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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF CUZR -RE BASED BULK
AMORPHOUS/NANOCRYSTAL COMPOSITE

Sékan, Fatih
M.S., Department of Metallurgical and Materials Engineering
Supervisor: Assoc. Prof. Dr. Yunus Eren KALAY
Cosupervisor: Assist. Prof . Dr .

August2017, 128pages

Bulk metallic glasses have recently attracted much attention due to their high
mechanical strength both in amorphous and in the amorphous/nanocrystal composite
form along with their higtglass forming ability. However, factors such as having a
low plastic strain limit their potential application as structural materials. In this present
work, ternary (ZsoCuwoAl10)100 xSmk (Xx:0-4 at. %) amorphous alloys were produced

by melt-spinning inribbon form and suction casting in bulk fommthin the diameter

range of 1 to 3 millimeters. The amorphous and the devitrified states of these alloys
were investigated with scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Xray diffraction (XRD) and scanning differential calorimetry
(DSC), Atom Probe Tomography (APT) techniques. Mechanical behavior of these
alloys wereinvestigated using compression and hardness testing. Failure modes and
structures were analyzed using SEM asl.weirthermore, micranechanical testing
experimentsvere conducted in order to get insights on the mechanical behavior of
amorphous and patrtially crystalline specimensano and micro scal&m addition

up to 4 at. % lead to nanocrystallizationagipraximately 5-10 nm spherical G&m

phasefor (ZrsoCwoAl 10)96Smy alloy. Further growth ofCwpSm phase was thought to

Vv



be hindered due to solute pilg of Zr atoms at phase boundary and insufficiency of
Sm atoms in amorphous phaSénce the amount of Sm atoms in amorphous matrix
can be controlled by adjusting Sm content during alloying, nanocrystal size can be
adjustable for such systemBrecipitation of Cl,Sm nanocrystals were found to
increasestrength and hardness @rs0CuwoAl10)96SMu alloy; however, caused a
significant embrittlement problem. Adjusting size and distributions of these
nanocrystals may prove useful in eliminating this embrittlement problem. This study
demonstrates how complex microstructures can be formenhetadlic glass to make

a composite structure during devitrification and how these structures can be tuned for

better properties.

Keywords: Bulk metallic glass micro alloying nanocrystallization, phase
transformationmechanical andtructuralcharacterizationmicropillars.
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¥Z

CUZR-NTE BAZLI HACKMLK AMORF/ NANOKRKSTAL
YAPI LARI' N | RETKMK VE KARAKTERKZASYO

Sékan, Fati h

Yéksel Li sans, Metalurji ve Mal zeme
Tez Y°neticisi: Do - . Dr . Yunus Er
Yardemcé Tez Y%°neticisi: Do - . Dr .

AJ u s201d,428sayfa

Haci ml i metali k camlar ayné zamanda hem
kompozi't hall erinin y¢ksek mukavemet de’
haci ml i me t a lek kam oapabilne r kabilyyetléris sayesinde makro

°| -ekl erde cretilebilinmektedir. Fakat

mal zemel erin kull anéménée Kk &GuaaAlid)awBamkt adeéer
x04 at. %) si st e miyksvurmaleiomrde °w exkeiethnelrd | i nd
dok¢e¢m yont3mmiliilneet & e —~aparkd agt fir laikmd ik it i
Numunel erin amorf ve devitrifiye halleri

X-éekéné kéerénémé ve dif deiacelsmiyretMekakila!l or i m
°©zel | i kIl esertliktebtlarsilenanalix egihi Kkt iIKrér él ma y¢zeyl er
mekani zmamak €& éAyaniéaraekanik test deneyleri ilemekanik

d avr amana Veanmk® boyutlardancelermitik Sonu+ ak| aat omca %
kadar Sm ekl enin@sinmy dlolyakélan®ndd aXxkgmers
nanokristall enmesine y ol a- mékteéer . Nano
araye¢zeylerinde biri kmesi vV e amor f mat r

yeteinsimdddgni yl e daha fazl a b¢yeéeyemedi]
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mi kroyapénén kontrol edilebil mesine olanak s
séraseéenda kontr ol edi | mesi il e nanokrista
ger ¢l mek$Smdf az é C&(drsoCoutAldojeBrma | a kK € mégserdiln  hem

hem de mukavemetini arttererken, mal zemeye
k

érélganl é]j émamoldreirst anlesbhoyutilnarénén ve dajé
i ncel enmesi yardémcei k|l aaimliar.énBu avhbharmmaé r
olukabil ecek kompleks yapélaré ve bu yapél a

kontrol edilmesini sergilemektedir.

Anahtar KelimelerHa c i ml i met al i k c¢cam, mi kro al akeéml a

d°ng¢ K¢ meg, medtlkanktekizasyoemikyo &gioalar.
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CHAPTER 1

INTRODUCTION

1.1 Metallic Glasses

Metallic glasses can meenas ajunction betweercrystallinemetals ancamorphous
glasses. Botf these material types were known to man for a quite long time. Silica
based glass, nhamely obsidian towkre used even in Stone Afe2]. Later on with

the discovery of smelting, Stone Age gave way to Bronze Age. Introducing metals into
mankind via bronzea copper based metal all{8]. Snce hen, metals and glasses
have beenrecognized as completely different material groups #ng studied
separately. Thiglifference in fact originated due to their structural differences and

unique properties.

