into Surface (nm)

Figure 13. Schematic description of the energy-based fracture toughness
formulation. Ue: elastic energy, Ui: irreversible energy, Ut: total energy.

The model defines the area below the load-displacement curve as the total energy
spent on the indentation process, Ut. Upon unloading, the stored elastic energy, Ue,
is released. Subtraction of the elastic component from the total energy provides the
irreversible energy, Ui, corresponding to the plastic deformation and/or fracture of
the film [68]:

Ui == Ut - Ue (10)

Irreversible energy consists of plastic energy, Up, and energy dissipated by fracture,
Us.

One can predict the pure plastic component, Up, based on the analysis of Cheng et
al. [87], as follows.
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In this equation, hs and hny are the final (residual) and the maximum indentation

depths, respectively. Equation (10) and (11) enables the calculation of the fracture

energy, Uy and then one can obtain the critical energy release rate, G, as [88,89]:

Ge =7— (13)

Where An is the contact area between the indenter and specimen at maximum depth.
For a cube corner, the contact area is as follows [89]:

A, = 2.6h%, (14)
Lastly, the fracture toughness K¢ is determined as [89]:
K. =,/G.E, (15)

where E; is the reduced elastic modulus of the film, calculated as part of the Oliver-
Pharr analysis [58,90]:

L

1 _1—v§+1—v?
E,  E E; (16)

In this equation, v is Poisson’s ratio, and E is elastic modulus. Subscripts s and i

correspond to the sample, and the indenter, respectively.

2.3.2 Tensile Testing

As discussed in the section 1.7.2.2, performing a tensile test on polyimide-supported
thin films can be a promising technique to measure fracture toughness and ductility
of the thin films. In this experiment, polyimide sheets should be cut into dog bone-

shaped rectangular specimens in accordance with the 1SO 37 Type Il dumbbell
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standard and are used as substrates for the deposition process. In this experiment, the
Zwick/Roell Z250 universal testing machine is used in order to do tensile tests. All

the tests were done under the constant strain rate.

|

Figure 14. Uncoated (at the top) and coated (at the bottom) polyimide samples
under tensile test.

In order to determine the rupture point of the film under tensile test finding the
critical resistance is helpful. Critical strain is a strain in which microcracks start to
initiate and propagate in film. In order to find critical strain, it needs to measure
electrical resistance change during the tensile test at each strain and draw the

resistance change versus strain curve for each sample. In resistance change versus
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strain curves, critical strain is a point in which the resistance change starts to increase
abruptly [56].

During the tensile test, the voltage of the samples (Vout) Was measured versus the
time of the experiment using an electrical circuit. In order to record the voltage versus
time data, a program called DEVESOFT is used. The below figure shows a

schematic view of the electrical circuit.

Specimen
out

A o

Figure 15. Schematic illustration of the electrical circuit.

In the electrical circuit, the input voltage is 1V, and the resistor has a 120 Q
resistance. Based on the circuit, the current of the specimen can be calculated like
below:

Isampte = —1 I;gmt (17
So, the resistance of the specimen in each millisecond of the test will be calculated

through the below equation:

120 Vo
Rsampie = ﬁ (18)
out

In the above equations, Vout (Voltage difference between two distinct parts of the

sample) is the voltage acquired directly using the DEVESOFT program.
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After determination of the resistance of the sample, one can draw electrical resistance
change (R=AR/Ro) versus the strain curve. So, the critical strain of the films can be

acquired.

Figure 16. Tensile test and electrical resistance measurements setup.

2.3.2.1  Tensile Test-Based Fracture Toughness Measurements

After doing the tensile test, the force applied to the film can be calculated by
subtracting the force applied to the substrate from the total force applied to both film
and substrate at each strain, so a separate tensile test should be done on the uncoated

polyimide sample [56,57].

Fy=F,—F, (19)
In the above equation, Fs Ft and F: are the tensile loads of uncoated PI substrate,

film, and coated P1 specimens.
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After determination of tensile load of film, the tensile stress of the film can be
calculated as:
F,
o=-L (20)
wt

Where w and t are the width and thickness of the film.

Finding critical strain of the films and having stress-strain curves of them leads to
determine fracture stress of the films (of). Fracture stress is a stress corresponding to
critical strain in the stress-strain curve. By knowing fracture stress, the energy release
rate of the films during the tensile test can be found through an energy model
proposed by Beuth in 1992. In this model G, the energy release rate of the films can
be calculated through below equation [78]:

2
nafh

T—(1-1%) 9@ ) @)

Where E is the elastic modulus of the films derived from stress-strain curves, h is the

G =

total thickness of the film, and g(a, B) is a dimensionless value which is a function
of elastic modulus between the film and substrate. This dimensionless value can be

found by interpolation from the reference [78].

After finding energy release rate values, the fracture toughness of the films can be

calculated through an equation proposed by Freund and Suresh [91] :

’ EG
ch: m (22)

34



CHAPTER 3

AN INVESTIGATION OF THE ZIRCONIUM-TANTALUM SYSTEM

This chapter is based on the manuscript submitted to “Journal of Alloys and
Compounds” titled “Nanostructured ZrTa Metallic Glasses Thin Films with High
Strength and Toughness” authored by Ali B. Behboud, Amir Motallebzadeh, and
Sezer Ozering

3.1 Introduction

Numerous studies have previously investigated a large number of binary systems
including CuZr [92], CuTi [93], NiZr [94], CuNDb [95], CuW [96], CuTa [97], FeZr
[98] and TaTi [99] to name a few. The large majority of these studies employed metal
pairs with FCC-BCC or FCC-HCP crystal structures in pure form and usually
considered a soft and a hard metal, with the latter being a refractory alloy most of
the time. On the other hand, the studies on metallic glasses formed by two refractory
elements are quite limited. In this study, we explore this route by investigating the

binary system of Zr and Ta.

Zr-Ta is one of the promising systems for coating applications, whose constituent
elements possess desirable properties [100-102]. The high hardness and desirable
biocompatibility characteristics of Zr and Ta in the pure form [100,101,103-105]
and the unique combination of the respective tetragonal and HCP phases of Zr and
Ta render this pair an interesting model system to explore the glass-forming ability
and the structure-property relationships of refractory metallic glass thin film coatings
[100-102].

The properties of metallic glasses are very sensitive to the exact composition [106—
111]. Because of this, research in this field usually requires the preparation of tens

of samples separately. We employed combinatorial sputtering, which provided a
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wide range of compositions at a single deposition step. Instead of time-consuming
and expensive approaches, this project utilized a recently developed combinatorial
sputtering technique. This technique enabled the preparation of continuously varying
compositions on the same substrate at a single deposition step.

In this work, first, we investigated the microstructure and mechanical properties such
as hardness, elastic modulus, and fracture toughness of ZrTa binary samples with
different compositions. The second part of the study investigated nanolayered films
composed of alternating layers of ZrssTaes and ZrzoTaso for layer thicknesses in the
range of 10 — 100 nm. This way, the structural heterogeneity is increasing in the
nanolayer samples because they consist of alternating layers of amorphous layers
with different elastic modulus and hardness. We investigated the microstructure and
mechanical properties of Amorphous/Amorphous nanolayered ZrTa samples and

examined the effect of inducing nanoscale heterogeneities on their toughness.

3.2  Experimental Details

A magnetron sputterer equipped with two guns deposited all the samples on oxidized
silicon substrates. The base pressure of the chamber was about 1 x 1077 Torr, and the
Ar pressure was 2.7 x 107 Torr during deposition. Sputtering targets were 2"
diameter disks of pure Zr (99.99% purity) and pure Ta (99.99% purity) from Kurt J.
Lesker (PA, USA). Ta was sputtered using the RF gun, while Zr was sputtered using
the DC gun.

Table 1 shows a list of samples prepared for this work, summarizing the naming
convention, compositions, and film thicknesses. We obtained a range of monolithic
ZrxTaix films with varying compositions by using combinatorial sputtering. In
addition, we prepared pure Zr, pure Ta, and nanolayered ZrssTaes / ZrzoTaso films
using conventional sputtering. The three nanolayered films prepared had layer
thicknesses of 10, 30, and 100 nm.
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Table 1. Summary of the samples investigated in the ZrTa study.