There area couple ofstructural diffeences between metals and glasses. Metallic
elements construct a lattice with a long range translational order, known as crystalline
lattice via metallic bonding in metals, on the contrary, glasses contain mostly covalent
and ionic or van der Waals bondslasompletely lack long range translational order.
The structure of the glasses is calledorphougoriginates in Greek admorphos,
meaning without form or shapeless implying the chaotic anereyetitive structure

of atoms within the material. Distinctly different atomic and electronic structures
attribute to their unique material propertiés.1960the first metallic glasses wer
synthesized by Duweet. al.in Au-Si alloy system with a tedmue called splat
guenchindg4]. Discovery of metallic glasses merge Hteucturalvarietiesof metals

and glasses together, creating a -noystalline structure with metallic bonding.
Consequentlycombining properties of metals and gies lead to promising and

unique properties



1.2 History of Metallic Glasses

Discovery of metallic glassdsy the work of Duwezet. al.in Au-Si alloy system
created a scientific curiosity for amorphous metals and undercooled liquids. Pioneer
studies of metallic glasses were centered on thin foils or ribbon ssmyiere the
sampe size idimited to micron size. Such samples were produced by splat quenching
or melt spinning techniques, where melt is directly come in contact with the cold metal
surface instead ajuenchingn liquid to prevent gaseous layataring rapid cooling

of the material. Small sample thickness of ribbons and cold rmet¢#t interactions
established an opportunity for extremely high cooling rates reaching ug ®/s.0

Later onbettermechanical and magnetic properties of metallic glasses become clear
to reearchers. Thus, effonias beefocused on finding momobustproduction routes

and larger scale samples. Inoue proposed several empirical rules in order to stabilize
supercooled liquid and increase chance of glass formation, thus decrease the necessary
cooling rate in ordeto increase sample thickng&g. In this respect, research led to
development of bulknet al | i ¢ gl asses (BMGs). According
a multicomponent alloy composition with at least 3 elements along with a deep eutectic
temperature, elements with large atomic radii difference (approximate threshold value
of 12% difference)negative heat of mixing in order to stabilize homogenous structure
are some rules to obtain a glass former alloy. Satisfaction of these empirical rules
results in a decrease in critical cooling rate and enabling production of millimeter scale
glass sampkein bulk form. Figure 1.1 shows the change in critical casting thickness
in centimeters with years. In 1969, Chen and Turnbull produced the second metallic
glass in PeSi-M (M=Ag, Cu, Au) system at a cooling rate ranging betweend Q¢

K/s [6].
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Figure 1.1 Metallic glass sample size withsygect to years. Adopted frojm)].

Later on in 1990s, commercial metallic glasses are born with the productioiCof Zr
Ti-Ni-Be alloy systems commonly known as ¥loy by Johnson and Pekf].
Development of commercial metallic glasses lead to new applications wifeh
initially limited to sporting goods.

1.3 Application Areas of Metallic Glasses

Metallic glasses attract the interest of maggearchers and remarkable effort spent on
literature in order to produce metallic glasses out of various systemstanduwliiple
production routes. The majarasons of sudinterest in these systenssthe promising
properties of the metallic glassasch as high strength and hardness comdbiwith
superior elasticitygood thermal stability, exceptional wear and corrosion resistance

[9]. Thus, metallic glassesre possible candidates for many application areas in



industry. Although metallic glasses inherit their superior properties from their non
crystalline nature, their weakness also comes with it. Since theretianstational
symmetry of atoms arranged in long range order, in other words, crystalline lattice,
there is no dislocation movement. The absence of dislocations causes very limited
plasticity for metallic glasses. Generally metallic glasses tend to defastically and

fail in a brittle manner where the ftace occurs catastrophicall{0].

Sudden fracture characteristic of metallic glasses limits their application areas
drastically. Today only critical application of metallic glasses can be considered as
anticorrosive coatings or magnets for nuclear reactors.tBukeir noncrystalline

nature and chemical homogeneity, metallic glasses have exceptional corrosion and
irradiation resistance. Metallic glass coatings that are prepared by High Velocity
Oxygen Fuel (HVOF) are used in industry to prevent oxidation ancbsion of

critical surface$11]. In addition, magnetic properties of metallic glasses are resistant
to radiation damage making them good nuclear reactonetafpr longer service life

[12].

The first company to produce metallic glass products in bulk form was Liquidmetal
Technologies. The company developed and produced their trade mark product as
Vitreloy and focused on application areas such as sporting goods, biomedical,
electronics and defise.The very first appliation of metallic glasses wamlf club

heads. Metallic glass golf club heads rapidly replaced Ti golf club heads due to their
superior mechanical properties. Ti golf club heads transferred 70% of the impact
energy to ball, whildor metallic glass the vaduis 99%[13]. Such a high value is
reached due to the fact that metallic glasses do not have any microstructural features
which act as impact energy absoshesince there are no grains and grain boundaries

in amorphous structure, the impact energy absorption is very limited.

Figure1.2Vi t rel oy basebal Ir amastf ewiot H afbppdr. e Aadroert gy
[13].



Figure 1.2 shows a Liquidmetal Vitreloy

underlying the high impact energy transfer efficiency. Another applications of metallic
glasses are strong andHigcasings for electronic products such as cell phones and
watches. However, production cost and manufacturing limitations have a negative

impact on popularity of such casings.

1.4. Concept of Glass Forming Ability

Determination of glass forming abilise(GFA) of metallic glass candidates is at
utmost importance for the development of new glass former alloys. From the discovery
of metallic glasses, the question at what compositions metallic glasses form is
extensively considered. Angnswes to this queson has the potential to reduce the
required effort to find new glass former compositions. Concept of glass forming
ability, defines how easily the alloy system solidifies into amorphous structure in room
temperature. This basic explanation, in fact aetees the two major criterions of
metallic glass production; critical cooling rate requirement and maximum practical

casting thickness.