Sample Name Description Thickness
Zr nanocrystalline Zr 1 pm, monolithic
Ta nanocrystalline Ta 1 pm, monolithic
ZrxTawo-x x=21-70at.% ~1 um, monolithic

Alternating nanolayers of t (layer thickness)

ZrssTass/ ZroTaso -t

Figure 17 shows a schematic view of the combinatorial sputtering approach. The
substrate was a 13 cm % 2 cm single crystal silicon wafer piece with a 1 pm-thick
oxide layer, which was divided into 13 pieces of 1 cm x 2 cm upon sputtering. This
approach provided 13 specimens at a single sputtering session with varying
compositions. We adjusted the power of each gun such that the composition is

ZrsoTaso at the midpoint of the substrate.

In addition, we deposited 40 nm thick ZrsoTaso, Zr21Taze, and ZrzsTazs films on
transmission electron microscopy (TEM) grids containing 18 nm-thick freestanding
SiO2 windows (by Ted Pella, CA, USA) for the verification of the amorphous

structure.

A stylus profilometer verified the thickness of all films. An FEI QUANTA 400F
Field Emission SEM (OR, USA) measured the compositions of the films by Energy-
dispersive X-ray spectroscopy (EDS) and imaged the indentation marks on selected
samples. A Rigaku Ultima IV diffractometer performed X-ray diffraction

measurements at grazing incidence mode with an incoming beam at 1°.
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21 at.% Zr 70 at. % Zr

13 cm

Figure 17. Schematic view of combinatorial sputtering for ZrTa study.

An Agilent G200 nanoindenter (CA, USA) performed nanoindentation hardness
measurements using a Berkovich tip in continuous stiffness measurement mode [84].
The indenter repeated the measurements at 15 locations for each sample. Reported
hardness values represent the data at a depth around 20% of the film thickness, where
the hardness vs. depth curve exhibited a plateau. The nanoindenter also indented
selected specimens using a diamond cube-corner tip for fracture toughness

measurements.

An FEI Nova 600 Nanolab (FEI, OR, USA) focused ion beam (FIB) prepared cross-
sectional foils of ZrasTass / Zr7oTaso — 30 nm using the lift-out technique. In addition,
40 nm-thick films of Zro1Tazg, ZrasTazs, and ZrsoTaso were sputtered on 18 nm-thick
free-standing SiO2 windows. These samples prepared for transmission electron
microscopy (TEM) analyses were imaged by a JEOL JEM2100F TEM at 200 kV in
bright field mode.
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3.3 Results and Discussion

3.3.1 Microstructure

Figure 18 (a) shows the EDS-measured compositions of the ZryxTaix films prepared
by combinatorial sputtering. The Zr concentration monotonically varied in the range
of 21 at.% to 79 at.%. The results show that there is approximately a linear variation
of composition with the position. Sample #8 had the equiatomic composition of

ZrsoTaso.

Figure 18 (b) indicates the XRD spectra of all monolithic ZrTa coatings. For the Zr
concentrations in the range of 21 — 25 at.%, several crystalline peaks of Ta and Zr
are visible. As Zr content increases, these peaks disappear, and for Zr contents of 35
at.% and higher, two broad, amorphous humps become evident. Figure 19 shows the
variation of grain size with Zr content, as calculated by the Scherrer equation based
on the Ta (212) peak around 38.7°. The grain size of Ta, based on Ta (410) peak
around 36.2°, the grain size of Zr, based on Zr (002) peak around 34.8°, are also
shown for comparison. Grain sizes of pure Zr and Ta are 19 nm and 21 nm,
respectively. The grain sizes of monolithic ZrTa samples are in the range of 10 — 20
nm for the films with crystalline peaks (21 — 25 at.% Zr). The grain size abruptly
decreases with increasing Zr content and goes below 2 nm beyond 30 at.% Zr,
suggesting an XRD-amorphous structure up to the highest Zr concentration
considered in this study — 70 at.%. Figure 19 also shows the variation of d-spacing
(or interatomic spacing for the amorphous samples) with Zr content. The interatomic
spacing monotonically increases with increasing Zr content, and an opposite trend is
evident for the d-spacing.
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Figure 18. (a) Compositions of the ZrTa films prepared by combinatorial
sputtering, as measured by EDS. (b) XRD data of all monolithic ZrTa coatings.
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Figure 19. Average grain sizes of monolithic ZrTa coatings, as calculated by the
Scherrer equation. The inset shows the variation of d-spacing (or average
interatomic spacing) with Zr concentration.

Figure 20 shows the XRD spectra of the films with crystalline peaks and that of pure
Ta in further detail. Pure Ta film exhibits several peaks corresponding to the
tetragonal crystal structure of Ta (B-Ta). This film has a grain size of about 20 nm,
as predicted by the Scherrer equation.

Films in the range of 21 — 25 at.% Zr exhibit Zr and Ta peaks as well as an underlying
hump, suggesting the presence of both crystalline and amorphous phases. The Ta
peaks of these amorphous films match with those of pure Ta, indicating that the
crystalline Ta phase has the same tetragonal crystal structure. On the other hand, Zr
peaks with a somewhat lower intensity match with that of HCP Zr. Ta crystals
constitute a higher volume fraction of the crystalline phase compared to that of Zr,
as Ta peak intensities are considerably higher than those of Zr. All Ta peaks in these
films shifted to smaller angles than those of pure Ta, which shows that a considerable

amount of Zr is present in Ta crystals in solid solution form. Similarly, there are Zr
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peaks shifted towards larger angles, indicating the presence of Ta within the Zr

phase.

A slight increase in the Zr concentration from 21 at.% and 25 at.% dramatically
change the microstructure. 21 at.% Zr film has high-intensity peaks with a predicted
grain size of 18 nm, comparable to the grain size of the pure Ta film. Therefore, the
microstructure is dominated by the -Ta phase. As Ta concentration increases from
21 to 25 at.%, amorphous humps centered around 37° and 65° emerge, with an
accompanying widening in the crystalline peaks of Zr and Ta. This transition is a
sign of an increase in amorphization, which eventually leads to a fully amorphous

structure for Zr concentrations of 30% and higher, as discussed above.
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Figure 20. XRD data of Zra1Taze, Zr22Tazs, Zr2sTazs, ZraoTazo, and pure Ta films.

The positive mixing enthalpy of the ZrTa system and its relatively small atomic
radius mismatch [112] suggest a far-from ideal system in terms of the glass-forming
ability. The surprisingly wide range of compositions with a fully amorphous
structure in our case is the result of the magnetron sputtering approach, which

provides cooling rates that are orders of magnitude higher than conventional bulk

42



rapid solidification techniques. The glass-forming compositional range of sputtered
TaZr was previously reported as 27-70 at.% Zr [112], in close agreement with our

findings.

As a final note, the peaks around 52.5° and 55° are reflections from the substrate,
sometimes called forbidden Si peaks, with intensities depending on the substrate
orientation. We observed the presence of these peaks also on uncoated substrates,
further verifying that they are not the result of any reflection from the samples.

Figure 21 shows the XRD spectra of all nanolayered ZrTa coatings, consisting of
alternating layers of ZrssTaes and ZrzoTazo. Three different layer thicknesses were
considered, namely, 10 nm, 30 nm, and 100 nm. The figure also shows the XRD
results of the corresponding monolithic films for comparison. There is no major
difference between the spectra, suggesting that both ZrssTass and ZrzoTazg maintain
their amorphous structure when confined into a layered morphology. On the other
hand, there is a considerable shift of the peaks to lower angles for smaller layer
thickness. We attribute this behavior to the variation in the film stress with layer

thickness, a commonly observed behavior in nanolayered films [113].
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Figure 21. XRD patterns of ZrTa nanolayers and monolithic ZrTa.
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Figure 22 shows bright-field TEM images of monolithic films of Zr,1 Tazg, ZrasTazs,
and ZrsoTaso. ZrsoTaso exhibits a featureless microstructure and a diffraction pattern
in the form of a diffuse ring, verifying the XRD predictions of a fully amorphous
structure. ZrpsTazs, on the other hand, exhibits a distribution of crystallites in a
featureless matrix. The diffraction pattern with relatively weak spots confirms the
appearance of the crystalline phase at this composition. The average crystallite size
is 10.1 nm. With a slight decrease in the Zr concentration, the fraction of the
crystalline phase considerably increases, as demonstrated fort the case of ZrziTars.
The accompanying increase in the average crystallite size remains incremental (13.3
nm). Therefore, the additional Ta concentration is mostly accommodated by an

increase in the number density of the crystalline domains.

ZrsoTaso

ZrsTazs

Figure 22. Bright-field TEM images of (a) Zr21Tare, (b) Zr2sTazs and (c) ZrsoTaso,
deposited on free-standing SiO2 windows. Insets show the diffraction pattern of the
same.
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The microstructural features demonstrated by TEM are in close agreement with the
XRD results. Although the Scherrer equation is known for its relatively low accuracy
at predicting the grain sizes of nanocrystallites, in our case, there is a reasonable
agreement between the grain size predictions of TEM and XRD.