The constituent elements more than three kinds with large atomic size ratios
above 12 % and negative heats of mixing

Increase in the degree of dense random packed structure
(topological and chemical points of view)

Formation of liquid with new atomic configurations
and multicomponent interactions on a short-range scale
.

<« v —>
Increase of solid/liquid Difficulty of Necessity of
interfacial energy atomic rearrangement atomic rearrangement
* decrease of atomic diffusivity, ) on a long-range scale
increase of viscosity for crystallization
Suppression of *
nucleation Suppression of growth
of a crystalline phase Increase of T of a crystalline phase
— | —
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Figure 1.3l noueds mechanism for high gltass

alloy system. Adopted frotb].

f

k

or



First studies to understand glass forming ability centered on heat wignaird the
atomic size difference. As mentioned earlier, Inoue stated several empirical rules on
glass former alloys. Figure 1.3 shows the mechanisms for stable undercooled liquid
and high glass forming ability for a multicomponent alloy system. Accoriadirigs
mechanism, suppression of nucleation and growth of a crystalline phase and difficulty
of atomic rearrangement has a strong effect on stabilization of undercooled liquid, this

approach |l ed to Aconfusion pri fnehewdseo,

f

r

st

a graduate student aetkuniversity of Pennsylvan{@]. A Conf usi on principle

underline the idea afomplicating and confusing the crystal, so that it will not form
with ease. In addition to complex crystal structure, relémental nature of the alloy

increase entropy to stabilize the homogenous glass structure.

Glass forming ability is representedtine ratio of glass transition temperaturgoVer
liquidus temperature, and known as reduced glass transition temperatw¢g]T
Higher reduced glass transition temperature indicates that the glass forming ability of
the alloy is also high. Another GFA indicator, i s pby louptoak[B4H Gamma
indicator also takes crystaliiion temperature into consideratidd]. Equation 1.1

and 1.2 shows the relatiship between important characteristic temperatures and glass

forming ability indicators.

Y - Equation 1.1

[ — Equation 1.2

In their work Lu correlate glass forming ability to required critical cooling rate and
practical maximum sample thickness and obtained two formulas by experimental
results. By using equation 1.3 and 1.4, it is possible to determine experimental limits

via DSC/DTA measurements.
Y v pmQwnppH Equation 1.3

O CRMPMTQHT K It Equation 1.4



Figure 1.4 shows the change in critical cooling rat@rRritical section thickness.Z

with respect to 9 i ndshawaddeareasindtendsvhilezn i n 1
shows an increasing herimpodantwaspéechthat shoaldbea s i n
pointed out is 29=0.35 is defined as an ap
glass.
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Figure 1.4 Change in critical cooling rate and critical section thickness with respect

t o Tx{Tg+T)). Adopted from{14].
1.5 Kinetics and Thermodynamic Approach of Metallic Glasses

Glass forming ability of a metallic glass is directly related to the thermodynamics and

kinetics of the supercooled melt.

1.5.1 Thermodynamic Approach

At constant temperature and pressure the spontaneity critetien@bbs free energy
change of a system. Under conditions whe
transformations take place spontaneously, in other words, systems tend to minimize
their Gibbs free energy by phase transformations. In the caseavtsajed melts, as

the temperature of the melt is reduced belowGibbs free energy of the crystalline



solid phase is lower compared to the supercooled melt. The Gibbs free energy

di fference, &G, bet ween sol i d ngfordefori qui d pha
crystallization. As the melt is more and more undercooled due to the temperature

decrease, driving force for crystallization increa3dwus, supercooled liquid becomes

more unstable and glass formation gets harder.

Stable Liquid

sypercooled Liguid

Crystalline Phase

Ry

Temperature

Time

Figure 1.5 Time-temperaturdransformations diagram for glass formation

Figure 1.5 shows the TTT diagram for glass formation. Diagram also shows several
hypothetical cooling rates along with the critical cooling rate for dlagsation. As

seen in the diagram, the liquid phase is stable above the liquidus temperatise, T
temperature decrease belowluid becomes unstable and if enough time is given it

will reduce its Gibbs free energy by crystallization. Melt tends édopm this
transformation more, as temperature decreases down to nose of crystalline phase curve

due to increasing e&G.
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In Figure 1.6, driving forcehange with respect to undercooling is shown. As seen in

the figure for al |l al |

0.8

oy
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systems

G

sho

Increase is higher for some of the alloy systems, this phenomenon is also one of the

factors defining glass formabijitof the alloy. Another important temperature in the

TTT diagram is the glass transition temperature. Generally, when supercooled melt

exceeds ¢, glass formation occurs. For the cases where cooling rate is lowerdhan R

the crystallization occurs. Whileomplete crystallization occurs forsRpartial
crystallization will take place for RIn the case of Rno crystallization will occur.

Although thermodynamics determines the glass formability of the metkinetic

factors that dictatethe final stucture.

1.5.2 Kinetic Approach

Understanding of the kinetic properties of the supercooled melt requires the

comprehension of specific volume and more importandyrespondingviscosity



term. Firstly, while the temperature of the melt is decreased, its specific volume

decreasemainly due to the thermal expansion coefficient.
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Figure 1.7 Variation of (a) specific volume and (b) viscosity with temperature for
both crystad and glasses. Adopted frqv].