Figure 23 illustrates cross-sectional bright-field TEM images of ZrssTaes/Zr7oTazo
nanolayered films with a layer thickness of 30 nm. The modulation, in contrast,
verifies the layered structure with two separate compositions. Both layers exhibit a
featureless microstructure, showing that the amorphous structure of the monolithic

counterparts is maintained.

(a) (b)

Figure 23. Cross-sectional bright-field TEM images of the nanolayered sample
ZrssTass/ZroTaso — 30.

3.3.2 Hardness and Elastic Modulus

Figure 24 indicates the load-displacement curves of 15 measurements on the ZrsoTaso
specimen as an example. The inset of the figure shows hardness variation with depth,
as determined by continuous stiffness measurements. The results demonstrate the

high repeatability of the indentation measurements.
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Figure 24. Load-displacement data of ZrsoTaso at 15 different locations. The inset
indicates the hardness as a function of indentation depth for the same.

Figure 25 (a) shows the hardness and elastic modulus of pure Ta and pure Zr films,
as well as those of monolithic ZrTa films as a function of Ta concentration. Pure Ta
and Zr have hardness values of 19.15 GPa, and 6.84 GPa, respectively. The hardness
of the ZrTa films exhibits a considerable variation in the range of ~5.5 — 12.5 GPa.
The hardness monotonically increases with increasing Ta concentration, and this
increasing trend becomes more pronounced for 70 at.% Ta and higher. Elastic
modulus data are shown in Figure 25 (b), which has a similar and almost linearly

increasing trend with Ta concentration.

Previous measurements on tetragonal Ta (-Ta) resulted in values of 18.0 GPa [100],
18.7 GPa [114], and 20 GPa [115], which are in good agreement with our results.
The hardness of tetragonal Ta is considerably higher than BCC Ta (a-Ta), varying
between 10 — 15 GPa [100,114]. This higher hardness of tetragonal Ta is primarily
due to the four-layer stacking arrangement, hindering dislocation glide [105]. When
it comes to Zr, previous measurements yielded values in the range of 4-7 GPa
[116,117]. Our measurements correspond to the higher end of this range, which we
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attribute to the partial alignment of the basal planes with the film surface, generating
additional resistance to plasticity under the compressive stress state of indentation
[45].

Monotonic hardness trends are common for binary systems of metallic glasses,
especially when there exists a significant difference between the hardness of the
constituent elements; some examples include Cu-Mo [118], Cu-Ta [97], and Cu-W
[96]. Comparing the experimental data with the rule of mixture (ROM) predictions
is a common approach to gain insight into these trends. The Voigt-type and Reuss-

type ROM expressions can be written as follows, respectively.

(23)
Hy =V Hzp + Vpg Hpg
_ (Yzr | Vra)7! (24)
HR - (HZr + HTa)

Where V indicates the volume fraction and H indicates the hardness of the respective

constituents.

The ROM-based hardness predictions depicted in Figure 25 (a) are significantly
higher than the experimentally determined values. This trend is somewhat opposed
to the typical behavior of MGs providing higher hardness than those of the

constituents.
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Figure 25. (a) Variation of hardness with Ta concentration, hardness values
calculated by Voigt and Reuss rule of mixture models, and hardness variation of
ZrCuTi-Ta samples by increasing Ta content. (b) Variation of elastic modulus with
Ta concentration and elastic modulus values calculated by Voigt and Reuss rule of
mixture models.
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The amorphization-induced hardening is primarily due to eliminating the defects and
dislocations from the structure, which are responsible for yielding at a small fraction
of the theoretical strength for crystalline metals. However, in nanocrystalline Ta, the
limited number of slip planes, the high binding energies, and the contribution of Hall-
Petch strengthening give rise to a hardness of ~17.5 GPa [97], approaching its
theoretical strength. As a result, the advantage of amorphization in the context of
hardening diminishes. Nanoindentation measurements on ZrCuTi-Ta metallic
glasses with Ta content in the range of 0 — 75 at.% shows a similar trend, with
hardness values below the ROM predictions [115]. In fact, there is a remarkable
agreement between the hardness of ZrTa and ZrCuTi-Ta, especially in the vicinity
of 50 at.% Ta. A similar overprediction of ROM occurs for elastic modulus, as
demonstrated in Figure 25 (b). The lower values, in this case, are primarily due to
the intrinsically compliant structure of amorphous metals caused by the random

atomic configurations and free volume.

Another interesting feature of the data is the significant increase in the slope of
hardness for concentrations of about 70 at.% Ta and higher. This transition in
hardness matches with the onset of crystallization (see Figure 20). Therefore, we
propose that the increasing presence of the B-Ta phase with outstanding hardness
causes this behavior, a trend also observed in ZrCuTi-Ta and CuZr-Ta films upon
crystallization [115,119].

Figure 26 (a) shows a summary of the hardness results of the nanolayered samples
and selected compositions of the monolithic binary alloys. The hardness of the
nanolayered films is about 8.5 GPa. The hardness difference between nanolayers
with different layer thicknesses is comparable to the standard deviation of the data,

suggesting that nanolayers’ hardness does not change with layer thickness.

The first observation is that the ~8.5 GPa hardness of the nanolayers is virtually
identical to that of ZrssTaes (8.7 GPa), which is the harder of the constituent layers.
This is quite a remarkable result, as the remaining 50% of the composite volume is

occupied by ZrzoTaso, with a much lower hardness of 5.7 GPa. Before interpreting
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this behavior, it is worth discussing the implications of hardness data on yield
strength. The average strain under the deformation by a Berkovich tip is about 8%
[120]. As strain hardening is mostly negligible in nanocrystalline and amorphous
systems, one can conclude that the measured hardness indicates yield strength
through Tabor’s Equation, oy ~ H / 3 [121]. The hardness of crystalline-crystalline
and amorphous-crystalline nanolayers is usually dominated by the softer constituent
layers [93,122], as the softer layers are first to yield under load. An exact opposite
behavior is a case for ZrTa nanolayers, where the harder phase seems to determine
the hardness. We attribute this behavior to the similarity between the length scales
of the shear transformation zones and the layer thickness, which promotes co-
deformation of the layers. In such a deformation mode, the onset of plasticity can no
longer be mediated by the softer layers. Instead, the plastic response becomes a
complicated convolution of each layers’ atomic configurations, which will delay the
yielding to a stress level high enough for the cooperative action of shear

transformation zones in each adjacent layer.

The second important observation is the layer-thickness independent hardness of the
nanolayers. This behavior is in agreement with the size-independent strength of MGs
in general, as demonstrated by micropillar measurements over a wide range of sizes
[123]. Literature data on amorphous-amorphous [124] nanolayers exhibit a similar
trend. The same is observed in crystalline-amorphous nanolayered films [93] when
the amorphous layer is softer than the crystalline counterpart. This size-independent
behavior is in stark contrast to the crystalline metals that exhibit grain size [125] and
layer thickness-dependent [122] hardness.

When it comes to the elastic modulus data represented in Figure 26 (b), the trends
suggest that a ROM approach can predict the behavior of the nanolayered films. This
is an expected outcome, as elastic modulus response in a layered system is analogous

to a system of springs in series.
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Figure 26. (a) The hardness of monolithic Zr35Ta65, Zr50Ta50, Zr70Ta30, and

nanolayered Zr35Ta65/Zr70Ta30 films with different layer thicknesse



3.3.3 Fracture Toughness

Figure 27 shows load-displacement curves of cube corner indentations on five
different compositions of ZrTa. These five cases represent three fully amorphous
compositions and two amorphous-crystalline composites with different crystallinity
levels. The figure represents five curves for each sample, demonstrating the excellent

repeatability of the results.

We analyze the indentation response to predict the fracture toughness of the
specimens. The fracture behavior of thin films is a complicated function of the
mechanical properties of the film, the substrate, residual stresses, film thickness, and
indentation depth [70—76]. When the indentation results in visible cracks, the size,
and morphology of these cracks can be used to predict the fracture toughness [126].
In the absence of such cracks. On the other hand, energy-based methods can estimate
fracture toughness [76,88,89,127]. Some of these models require pop-in events in
the load-displacement curve for the associated calculations. As load-displacement
curves of this study do not exhibit any pop-in behavior, we employed an approach
proposed by Chen [68] based on the concept of irreversible work. Details of this

approach are discussed entirely in the second chapter, section 2.3.1.2.2.
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Figure 27. Typical load-displacement curves of cube-corner indentations on
monolithic ZrTa films. Five curves were represented for each case.

Figure 28 (a) shows the fracture toughness predictions for pure Ta, pure Zr, and ZrTa
films according to the above procedure. The fracture toughness of nanocrystalline
Ta, exceeding 8 MPa.m*?, is the highest toughness among the films. Pure Zr has a
considerably lower fracture toughness of 3.7 MPa.m2. The fracture toughness of
the fully amorphous films is even lower than that of pure Zr and decreases with
increasing Zr concentration, reaching a minimum for ZrzTaz (2.3 MPa.m*?).
Fracture toughness of the metallic matrix-crystalline composite films, on the other
hand, provides a considerable improvement over fully amorphous films, and even

exceeds that of pure Zr.

First of all, the HCP structure of the Zr thin films with a strong texture causes an
unfavorable orientation for plasticity and is the primary reason for the relatively low
fracture toughness value. Pure Ta, on the other hand, exhibits the highest toughness
among the films considered here. This is due to the larger number of slip systems of
B-Ta, which is considerably more ductile than o-Ta [100]. The even lower toughness
of the amorphous films is an expected result due to the featureless microstructure

facilitating the catastrophic propagation of shear bands [128], combined with the size
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effects previously observed for Zr-based thin film metallic glasses [94]. ZrzoTazo, the

hardest of all binary alloys considered in this study, also exhibits the lowest

toughness, providing an example for the well-known strength-ductility trade-off

[129].
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Figure 28. (a) Fracture toughness predictions for five different compositions of
ZrTa, pure Zr, and pure Ta. (b) Fracture toughness predictions of nanolayers
compared to several monolithic ZrTa films.
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The toughness offered by ZrysTazs corresponds to ~100% improvement compared to
the monolithic ZrzoTas. This considerably higher fracture toughness can be
explained by the presence of the crystalline phase, which effectively hinders the
catastrophic propagation of shear bands and forces the structure to accommodate
further plasticity through secondary shear bands before fracture [130]. Zr2:1Tazg has
a higher volume fraction of the crystalline phase compared to Zrzs, providing a
denser network of secondary particles for inhibiting fracture. As a result, it exhibits
an even higher fracture toughness with an improvement of about 30% compared to

Zros.

Figure 28 (b) shows the fracture toughness of the ZrssTaes/ZroTaso nanolayers,
together with those of the monolithic ZrTa films. Nanolayered films have a fracture
toughness around 4.5 MPa.m?, and the layer thickness does not have a strong

influence on the toughness.

First of all, we can compare the fracture toughness of the nanolayers with those of
the monolithic films ZrzTass and ZrssTaes, which correspond to the two
compositions forming the nanolayered films. ZrzoTazo and ZrssTaes have toughness
values of 2.27 MPa.m*? and 3.35 MPa.m2, respectively, and nanolayered films’
toughness of 4.5 MPa.m"? is significantly higher. In fact, the fracture toughness of
the nanolayered films is higher than any other fully amorphous compositions

considered here.

The results constitute the first experimental demonstration of toughness
improvements in a fully amorphous film through a nanoscale modulation in
composition. The unique properties of MGs with heterogeneities at the nanoscale
can explain these findings [131]. Such heterogeneities, caused by phase separation
or a particular medium-range order, have been the subject of several simulations
[132,14] and experimental studies [131,133,134] focusing on the implications of
such features on mechanical behavior. These modulations in the local atomic order
and physical properties have been shown to improve the ductility and the toughness
of MGs considerably [134,135]. While the details of the toughening behavior are not
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fully understood, the initial findings suggest a classical mechanics-based approach
can explain the results. In this interpretation, the softer regions of the metallic glass
mediate the initial stages of plastic deformation, and the harder phase hinders the
catastrophic propagation of localized deformation [132]. As stress levels increase,
the harder phase starts to deform as well, and the co-deformation scheme enables the

maintenance of a remarkable level of ductility.

Once can obtain further insight into the implications of the data, by calculating the

plastic energy of each film, according to Equation (12).

Figure 29 shows the plastic energy, Uy, for pure Ta, pure Zr, ZrsoTaso, Zr7oTaso, and
the nanolayers. The data more clearly indicate the superior accommodation of the
plasticity in the nanolayers, which almost reaches that of a fully crystalline Zr. While
the fracture toughness values are virtually the same for each layer thickness among
the nanolayers, an interesting trend for the case of Uy is the relatively lower plastic
energy of the nanolayers with 100 nm layer thickness. This is in line with the
previous work suggesting that the effectiveness of heterogeneity diminishes as the
size scale governing the modulations becomes considerably larger than the size scale
of the fundamental plasticity mechanism, namely shear transformation zones, with
sub-10 nm size [14,136,137].
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Figure 29. Plastic energy amount induced in the pure Ta, pure Zr, Zr50Ta50,
Zr70Ta30 samples and nanolayers during displacement control nanoindentation.

Figure 30 (a) shows the SEM images of cube corner indentation marks on Zr»;Tazg,

ZrasTazs, ZrsoTaso, and ZrzoTase monolithic films, and

Figure 30 (b) shows the same for the nanolayered films. The maximum depth was 1
um in all of these indentations. As mentioned previously, radial cracks do not appear
in any of these indentations, which is a commonly observed behavior when the
elastic limit of the substrate is larger than that of the coating (Ef/ Hs > Es / Hs). Radial
cracks are more frequently encountered in the opposite scenario, where the
considerable deformation of the substrate and the bending of the coating promotes

radial cracking during indentation [76].

SEM images of ZrsoTaso and ZrzoTaso exhibit pile-ups appearing around the edges of
the indentation mark. These pile-ups have the form of stepped arcs, which are the
signs of shear band formation in these two samples [138,139]. The spacing between
shear bands is larger for the case of ZrsgTaso, which is in line with the increasing
fracture toughness with increasing Zr content. When it comes to Zr1Taz, the shear

bands completely disappear, and only a sign of smooth pile-up remains, suggesting
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that the density of the crystalline phase is now high enough to mediate homogeneous

plasticity.

When it comes to the ZrasTaes/ZroTaso nanolayered films, we observe a larger
number of shear bands compared to the cases of the fully glassy ZrsoTaso and
ZrzoTaso. In other words, the shear band spacing is smaller than the monolithic MGs,
a sign of improved ductility. The shear band spacing further decreases with a
decrease in layer thickness, suggesting that the modulated structure triggers a more

extensive network of shear bands for smaller layer thicknesses.

Lastly, the implications of the modulated MG design for both fundamental and
applied studies deserve an explanation. The studies so far in the development of
heterogeneous MGs have mostly utilized specific alloy designs or complicated
thermal/mechanical processing routes to induce the nanoscale heterogeneities. While
these studies have been of crucial importance, especially for understanding the
underlying physics and developing new bulk MGs, they did not provide means for
directly engineering the length scales and modulation amplitudes of the
heterogeneities. Our approach, on the other hand, enables such precise control of the
modulation parameters and provides a systematic framework for both fundamental
and applied studies. Basic studies on this matter should focus on the identification of
the relationships between the modulation characteristics and mechanical properties,
and applied studies can attempt to optimize mechanical properties for coating

applications accordingly.
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Figure 30. (a) SEM images of cube corner indentations on Zr25Ta75, Zr50Ta50,

and Zr70Ta30 monolithic samples. (b) SEM images of cube corner indentation on
Zr35Ta65/Zr70Ta30 nanolayers with different layer thicknesses.
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3.4 Conclusions

The study investigated the structure-property relationships in the ZrTa system. The
microstructural transition from a fully amorphous alloy to an amorphous-crystalline
composite has a significant impact on the mechanical properties. Specifically, the
semi-crystalline Z21Tazg combines high hardness with improved fracture toughness
due to the unique combination of a hard crystalline phase and a softer amorphous

matrix.