Figure 1.7 (a) shows specific volume change with temperature. In case of
crystallization, specific volume decrease is discontinuous and rapid. If crystallization
is somehow retarded; as temperature decrease, specific volume continues to decrease
and when temperature eventually reach glass transition tetupe supercooled
liquid turnsinto a solid with amorphous nature due to increased viscosity. It is also
clear that at different cooling rates, glass transition temperature and specific volume
of the glass is different, so glass formation and its structure should dependiog coo
rate as well as viscosity of the liquid. Figure 1.7 (b) depicts the change of viscosity
with temperature belowd Similar to specific volume crystallization causes a strong
discontinuous increase in viscosity via solidification of melt. On contvérification
causes a continuous viscosity increase upgtoA§ both temperaturdecreaseand
viscosity increasdurther, mobility that is required for rearrangement of atoms is
decreased. Since mobility and diffusion is very limited at relatively lowpézatures,

the time that is necessary for system to reach in equilibrium (in this case crystallization

of the supercooled melt) increases exponentially and rather becompeanboal.

10



1.6. Mechanical Behavior of Metallic Glasses

As mentioned earlier ithe thesis, metallic glasses tend to deform elastically at room
temperature due to the fact that they lack the crystalline structure which attribute to the
plasticity. Although at macroscopic scale their deformation is elastic, there is
remarkable plastity within localized zones, called shear bands. There are several
theories concerning the localized plasticity zones in literature. Among them shear
transformation zone (STZ) theory is studied in d¢tél]. Since structural defects such

as dislocatios, stacking faults or twins are not present in monolithic metallic glasses,
the stress relaxation proceeds by shear moveméntt@m groups within

transformation zones.

Figure 1.8 lllustration of STZ mechanism in MGnder stress. Adopted frofh9].

Figure 1.8 depicts the STZ theory mechanism for metallic glasses under stress. The
main challenge in order to understand the stress relaxation within metallic glasses is
that STZ cannot be observed via TEM unlike dialions. Another difference between
dislocation motion and STZ is that the energy barriers for activation. Activation energy
for dislocation movement is characteristic depending on the crystal structure while
activation energy for SZT varies. More unstalpégions within the amorphous

structure will activate easier compared to less unstales Consequently,

11



investigation of deformation mechanisms or mechanical behaviors for metallic glasses

becomes challenging topic.

1.6.1 Shear Bands and Serrated Fdw

In macroscopic scale, deformation under tensile loading consist of elastic deformation
with approximate fracire strain of 2%20]. In compressive loading, however, elastic
deformation is accompanied by yielding and limited plastic deformation without work
hardening. Most metallic glasses show serrdled before yielding occurg21].
Serrated flow or ziggag pattern on stressrain curve is caused by the stick and slip
mechanisms of shear banf#2i 24]. As increasing load is applied on the glassy
samples, material tries to relieve the stress by nucleation and propagasioeaof
bands. Shear banding in metallic glasse=ursin a catastrophic manner, iadt, shear

band propagating rais about 1¢ s [25]. Such high propagation speed reveals that

the rate controlling step for fracture is the nucleation of the shear bands. In certain
cases, shear band propagation isrdetd or even arrested until higher amount of load

is applied. Thus, metallic glasses sequentially have bursts of strains and arrests at shear
bands. This phenomenon is defined as shear band stability. Strain amounts, frequency
or time ranges of these bugstepend on the structure and composition of the alloy, as
well as loading rate. If the shear band nucleation rate is slower than loading rate,
deformation seems rather homogeneoua such cases strain is distributed and
continuous stresstrain diagrams obtained. For lower loading rates, there is enough
time for shear band nucleation. Nucleated shear bands rapidly propagate and cause
strain bursts. Generally, metallic glasses with constant shear band arresting are called
more fAductil eo rbandmngabilityeretallic glasses Figuee 1.9 (a)
illustrates the effect of loading on serration flow mechanism via load to- nano
indentation depth diagram. Serrated flow is disappeared as the loading rate is

increased.

12



1000 A

T T T M T T T N T

(Feqq3CrsCosMoy2 sMny; 2C1s5Bs g)os s Y1 5

10 L Loading .
Rate [N/s - 900 - R =
'—n\_l_zi 1 © Z14 25 Ti1375Ni1oCup sBez s =T,
g | 210 233
[ sx0? BN % T pauCuNie
1.2¢10° &g . . .
v 6 - p 8 5 700 1 MgesCuasYig Zrsy sCuy79Nija sAlig.0Tis o
[IHN] 6x10 'g - D'\Zl'ssAlmNiscum
4l 8 :53’ 600 1 Cuy TisyZry Nis
PdNiyoP
E & 500- dgoNigoP2
2 | » LassAlysNiz
400 T T T T T ]

400 500 600 700 800 900 1000
b) Glass transition temperature, 7, (K)

Figure 1.9 (a) Effect of loading rate on flow mechanism and (b) correlation of shear
band temperature at fracture strength wighAdopted fron{21] and[26]

respectively.

Formation of the shear bands also cause some shear softening. Temperature of the
shear band area increases due to ttedikied deformation during loading of a metallic
glass. In some cases, this local temperature rise can result in local melting in shear
band vicinity. Temperature rise varies from less than 1 @ X0 in some of the

systems[26-27]. Fracture surface of shear band zones contain evidence of local

melting.
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Figure 1.10 Vein patterns covering the fracture surfatshear band. Adopted from
[28].
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Figure 1.10 shows the micrograph of fracture surface of a shear band area. The surface
is covered in veirpatterns. Inset depicts evident ligtikle features and droplets.
Temperature rise during loading is strongly depends on the glass transition temperature
of the metallic glass. For effective softening to occur, temperature should be near the
glass trangion temperature.Figure 1.9 (b) illustrates that for various alloy
compositions, shear band temperature at fracture strength is very close to the glass
trangtion temperature of the alloys [257]. The softening of the glassy alloy attributed

by the sudden viscosity drop due to local heatihgught to be one of the reasons of

catastrophic failure in metallic glasses.