The fully amorphous ZrTa films with modulated composition demonstrated a
balanced combination of hardness and ductility and provided an improvement over
MG films with homogeneous composition. Therefore, the nanolayered MG concept
provides a new and effective route to the development of heterogeneous MG coatings
with optimized strength and ductility.
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CHAPTER 4

AN INVESTIGATION OF THE COPPER-TANTALUM SYSTEM

4.1 Introduction

Some studies have previously investigated the glass-forming ability of some binary
alloy systems, typically known as immiscible metallic alloys such as Cu-W [140],
Cu-Co [141], and Cu-Ta [97,142]. According to the binary phase diagrams, there
are many immiscible systems in which the two components are entirely immiscible
in the liquid phase because of the positive enthalpy of formation [143]. This
immiscible effect makes the production of such bulk samples complex without
macro-segregation [97]. However, physical vapor deposition makes the glass
formability of these immiscible alloys possible in the thin-film form. As a typical of
immiscible alloy systems, the Cu-Ta system has been the topic of several studies
focused on whether amorphization can be accomplished in an alloy system with
positive heat of formation [144,145]. Producing metallic glasses or amorphous
materials and using them is one of interest for scientists. Cu—Ta amorphous alloy is
one of the promising systems for coating applications because constituent elements
possess desirable properties. The high hardness, high heat and wear resistance, and
desirable biocompatibility properties of Ta in its pure form [100,105], as well as the
significant atomic radius difference between Ta and Cu, make this pair an attractive
model as a system that combines excellent mechanical properties and remarkable

stability at high temperatures [97].

Moreover, recent studies on CuTa binary alloy system show that this system has the
capability to offer a wide compositional range of amorphous structure and, as a
result, a wide spectrum of mechanical properties in the amorphous phase [97,146].

Due to this reason, as similarly discussed in Chp.3, this capability of the CuTa system
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provides an opportunity for perfect modulation of mechanical properties and

heterogeneity enhancement in the fabrication of nanolayered samples.

All the overmentioned details render this pair an interesting model system to explore

the structure-property relationships of metallic glass thin film coatings.

We employed combinatorial sputtering, which provided a wide range of
compositions at a single deposition step. Instead of time-consuming and expensive
approaches, this project utilized a recently developed combinatorial sputtering
technique. This technique enabled the preparation of continuously varying
compositions on the same substrate at a single deposition step.

In this work, first, we investigated the microstructure and mechanical properties such
as hardness, elastic modulus, and fracture toughness of CuTa binary samples with
different compositions. The second part of the study investigated two sets of
Amorphous/Amorphous and Crystalline/Amorphous nanolayered films. The
Amorphous/Amorphous nanolayers are composed of alternating layers of CusoTaso
and CuzsTaxs for layer thicknesses in the range of 20 — 100 nm. The
Crystalline/Amorphous nanolayers are composed of alternating CuxsTazs semi-
crystalline and CuzsTazs amorphous layers. This way, we try to investigate the effect
of enhanced structural heterogeneity on the mechanical properties of the samples,
and moreover, we can investigate the effect of introducing crystalline to amorphous
structures on mechanical properties such as ductility and toughness.

4.2  Experimental Details

A magnetron sputterer equipped with two guns deposited all the samples on oxidized
silicon substrates. The base pressure of the chamber was about 1 x 10~ Torr, and the
Ar pressure was 2.7 x 107 Torr during deposition. Sputtering targets were 2"
diameter disks of pure Cu (99.99% purity) and pure Ta (99.99% purity) from Kurt J.
Lesker (PA, USA). Ta was sputtered using the DC gun, while Cu was sputtered using
the RF gun.
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Table 2 shows a list of samples prepared for this work, summarizing the naming
convention, compositions, and film thicknesses. We obtained a range of monolithic
CuxTaix films with varying compositions by using combinatorial sputtering. In
addition, we prepared nanolayered CuzsTazs/ CusoTaeo and CuzsTazs/ CuzsTars films
on SiO2 using conventional sputtering. The six nanolayered films prepared had layer
thicknesses of 20, 40, and 100 nm.

Table 2. Summary of the samples investigated in the CuTa study.

Sample Name Description Thickness

CuxTa100-x x=25-84at.% ~1 um, monolithic

Alternating nanolayers of t (layer thickness)

CursTazs/ CusoTaso - t
75 1azs/ LU4o T aso CursTazs and CusoTaso =20, 40, 100 nm

Alternating nanolayers of t (layer thickness)

CursTazs/ CuzsTars-t
U7s Tazs/ L Uzs 1 ars CursTazsand CuzsTars =20, 40, 100 nm

Figure 32 shows a schematic view of the combinatorial sputtering approach in the
CuTa system. The substrate was a 12 cm x 2 cm single crystal silicon wafer piece
with a 1 um-thick oxide layer, which was divided into 12 pieces of 1 cm x 2 cm upon
sputtering. This approach provided 12 specimens at a single sputtering session with
varying compositions. We adjusted the power of each gun such that the composition
is CusoTaso at the midpoint of the substrate. Moreover, we deposited a Cu-rich semi-
crystalline (Cu84Tal6), Ta-rich semi-crystalline (Cu25Ta75), full amorphous
(Cu50Ta50), CuzsTazs/ CusoTaso — 20 nm and CuzsTazs/ CuzsTazs— 20 nm thin films
on polyimide substrates to perform tensile test on them.
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The polyimide sheet was cut into dog bone-shaped rectangular specimens in
accordance with the 1SO 37 Type Il dumbbell standard with 4x20 mm? gauge area
and are used as substrates for the deposition process. In this experiment, the
Zwick/Roell Z250 universal testing machine is used in order to do tensile tests. All
the tests were done under the constant strain rate of 4x10*s™* at room temperature.
The electrical resistance of the samples was measured using an electrical circuit and
recorded using DEVESOFT software (section 2.3.2).

Figure 31. Coated polyimide substrates.

A stylus profilometer verified the thickness of all films. An FEI QUANTA 400F
Field Emission SEM (OR, USA) measured the compositions of the films by Energy-
dispersive X-ray spectroscopy (EDS) and imaged the indentation marks on selected
samples. A Rigaku Ultima IV diffractometer performed X-ray diffraction

measurements at grazing incidence mode with an incoming beam at 1°.
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Figure 32. Schematic view of combinatorial sputtering for the CuTa study.

An Agilent G200 nanoindenter (CA, USA) performed nanoindentation hardness
measurements using a Berkovich tip in continuous stiffness measurement mode [84].
The indenter repeated the measurements at 16 locations for each sample. Reported
hardness values represent the data at a depth around 20% of the film thickness, where
the hardness vs. depth curve exhibited a plateau. The nanoindenter also indented
selected specimens using a diamond cube-corner tip for fracture toughness

measurements.

4.3 Results and Discussion

43.1 Microstructure

Figure 33 shows the EDS-measured compositions of the CuxTaix films prepared by
combinatorial sputtering. The Ta concentration monotonically varied in the range of

16 at.% to 75 at.%. The results show that there is approximately a linear variation of
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composition with the position. Sample #6 had the equiatomic composition of

CusoTaso.
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Figure 33. Compositions of the CuTa films prepared by combinatorial sputtering,
as measured by EDS.

Figure 34 indicates the XRD spectra of all monolithic CuTa coatings. For the Ta
concentrations in the range of 68 — 75 at.%, several crystalline peaks of Ta are
visible. Reference XRD spectrum information such as material crystalline plane and
intensity of each peak is illustrated next to each peak. As Ta content decreases, these
peaks disappear, and for Ta contents of 25-63 at.%, two broad, amorphous humps
become evident. For the Ta concentrations in the range of 16 — 20 at.%, a crystalline

peak of Cu appears around 72°, corresponding to Cu (220) crystalline plane.

Films in the range of 68 — 75 at.% Ta exhibit Ta peaks as well as an underlying
hump, suggesting the presence of both crystalline and amorphous phases. The Ta
peaks of these amorphous films match with peaks corresponding to the tetragonal
crystal structure of Ta (B-Ta), indicating the presence of crystalline Ta p-phase in the
structure of these metallic glass-crystalline composites. All Ta peaks in these films

shifted to larger angles than crystalline peaks of Ta, which shows that a considerable
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amount of Cu is present in Ta crystals in solid solution form. Similarly, in the
samples with Ta concentrations in the range of 16 — 20 at.% Cu (220) peak shifted
towards smaller angles, indicating the presence of Ta within the Cu phase.

A slight decrease in the Ta concentration from 68 at.% to 63 at.% dramatically
changes the microstructure. As Ta concentration decreases from 68 to 63 at.%,
amorphous humps centered around 37° and 65° emerge, with an accompanying
widening in the crystalline peaks of Cu and Ta. This transition is a sign of an increase
in amorphization, which eventually leads to a fully amorphous structure for Ta

concentrations of 63 at.% to 25 at.%.
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Figure 34. XRD spectra of all monolithic CuTa coatings.

The positive mixing enthalpy of the CuTa system [97] suggests a far-from ideal

system in terms of the glass-forming ability. The surprisingly wide range of
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compositions with a fully amorphous structure in our case is the result of the
magnetron sputtering approach, which provides cooling rates that are orders of
magnitude higher than conventional bulk rapid solidification techniques. The glass-
forming compositional range of sputtered CuTa was previously reported as 20-60

at.% Ta [97], in close agreement with our findings.

Figure 35 shows the variation of grain size with Ta content, as calculated by the
Scherrer equation based on the highest peaks appearing in the XRD pattern of the

samples.

In detail, grain sizes are based on Ta (002) peaks around 33.7° for CuzsTazs, Ta (002),
and Ta (212) peaks for Cuz7Tazs and CuszTaes. The grain size of Ta, based on Ta
(002) peak around 36.2°, the grain size of Cu, based on Cu (111) peak around 43.2°,
are also shown for comparison. Grain sizes of pure Cu and Ta are 22 nm and 21 nm,

respectively.

The grain sizes of monolithic CuTa samples are in the range of 10 — 20 nm for the
films with Ta crystalline peaks (68 — 75 at.% Ta). The grain size abruptly decreases
with decreasing Ta content and goes below 2 nm below 63 at.% Ta, suggesting an
XRD-amorphous structure to the Ta concentration of 25 at.%. Grain sizes of XRD-
amorphous samples (Ta concentration of 25-63 at.%) are based on the humps located
around 37 ° in the XRD pattern. The grain sizes of monolithic CuTa samples are in
the range of 2 — 5 nm for the films with a small Cu crystalline peak (16 — 20 at.%
Ta).

Figure 36 shows the variation of d-spacing (or interatomic spacing for the amorphous
samples) with Ta content. The interatomic spacing monotonically increases with
increasing Ta content in the amorphous range, and an opposite trend is evident for
the d-spacing. d-spacing abruptly increases when Ta concentration increase above
63 at.%, and Ta B-phase crystallites appear in the microstructure.
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Figure 35. Average grain sizes of monolithic CuTa coatings, as calculated by the
Scherrer equation.
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Figure 36. Variation of d-spacing (or average interatomic spacing) with Ta
concentration.
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Figure 37 shows the XRD spectra of all Amorphous/Amorphous nanolayered CuTa
coatings, consisting of alternating layers of CursTazs and CusoTaeo. Three different
layer thicknesses were considered, namely, 20 nm, 40 nm, and 100 nm. The figure
also shows the XRD results of the corresponding monolithic films for comparison.
There is no major difference between the spectra, suggesting that both CuzsTazs and
CusTaso maintain their amorphous structure when confined into a layered
morphology. On the other hand, there is a shift of the peaks to lower angles for
smaller layer thickness. We attribute this behavior to the variation in the film stress

with layer thickness, a commonly observed behavior in nanolayered films [113].

CU75TEI 25/CU40T660'40

Cu,5Ta,s/Cu,yTag,-100

Log Intensity (arbitrary units)

CuygTagg
M
20 30 40 50 60 70 80

26(°)

Figure 37. XRD patterns of CuTa amorphous/amorphous nanolayers and their
constituents.

Figure 38 shows the XRD spectra of all Amorphous/Semi-crystalline nanolayers
(metallic glass-crystalline composite), consisting of alternating layers of CuzsTazs
and CuzsTazs. Three different layer thicknesses were considered, namely, 20 nm, 40
nm, and 100 nm. The figure also shows the XRD results of the corresponding
monolithic films for comparison. In the XRD pattern of nanolayers, crystalline peaks

corresponding to B-phase tetragonal tantalum are appearing due to the existence of

70



CuzsTazs nanocrystalline layer in the nanolayers structures. The highest peak in the
nanolayers corresponds to the Ta (212) around 39°. However, the highest peak in the
XRD pattern of the CuzsTazs monolithic sample corresponds to Ta (002) around
33.7°. It seems that generally, the intensity of the peaks in nanolayers is lower

compared to the CuzsTazs nanocrystalline sample.
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Figure 38. XRD patterns of CuTa amorphous/semi-crystalline nanolayers (metallic
glass-crystalline composite) and their constituents.

Table 3 represents the grain size values of Amorphous/Semi-crystalline CuTa
nanolayers. The grain sizes of these metallic glass-crystalline composites are
calculated using the Scherrer formula. Results correspond to the highest peak in their
XRD pattern, which is Ta (212). The grain size decreases with decreasing layer
thickness, and it varies from 3.5 nm to 5 nm. Comparing grain size of the monolithic
Cupstazs (19 nm) with that of these nanolayers shows that the fabrication of
nanolayers consisting of alternating semi-crystalline (with relatively larger grain
size) and amorphous (with grain size below 2 nm) layers leads to get samples with

interestingly smaller grain size compared to their nanocrystalline constituent.
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Table 3. Average grain sizes of Amorphous/Semi-crystalline CuTa nanolayers, as
calculated by the Scherrer equation.

Sample Name Grain size (nm)
CursTazs/ CuzsTars - 100 5
CursTazs/ CuzsTars - 40 4.5
CursTazs/ CuzsTars - 20 3.5

4.3.2 Hardness and Elastic Modulus

Figure 39 (a) shows the hardness and elastic modulus of pure Ta and pure Cu films,
as well as those of monolithic CuTa films as a function of Ta concentration. Pure Ta
and Cu have hardness values of 19.15 GPa, and 2.2 GPa, respectively. The hardness
of the CuTa films exhibits a considerable variation in the range of ~ 6 — 17 GPa. The
hardness monotonically increases with increasing Ta concentration, and this
increasing trend becomes more pronounced for 63 at.% Ta and higher. Elastic
modulus data are shown in Figure 39 (b), which has a similar increasing trend with

Ta concentration.

The ROM-based hardness predictions depicted in Figure 39 (a) and (b) are in good
match with experimentally determined values. In the case of hardness, experimental
values are very close to the prediction values calculated based on the Voigt model.
However, these values become divergent for the samples with Ta concentration
above 63 at. %. For elastic modulus, experimental values are very close to the
prediction values calculated based on the Reuss model. However, same as what we
mentioned for the hardness trend, these values become divergent for the samples

with Ta concentration above 63 at. %.

The amorphization-induced hardening is primarily due to eliminating the defects and
dislocations from the structure, which are responsible for yielding at a small fraction
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of the theoretical strength for crystalline metals. However, in nanocrystalline Ta, the
limited number of slip planes, the high binding energies, and the contribution of Hall-
Petch strengthening give rise to a hardness of ~17.5 GPa [97], approaching its
theoretical strength. As a result, the advantage of amorphization in the context of

hardening diminishes.

One of the interesting features of the data is the significant increase in the slope of
hardness for concentrations of about 63 at.% Ta and higher. This transition in
hardness matches with the onset of crystallization (see Figure 34). Therefore, we
propose that the increasing presence of the B-Ta phase with outstanding hardness
causes this behavior [115,119].
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Figure 39. (a) Variation of hardness with Ta concentration. Experimental data and

Voigt-type rule of mixture predictions are shown. (b) Variation of elastic modulus

with Ta concentration and elastic modulus values calculated by the Reuss-type rule
of mixture model.
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Figure 40 (a) summarizes the hardness results of the Amorphous/Amorphous
nanolayered samples and their constituent monolithics. The hardness of the
nanolayered films is about 8.5 GPa. The hardness difference between nanolayers
with different layer thicknesses is comparable to the standard deviation of the data,

suggesting that nanolayers’ hardness does not change with layer thickness.

The first observation is that the ~8.5 GPa hardness of the nanolayers is somehow
equal to the average of their constituents’ hardness. This is an expected result as 50%
of the composite volume is occupied by CusoTaso, and the other 50% is occupied by

CuzsTass.

The second important observation is the layer-thickness independent hardness of the
nanolayers. This behavior is in agreement with the size-independent strength of MGs
in general, as demonstrated by micropillar measurements over a wide range of sizes
[123]. Literature data on amorphous-amorphous [124] nanolayers exhibit a similar
trend. The same is observed in crystalline-amorphous nanolayered films [93] when
the amorphous layer is softer than the crystalline counterpart. This size-independent
behavior is in stark contrast to the crystalline metals that exhibit grain size [125] and
layer thickness-dependent [122] hardness.

When it comes to the elastic modulus data represented in Figure 40 (b), the trends
suggest that a ROM approach can predict the behavior of the nanolayered films. This
is an expected outcome, as elastic modulus response in a layered system is analogous

to a system of springs in series.
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CursTazs/CusoTaeo films with different layer thicknesses. (b) shows the same for

elastic modulus.
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Figure 41(a) summarizes the hardness results of the Amorphous/semi-crystalline
nanolayered samples and their constituent monolithic samples. The hardness of the
nanolayered films is about 11.7 GPa for films with 20nm and 40nm layer
thicknesses. The nanolayered sample with 100nm layer thickness has lower hardness

compared to other nanolayers.