1.6.2 Fracture Modes

Shapes of the fracture surfaces reveal much informatiout s fracture mode and
mechanical properties of the metallic glasses. Unique fracture modes ckassified
in threemajor group, while in some cases fracture surface contains more than a single

mode.

Shear Fracture Mode

Shear fracture mode the mos well-known among the threleacture modes. It is

usually observed in tension or compression
which final fracture occurs via shearing of an inclined plane to the loading axis. This

type offracture is similar t@ne seen iwgritical resolved shear stress plane at an angle

of 45 angle, but the shearing angle for metallic glasses deviates frdrandte.

Deviation is positive in case of tension and riegan case of compressi¢aoi 31].

14
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Figure 1. 11 Example of shear fracture under (a) tension and (b) compression-for Pd
Ni-P metallic glas. Adopted fronj31].

Figure 1.11 shows two examples of shear fracture mode in tensile and compressive
loading conditions. Deviation from 2%angle reveals that the failure is not only
controlled by deviatoric stresses. Shear fracture mode mostly appears in Zr, Cu, Ti and
noble metal based metallic glass compositions. Shear fracture is caused by shear
instability on a dominant shear band. Asntiened before, shear band surface is
covered by vein patterns and ligtlike features revealing there is evidence of local
heating accompanied by softening and plasticity. Due to these features, shear fracture

mode i s charact er iAoz netallicglassesiduct i | ed0 beh:

Cleavage Mode

In cleavage fracture mode, metallic glass sample splits into two along the axis
perpendicular to the loading axis. Cleavage in metallic glasses is utterly different
compared to the cleavage in crystalline materialgsi@l planes play an important role

in cleavage of crystalline materials, since cleavage occurs along the planes of atoms
that are weakly bound. In amorphous structure crystal planes are absence, so cleavage
follows a wavy pattern of unstable regions. leavage surface of metallic glasses
mirror, hackle and mist regions are obseri@&2l. In Figure, 1.12 these regions are

illustrated. Cleavage fracture mode is mainly observed under tensile loading of Mg,

15



Fe and rareearth elenent based metallic glass [33]. This fracture type is

characterized as having a brittle manner.

Figure 1. 12 Micrograph of cleavage fractuseirfae. Adopted fronj32].

Fragmentation Mode

Fragmentation mode is observed in extremely brittle metallic glasses. In this fracture
mode, glassy alloy splits into many small pieces and fragments in a blast upon loading.
Fragments of the fractureeagenerally uniform and about 50 microns in size. In
fragmentation fracture mode fracture surface does not have any sort of vein patterns
or liquid-like features. Fragments generally contain a fracture core and radiating marks
out of the core. lllustratioaf fragmentation fracture mode is shown in Figure 1.13 (a).
Zhanget al. studied the mechanism of the fragmentation fracture mo@»based

metallic glassep34i 36].
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based fragmented and (b)}HEased sheared nadlic glasses. Adopted frof36].

Zhang revealed that the fragmentation occursheanucleation of small fracture sites
within the volume before the final fracture. These fracture sites rapidly propagate

leading to a fracture blast of small fragments. In Figure 1.14, fracture mechanism of

pure shear and fragmentation modes are shown.

g
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Figure 1. 14 Fracture mode mechanism schematic for (a) shear and (b) fragmentation

fracture mode. Adopted frofB6].
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1.7. Production of Metallic Glasses

Since the discovery of the metallic glasgegjr production became a tedious work.
Production parameters of metallic glasses mainly depend on the type that is produced.
There are two main classes of metallic glasses; bulk metallic glasses and marginal
glass formers. The classification practicalbased on the critical cooling rate
requirement during production. Vitrification of bulk metallic glasses, BMGs, are easier
compared to marginal glass formers due to their low critical cooling rates. Critical
cooling rate requirement for BMGs range betwéeto 100 K/s which makes their
production less tedious. However, in practice, this still limit their production
techniques to several methods and their maximum diameters20 tn. Marginal

glass formers are harder to produce with required criticalrgpodite of 10K/s, which

is only achieved by a few production methods. Unlike BMGs, marginal glass formers
can only be produced in the forms of thin films or ribbons. In this thesis the emphasis
will be given on bulk metallic glass compositions

Metallic glass production classification mainly depends on theprgor or the parent
phase. In most cases, their production is explained via vitrification techniques and
critical cooling rates; however, not all metallic glass production methods must involve
a caling. In fact, one sulgroup of metallic glass production is focused on distorting
the lattice in order to obtain amorphous structure. Any method of disturbing perfect
lattice and crystal structure to claim disordered amorphous structure in a solid form
can be accepted as metallic glass production.