The first observation is that the hardness of the nanolayers is somehow equal to the
average of their constituents’ hardness. This is an expected result as 50% of the
composite volume is occupied by CuzsTars, and the other 50% is occupied by

CuzsTass.

The second important observation is the layer-thickness independent hardness of the
nanolayers in samples containing layers with thickness of 20nm and 40nm. This
behavior is in agreement with the size-independent strength of MGs in general, as
demonstrated by micropillar measurements over a wide range of sizes [123].

Literature data on amorphous-amorphous [124] nanolayers exhibit a similar trend.

When it comes to the elastic modulus data represented in Figure 41 (b), the trends
suggest that a ROM approach can predict the behavior of the nanolayered films. This
is an expected outcome, as elastic modulus response in a layered system is analogous

to a system of springs in series.
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4.3.3 Ductility and Fracture Toughness

In order to analyze ductility and fracture toughness of CuTa samples, three
monolithic samples, namely CussTais (Cu-rich semi-crystalline), CusoTaso
(Amorphous), CuxsTazs (Ta-rich  semi-crystalline), and two nanolayers,
CursTazs/CusoTaso-20 and CursTazs/CuzsTarzs-20 samples are selected. These films
were deposited on polyimide and SiO2 at the same time. After performing a tensile
test on selected samples, ductility and fracture toughness are measured as described
in section 2.3.2.1. Moreover, we employed an energy-based method proposed by
Chen [68], based on the concept of irreversible work in load-displacement curves of
cube corner indentations (section 2.3.1.2.2) to compare fracture toughness values

determined in both indentation-based and tensile test-based approaches.

Figure 42 shows electrical resistance change versus strain for CussTais, CusoTaso,
CuzsTars, CursTazs/CuaoTaeo-20 and CuzsTazs/CuzsTazs-20 samples during tensile
test. Through using these curves, critical resistance (ec¢) for nucleating microcracks
of the samples can be determined. In these curves, two different regions could be
seen. In the first region, the films deform elastically. Despite there are small changes
in electrical resistance because of lengthening and decrease in cross-section, it has a
linear change up to the specific strain. This linear change can be calculated accurately
through taking derivatives from every two adjacent points. This linear increase is
because of not existing damage and microcracks in samples up to a certain strain. By
increasing strain more and more, damage induces in the sample, and the microcracks
propagate, which leads to a significant increase in electrical resistance and the
presence of a second region (nonlinear) in the curves. The critical strain is defined
as a strain in which the curves transform from linear region to second nonlinear
region. To sum up critical strain of all the samples are calculated through taking
derivatives of two adjacent points on the curves and detect the slope changes.
According to the Figure 42 critical strain is approximately equal to 1.68 %, 1.32%,
1.53%, 2.12% and 2.65% for CugsTais, CusoTaso, CuzsTars, CuzsTazs/CuaoTase-20

and CuzsTazs/CuxsTarzs-20 samples respectively. Critical strain can provide some
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information about the samples. Firstly, it can provide information about the ductility
of the samples. A higher critical strain means higher plastic deformation and
ductility. CuzsTazxs/CuzsTars-20 nanolayered sample has the highest critical strain,
and CuspTaso has the lowest critical strain between the samples. Second, through

finding critical strain, fracture stress (o) of the samples could be determined.
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Figure 42. Electrical resistance versus strain for CussTais, CusoTasg, CuzsTazs,
Cu7sTazs/CusoTaeo-20 and CuzsTazs/Cuos Tazs-20 samples.

Figure 43 indicates stress-strain curves for the same samples. Arrows indicate the
previously determined critical strain for each sample on the corresponding curve. As
it is obvious in the inset of Figure 43 according to stress-strain curves of all
monolithic samples, stress is increasing with strain up to a specific strain for each
sample, and after reaching the maximum stress, it decreases severely, especially in
the case of the CusoTaso sample which is a fully amorphous sample, and this behavior
is due to its high brittleness. For the other two monolithic samples, due to the
existence of Cu and Ta crystalline phases respectively in CugsTais and CuzsTars

samples (See Figure 34), after maximum stress, the slope of decrease in stress with
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respect to strain is smaller. CusoTaso Sample has the lowest ductility between the
monolithic samples, and the CussTaie Sample has the highest ductility among them.
To sum up, for all the monolithic samples, stress reaches the maximum point at
critical strain approximately, and after the critical strain, stress relaxation happens

due to shear band and crack formation.

In nanolayered samples, stress increases with respect to strain up to the maximum
point, and after that, the slope of decrease in stress with respect to strain is smaller
compared to monolithic samples. Moreover, these nanolayered samples possess
higher ductility compared to monolithic samples. This result can be due to the
suitable structural and property modulation in samples and heterogeneity increase
which causes samples to experience more plastic deformation and late fracture. In
other words, the critical strain occurs after plastic deformation, while in monolithic
samples, it occurs in the elastic deformation region. In this line of thought, fracture

toughness measurements may give us a sight to understand more about these

outcomes.
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Figure 43. Stress-strain curves of CusaTais, CusoTaso, CuzsTars,
CuzsTazs/CusoTaso-20 and CuzsTazs/CuzsTars-20 samples. The arrows indicate the
critical strain.
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Table 4 shows the mechanical properties of CugsTais, CusoTaso, CuzsTars,
CuzsTazs/CusoTaeo-20, and CuzsTazs/CuzsTazs-20 samples extracted directly from
stress-strain curves and electrical resistance measurements. Among monolithic
samples, elastic modulus and fracture stress increase with Ta concentration in the
samples. In the case of critical strain, Cu-rich semi-crystalline (CussTais) and Ta-
rich semi-crystalline (CuxsTazs) have larger critical strain than full amorphous
CusgTaso. In the case of nanolayered samples, CuzsTaxs/CursTarzs-20 has a larger
elastic modulus, critical strain, and fracture stress compared to CuzsTazs/CuaoTaso-
20. Higher ductility of, CursTazs/CuzsTars-20 sample with respect to
CuzsTazs/Cuag Taso-20 is probably due to the existence of a semi-crystalline CuzsTazs
layer in the system. Furthermore, having in mind that the only difference in these
two nanolayered samples is replacing CuzsTazs semi-crystalline layer instead of full
amorphous CusoTasg layer, it can be concluded that CuzsTazs which has the highest
fracture stress among the samples, causes CuzsTazs/Cuzs Tazs-20 sample to has higher
fracture stress compared to full amorphous CuzsTazs/CuspTaso-20 nanolayered
sample. Comparing two CusoTaso and CuzsTazs/Cuao Taso-20 amorphous samples, the
nanolayered sample has 60% higher ductility than the monolithic sample. Comparing
CuzsTars and CursTaxs/CuzsTazs-20 samples in terms of ductility shows that
introducing an amorphous CuzsTazs layer and fabrication of nanolayered sample
caused approximately 73% increase in ductility and its due to enhancement in
heterogeneity and interlayer area in the system and results in stretchability of
nanolayered sample. It seems that the amorphous CuzsTazs layer acts as an obstacle
against shear banding and crack propagation. The same behavior is reported in
previous studies when Cu crystalline layer is introduced to the amorphous system
[56].
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Table 4. Mechanical properties of CugsTais, CusoTaso, Cuzs Tars,
Cu7sTazs/CuaoTaso-20 and CuzsTazs/Cuzs Tazs-20 samples extracted from stress-
strain curves.