1.7.1 Vitrification from Liquid State

Requirements and necessities of this production type is already mentioned earlier in
thisthesis. The major point of vitrification from liquid state is that parent phystiatd

is already in amorphous structuFear this group of production techniques, main aim

is to suppress crystallization in order to maintain amorphous structure up to the points
where crystallization can no longamacticallytake place. This is achiedéy reaching

higher cooling rates than critical cooling rate. So, the solidification process should be
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rapid in all these techniques. Since the discovery of metallic glasses, high cooling rates
are achieved by melt to cold metal interactions. The queggbiovided from the

water cooled cold metal depends on the production technique, but in general provides
the best cooling performance. The first metallic glass was produced bysetathing
technique where melt is qudrerl between two copper plates. katevention of mek
spinning technique enabled faster metallic glass production. In-spiatiing
technique, melt is quenched by a rotating copper wheel and collected in the form of
micron thick ribbons. Next widely used method was suction, chill or injectasting
methods. These methods provided a lower cooling rate; however, improved sample
thickness greatly. By casting methods, metallic glasses production in millimeter scale
become possible. Figure 1.15 (a) shows critical parts of agpigiber. Set jpi consist

of rotating copper wheel, induction coil, liquid metal holder and nozzle, cooling units
and inert gas valves. Figure 1.15 (b) shows suction casting platform integrated into an
Edmund B+ynblterer arc

Figure 1.15(a) An example of mekpinning set up and (b) the suction casting set up
used in thighesis study. Adopted frof37].
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1.7.2 Deposition from Gaseous State

Production of metallic glasses from gasecstate is an another nrequilibrium
cooling technique which is focused on various depositiethods. In these production
routes final samples are in forms of micron thick thin filmd.@dmicrometers). Major
examples of these gaseous metallic glass production techniques are chemical vapor
deposition (CVD) and physical vapor deposition (PVD) méshcAmong various
techniques, magnetron sputtering is widely used in order to produce thin film metallic
glasses. In magnetron sputtering extremely high cooling rates (reaching 8its)10

can be achieved via liquid nitrogen cooling of substrate. Aghotooling rate is
optimal for metallic glass production, managitige composition of alloys is
compelling for magnetron sputtering. Since the system elements are randomly
deposited through ion bombardment of the target material, there occurs some

compositonal fluctuations over samp|88i 40].

Another production technigues thermal spray coating methodamely plasma
spraying and high velocity oxygen fuel. Although the-guesor physical state is liquid
for HYOF, samples obtained are in form of thin films via spray deposition. Although
coating thicknesses are relatively thick (~500 micrometdrsy are not in bulk form
[11]. The main use of metallic glass production via®#vis for anticorrosive or anti

wear coatings of strategic parts.

1.7.3 Amorphization from Solid State

Amorphization methods from the solid state is inheritably different than other
methods, since the initial phase is already in crystalline form. Insfesuppressing
crystallization, main effort is focused on distortion of crystalline lattice. Distortion of
crystal structure is mainly achieved via severe deformation of the material. Extreme
deformation cause generation of lattice defects such as distu;astacking faults

and vacancies in high density. Due to high density of lattice defects atomic
arrangement is distorted leading to high energy, unstable amorphous structure.

Amorphization via mechanical alloying is another type of deformation induced
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amorphization technique. Mechanical alloying is done via ball milling techniques
using high purity alloying elements of the system. Depending on the composition, in
general 20100 hours of milling time results in powdershv@morphous alloy structure
[41-42].
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Figure 1.16(a) XRD patterns of ball milled Znpased MG samples and (b) free volume
change with mling duration. Adopted fron41].

Figure 1.16 (a) shows the XRD patterns of ball milleth@sed metallic glass samples.

For all milling durations andsspun samples, amorphous main hump is evident. Even
20 hours of milling time results in amorphous structure for this alloy composition.
Figure 1.16 (b) shows free volume change of amorphous structure with respect to
milling duration. Increased free volemby milling reveals the effect of severe

deformation on the structure.

1.8 Thermal, Structural and Mechanical Characterization of Metallic Glasses

Characterization of metallic glasses is at utmost importance since their properties and
promising future aplication areas are directly correlated with their structure.

Understanding their thermal, structural and mechanical properties reveals valuable
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information in developing more metallic glass compositions and improving their
properties. In literature melial glasses are studied by various characterization
techniques such as differential scanning calorimetry (DSCGjayX diffraction
techniques such as conventional (XRD) or high energgayX diffraction via
synchrotron radiation (HEXRD), transmission elestmicroscope (TEM), 3D Atom
Probe Tomography (3DAPT).

Mechanical performance of metallic glasses is studied by variesituimnd exsitu

mechanical tests such as hardness and-malemtation tests, tension or compression

tests in macro scale; howevdhe recent developments and focused ion beam
technique enabled researchers to lpserform mic

mechanical tests via migodlar compression tests.

1.8.1 Differential Scanning Calorimetry

Differential scanning calorimeti§pSC) is a very powerful technique to track physical
changes during heating or cooling of mater{dl3]. Thermal properties of materials

can also be evaluated in isothermal conditions usingi¢blmique. It is possible to
determine temperatures for melting, boiling, freezing, any other first and second order
phase transformations, oxidation, deoxidation, and decomposition reactions. In
addi tion, heat <change ( seHpacityof maetasanel t r ansf ol
activation energy for reactions can be calculated from the data provided by DSC. In
the field of physical metallurgy and especially metallic glasses, DSC has an important
role for determination of glass transition temperatugg, €rystallization temperature

(Tx) and thermal stability of a metallic glass. Other important information such as
devitrification path of the alloy can also be revealed when DSC data is correlated with

other characterization technigues such as XRD and TEM.