Samples E (GPa) & (%) ot (MPa)
CussaTaie 86.2+2.9 1.68+0.07 1004.25+10.7
CusoTaso 102.9+2.5 1.32+0.05 1251.4+8.4
CuzsTars 126.4+2.9 1.53+0.01 1429.05+15.4
CursTazs/CusgTaeo-20 108.8+4.7 2.12+0.15 1053.28+5.8
CursTags/CuzsTars-20 120.6+3.7 2.65%0.26 1089.83+12.6

Table 5 shows the comparison of fracture toughness values calculated using both
tensile test and indentation-based methods for CuseTaso, CuzsTars,
Cu7sTazs/CusoTaso-20, and CuzsTazs/CuzsTazs-20 samples. In the case of fracture
toughness calculation through the tensile test, CuxsTars has the highest fracture
toughness among samples, while nanolayered samples possess the lowest toughness.
The high toughness of the monolithic CuxsTazs sample is due to the high
concentration of Ta in this sample. It seems in the case of tensile test, fabrication of
nanolayers does not increase fracture toughness, and it depends mostly on overall Ta
concentration in the samples. In the case of the indentation test, again, CuzsTazs has
the highest fracture toughness, and CuzsTazs/CusoTaeo-20 sample possesses the
lowest fracture toughness value. CuzsTazs/Cuzs Tars-20 sample has a high fracture
toughness of 5.06 MPa.mY? compared to CuzsTazs/CuzsTars-20 and CusoTaso
samples. It seems in the case of nanoindentation, because of different deformation
modes compared to tensile test, the fabrication of CuzsTazs and CuzsTars nanolayers
on top of each other leads to enhanced fracture toughness. Comparing the values of
fracture toughness resulted from two different techniques for each sample indicates
that in the case of amorphous samples (CusoTaso and CuzsTazs/CuaoTaso-20), both

results are close to each other. But when it comes to CuzsTazsand CursTazs/Cuzs Tazs-

83



20 samples, there is a relatively big difference between the values resulted from
indentation-based and tensile test-based methods. In the case of the
CuzsTazs/Cuag Taso-20 sample, it seems that the effect of modulation of heterogeneity
is somehow lost; however, it is shown that it has relatively higher ductility. To sum
up, CursTazs/CuzsTars-20 has a high fracture toughness together with high ductility

(Table 4), and in both deformation modes, it indicates relatively desired properties.

Table 5. Comparison of fracture toughness values calculated using both tensile test
and indentation-based methods for CusoTaso, CuzsTazs, CuzsTazs/CuaoTase-20 and
CursTazs/CuzsTars-20 samples.

Kc (MPa.m'?)
Samples Tensile test-based Indentation-based
energy method energy method
CuspTaso 3.92+0.03 4.24+0.13
CuzsTars 4.56+0.05 6.8+£0.25
Cu7sTazs/CusoTaeo-20 3.37+0.02 3.91+0.06
CuzsTas/CuzsTars-20 3.48+0.04 5.06+0.1

Figure 44 indicates microscopic images of tensile specimens after the tensile test. In
some images, straight lines are added to better show the cracks. In the case of
monolithic samples number of cracks in the equal area of the samples is different.
Measuring the distance between cracks in monolithic samples shows that the
distance between the cracks in CusaTais, CusoTaso, and CuzsTars is 157.3, 59.37, and
65.9 um on average, respectively. CugsTazs has the largest distance between cracks
among samples. Distance between cracks in CusoTaso has the lowest value in
average, and it indicates that the density of cracks is higher in this sample compared
to other monolithic samples validating the lower ductility of this sample. In the case

of nanolayered samples, the distance between cracks is 91.2 and 148.17 um for
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CuzsTaxs/CusgTas-20 and CursTazs/CursTazs-20, respectively. To conclude,
obviously, there exists a relation between ductility (critical strain) and crack
distancing (or crack density) in our samples, in a way that the samples which
illustrate higher ductility have lesser crack density. This conclusion seems to be
suitable for all the samples in this study except CussaTais Which has the largest crack

spacing but not high ductility compared to nanolayered samples.

Figure 44. Microscopic images of tensile specimens after tensile test.

4.4 Conclusions

The study investigated the structure-property relationships in the CuTa system. The
microstructural transition from a fully amorphous alloy to an amorphous-crystalline
composite has a significant impact on the mechanical properties. Specifically, the
semi-crystalline CuzsTazs combines high hardness with improved fracture toughness
due to the unique combination of a hard crystalline phase and a softer amorphous

matrix.
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The metallic glass-crystalline nanolayered CuTa films with modulated composition
demonstrated a balanced combination of hardness and ductility. Therefore, the
nanolayered MG-Crystalline concept provides a new and effective route to the
development of tough coatings with optimized strength and ductility. Furthermore,
in the case of nanolayers, structural modulation resulted in a ductility increase, but
fracture toughness was not improved based on the tensile test. However, indentation
results for fracture toughness measurements are different, and the amorphous/semi-
crystalline sample shows high fracture toughness. To conclude, we can say that the
amorphous/semi-crystalline system in this study has a variety of desired properties
like high tensile ductility, toughness, hardness, elastic modulus, and at the same time,
small grain size, which makes it an optimum sample among the samples investigated

in this study.
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CONCLUSIONS AND FUTURE WORK

The study investigated the structure-property relationships in the ZrTa and CuTa
systems. In the ZrTa study, it was noticed that the microstructural transition from a
fully amorphous alloy to an amorphous-crystalline composite has a significant

impact on the mechanical properties.

The fully amorphous ZrTa films with modulated composition demonstrated a
balanced combination of hardness and ductility and provided an improvement over
MG films with homogeneous composition. Therefore, the nanolayered MG concept
provides a new and effective route to the development of heterogeneous MG coatings

with optimized strength and ductility.

Table 6 contains the mechanical properties of Zro1Tazg, ZrasTazs, ZrsoTaso, and
ZrasTaes/Zr7oTaso — 10 from ZrTa study. As it is obvious in terms of hardness, elastic
modulus, and toughness, Zr»iTazg and ZrasTazs MG-crystalline composite is a
superior material in this study. In other words, the semi-crystalline Z21 Tazg combines
high hardness with improved fracture toughness due to the unique combination of a
hard crystalline phase and a softer amorphous matrix. However, as it is discussed in
Chapter 3, this kind of composites may sacrifice some advantages of fully
amorphous alloys such as corrosion resistance, so in this regard, the fully amorphous
ZrTa nanolayers with modulated composition (ZrssTass/Zr7oTazo — 10) not only has
advantage over MG-crystalline composite but also can provide an improvement over

MG films with homogeneous composition.

To conclude, ZrTa MG-crystalline and MG/MG nanolayered composites are

optimum coatings depending on the application area.

In the CuTa study, it was noticed that a wide compositional range of amorphous
CuTa binary alloys is acquired, and as a result, an extensive range of hardness and
elastic modulus is found in CuTa samples with different compositions. Furthermore,

the microstructural transition from a fully amorphous alloy to an amorphous-
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crystalline composite shows a significant impact on the mechanical properties too.
Specifically, the semi-crystalline CuzsTazs combines high hardness with improved
fracture toughness due to the unique combination of a hard crystalline phase and a

softer amorphous matrix.

Table 6 also includes mechanical properties of CuxsTazs, CusoTaso,
CursTazs/CusoTaso — 20 and CursTazs/CursTazs - 20 from CuTa study. In terms of
hardness and elastic modulus, CuzsTazs and CuzsTazs/CuzsTazs - 20 MG-crystalline
composites have an advantage over other samples. Having these two samples in mind
and investigating their toughness and ductility results, it can be realized that they
possess high toughness values in the case of indentation. However, when it comes to
the tensile test, the fracture toughness values are smaller. We attribute this behavior
to the difference in deformation mode and deformation direction in tensile and
indentation tests. In terms of ductility, nanolayered CuzsTazs/CuzsTazs — 20 is more
ductile than CuzsTars, and it seems that adding a soft amorphous layer to the system
behaves such an obstacle to crack propagation and brittle fracture.

Considering CuspTaso and CursTazs/CusTaso — 20 full MG sample, fracture
toughness is not improved in CuzsTazs/CusTaso — 20 nanolayered sample, and
somehow modulation of composition in MG/MG nanolayers couldn’t enhance the
fracture toughness. But when it comes to ductility, MG/MG nanolayer possess

higher ductility compared to CusoTaso.

It seems that modulated composition in MG/MG nanolayers affected on the

improvement of ductility but not on the enhancement of fracture toughness.

To sum up, both full amorphous and amorphous-crystalline samples are better and

optimum materials in case of ductility.

As future work, this study gives an idea of measuring ductility of different alloys
using an in-situ tensile test which gives us an opportunity to monitor the crack
propagation step by step at each strain. Moreover, using different methods of

machining, micro, and nano-scale tensile specimens can be produced on any kind
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of substrates to perform the tensile test. In this vein, finite element simulations can
be helpful to validate the ductility and toughness data derived from the tensile and

indentation experiments.

As we found in the result of tensile experiments, crystallization in the monolithic
samples did not affect the ductility as expected, but in the case of nanolayers,
ductility enhanced considerably. So, it can be a good idea to study the correlation
of crystallization and fracture toughness in metallic thin films especially
considering two monolithic and multilayer systems. This way, it is also possible to
extract the real effect of nanolayer fabrication on the ductility and toughness of the

samples.

As the next step of this study, one can also investigate the change in the
microstructure of the samples after the tensile test. As a result of such a study, useful
findings can be achieved about the structural stability in different types of

microstructures.
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