1.8.2 Conventional X-ray Diffraction and Synchrotron Light Source

X-ray diffraction (XRD) is one of the most important structural characterization in the

field of material science. Scientists can obtain valuable information fremrayX
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diffraction patternsuch as crystalline structure, phase analysis, crystallite size, lattice

parameter etc. XRD patterns can be studi
¢ _ cCQOEF Equation 1.5
where n is the order of di ff r-rayxbeampodns, o

the interplanar spacing and d is the i

Al t hough Braggos Law and XRD analysis
investigate crywlline structure, metallic glasses do not inherit any sort of long range
order (LRO) to begin with. Due to their nanystalline, shapeless nature XRD patterns

of amorphous samples do not exhibit any diffraction peaks, but a diffuse and broad
main pealike hump followed by wavy pattern. Figure 1.16 (a) shows a typical XRD
pattern for an amorphous spl® where there is a main humpynchrotron Light
Source characterization is similar to conventional XRD; however, much more
powerful. Synchrotron radiatiomabled researchers to work with higher brilliance and
coherency meaning higher number of photons per area and time. Major use of
synchrotron radiation in characterization of metallic glasses-stekin-situ high
energy Xray diffraction (HEXRD) experimnts. Through high briliance and
adjustable energy of photons in synchrotfons possible to observe any structural
change within the material. HEXRD data can be used to conduct structural simulations
such as Reverse Monte Carlo or Molecular DynamitiSXRD patterns can be
obtained in a shorter time compared to conventional XRD, giving an opportunity to
perform insitu XRD experiments. Main drawback of synchrotron radiation is their
accessibility. Since these facilities are few in number around thiel,wesearchers

have to propose their research to gain access for limited times called beam time. Still
synchrotron facilities prove useful not only for material science but also for other

branches such as biology, medicine and geology.

1.8.3 Transmission Electron Microscope

Transmission electron microscope (TEM) characterization is at utmost importance for

structural characterization. TEM provides atomic scale resolution which makes it the
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appropriate tool for many structural investigations. In the fafldmetallic glass
studies, scientists use TEM in order to investigate bothasis state to reveal
vitrification efficiency and devitrified state to reveal crystallization kinetics and
sequences. TEM not only provides imaging at high resolution, butatsbe used to
perform electron diffraction in a relatively small selected area. TEM characterization
can be used to investigate structure in both real space and reciprocal space through fast
Fourier transformation (FFT) analysis. Combining imaging arfdadtion, TEM can

be used to investigate shapes, sizes and crystallographic structures of crystals that are
formed in metallic glasses. In addition, by sophisticated attachments such as a hot stage
or a nanoindenter it is possible to performsitu heatiig or mechanical testing
experiments within TEM while investigating the structural changes. Fig. 1.17 shows

TEM micrographs of CiZr; crystals embedded within amorphous matrix in a

CuseZras melt-spun alloy. Insets in images depicts selected area eleatfactibn
(SAED) patterns of shown regiof#4].

Figure 1.17 (a) TEM micrographs of anneal€@isesZrss metallic glass alloy showing
the crystallized phaseadopted fron{44].
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1.8.4 3D Atom Probe Tomography

Atom Probe Tomography (APT) isreovice method that can be used to investigate
atomic scale material characterization. Although APT seems weak on structural
characterization, it is extremely powerful on chemical characterization due to its
atomic scale spatial and chemical resolutionyad 0.20.3nm resolution in deptmd
0.3-:0.5nm laterally)45]. Fig. 1.18 illustrate thevorking mechanism of APT.
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Figure 1. 18 (a) lllustration of APT design and working principles and (b)
representative tomography of a-€eC sample with its concentratioprofile.
Adopted from[45].

APT samples are prepared in a form of very sharp tip generally by techniques such as
electrepolishing or focused iobheam milling. Within the APT instrument sample is
cooled down to temperatures such a6@QK and. Voltage of-35 kV is applied to

the sample in order to induce an electrostatic field at the tip which must be not high
enough to evaporate atoms. Lateraepending on the type of instrument either laser

or voltage pulsing is applied in order to evaporate few atoms from the surface.
Evaporated atoms then travel to Position Sensitive Detector (PSD). Repeating the
whole procedure again and again, 3D tomographgige of collected atoms is
generated in computer. Thus, any kind of chemical heterogeneities such as phase

separationgprecipitations and crystallization can be imaged by APT in atomic scale.
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1.8.5 Macro and Micropillar Compression Tests

Behaviors of matallic glasses undéensile, compressivdéendingor impactloading

gives valuable information about their structures and possible application areas in
future. Metallic glasses can show inhomogeneous or homogenous deformation
characteristics depending ¢ime composition of the alloy or temperature and strain
rate of the experiment. By conductingditu high temperature mechanical testing
researchers can reveal deformation behavior of metallic glasses-shtagssurves
obtained from these experimegise valuable information related to their shear band
stability. Most metallic glasses show discrete strain burst events during loading,
revealing a serrated stressain curve. Each serration represents a shear banding event
that is either nucleation @ropagation. These events can be evaluated in order to

understand ductility of metallic glasses.

Micro-pillar compression tests are a recently developed mechanical characterization
technique which enables researchers to perform mechanical testing wimgle sa
geometry is not suitable for macro mechanical testing. Researchers can also investigate
size effect in a wide range where sample diameter varies from values as lovd&s 0.3
em t50 €¢3n t hr pillarg bompnassion egK6]. FHg. 1.19 depicts deformed
micropillars aftermicropillar compression tests at various temperatures. The shift in

deformation behaviour is apparent in scanning electron microscope (SEM) images.

Figure 1. 19 (a) Deformed pillars at various temperatures, ilustrating the shifi f
inhomogenous to homogenous deformation as temperaitneases. Adopted from
[46].
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One drawback of micrpillar compressiortests are samples may exhibit a tapper
angle due to poor focused ion beam (FIB) milling. Where tapper andleishkgher,
there occurs a significant error in observed stiffness. But lower tapper angles such as

2° are generallgonsidered aaccaptabl¢47-48].
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1.9 Thesis Organization

The scope of this thesis is to investigate the effect of Sm micro alloying on structural
and mechanical properties of-Zu-Al bulk metallic glass. In this respect, thesis
consists ofive chapters. The first chapter includes the brief introduction agrciiire
review on major aspects of metallic glasses. In the second chapter, effect of Sm micro
alloying on glass forming ability of (Z4CwoAl 10)100xSMk (X=0, 1, 3, 4 at. %partially
crystallinesuction cast rods were investigated using differestiahning calorimetry
(DSC), Xray diffraction (XRD), scanning electron microscopy (SEM) and
mechanical testing. The highest GFA was achieved in partially amorphous
(Zrs0CwoAl10)96SMy suctioncast rod. In the third partthermal stability and
crystallizaton kinetics of cast rods and msftun ribbons of (Z6Cui0Al10)96SMu

alloys were investigated using DSC, XRD, transmission electron microscopy (TEM)
and atom probe tomography (APT). Sm micro alloying was found to trigg&SnCu
nanocrystallization. In théourth chapter, mechanical characterization is performed
using compressiotests, hardness testad micrillar compression tests. Sm micro
alloying deteriorate the mechanical properties by decreasing hardne$scnce
strengthin ascast state; howev, annealing induce€wSm nanocrystals improved
both hardness and fractustrengthof the nanocrystalline/amorphous composite
sampleof (ZrseCuoAl10)9eSmy alloy. Shear band propagation speed of composite
sample found to bex&remely unstable whicltausesbrittle fracture In the fifth

chapter, thesis is concluded by major remarks and future recommendations.
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CHAPTER 2

EFFECT OF RARE-EARTH MICROALLOYING ON GLASS FORMING
ABILITY AND MECHANI CAL PROPERTIES OF Cu-Zr-Al BULK
METALLIC GLASSES

2.1 Introduction

Regarding their unique and noteworthy combinations of properties, glass formation
has been investigated in numerous systems, leading to the development of several so
called bulk metallic glasses (BMGs). Motivated by the potential technoldggoafits

of designing new advanced engineering and structural materials; efforts have been
given to develop alloy systems with high glass forming ability (GFA) to attain new

properties or enhance their properties and functionality.

In this chapter, effeaif Sm addition on properties such as GFA, thermal stability and
mechanical properties of (BCwoAl10)100xSMk (X=0, 1, 3, 4 at. %) suction cast rods
were investigated via combined study of XRD, DSC, SEMraadhanicatests.

2.2 Literature Review

2.2.1 Cu-Zr Metallic Glasses

Among many other glass former systems,-Zubinary alloys are particularly
interesting for mechanical and structural applications because of their wide
composition range of GFA, starting from 35 to 70 at. % Cu in alloys ppieeiable
compressive plasticity which prevents any catastrophic failure®.Fighows CZr

phase diagram illustrating approximate glass forming range along with structures of
commonly observed intermetallic phases. There are several studies contieening

glass formation, kinetics and phase transformation mechanisms during devitrificatio
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in Cu-Zr binary system$44-49]. These tudies revealed several details concerning
crystallization transformations involving the phases, the kinetics arytstallization
of individual phases under isothermal and constaating conditions, structural

dynamics associated with devitrification in-Zubinary systems.
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Figure 2.1 Cu-Zr phase diagram showing approximate glassiing range. Adopted
from [50].

According tothe literature, GFA is a nonlinear function of Cu composition in case of
CuwZri00x binary alloys. Highest GFAas beemchieved for 50 at. % Cu, then 65.5 at.
% comes next, and then 46 at. % Cu. Although GFA feZChinary alloys are quite
high, bulk poduction of CuZr metallic glasses are limited to 2 nj&i].
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2.2.2 Cu-Zr -TM Metallic Glasses

In CuZr binary system, recestudies have reported that the GFA ofZusystem
increases significantly with an addition of third element, especially one of the
transition metals (TM), such as ATi, Ni or Ag [52]. Among ternary C&r-TM
systems, CiZr-Al alloys have attracted much attention due to their high GFA and
superior mechanical properties. However, since the maximum critical diameter sizes
of Cu-Zr-Al BMGs are quite low compared tceBor Pd containing BMGs, the efforts

are given to incrase the GFA of GiZr-Al BMG [53].

Wang et. al. showed best glass forming regions within-ZIAl ternary system.
According to their studies ZdCwsAl7, ZrasCuwoAls, ZrssaCussAls and ZesCussAls
compositions werdetermined to bthebest glass formers atiokeir GFA significantly
changedwith evenl at. % shift in compositianThese best glass fornsewere
surrounded by amorphous/crystalline composite former composititaide 2.1
shows theaesults of DSC and DTA analysis of 5 mm cast ingotsre€i&Al alloys
[52].

Table 2.1 Thermal parameters of various alloys in@-Al ternary systenf52].

Results of DSC and DTA analysis of 5 mm cast ingots of Zr-Cu-Al alloys in the 15-15-ZrCu eutectic system

Alloy label Composition Morphology T (K) T (K) T, (K) T.(K) T AT (K) b AH, (Jg)
8 ZrsoCussAlig Fully crystalline in the center 1123 1209 — - - - - 0
2 ZrsgCusAlyy 1121 1188 724 771 0.609 47 0403 28
1 ZrgyCusgAly;  Composite: 1122 1170 722 774 0.617 52 0.409 44
7 Zr50CuggAlyy, (amorphous + 13) 1122 1176 714 770 0.607 56 0407 46

55 ZrsoCugaAly 1122 1181 703 763 0.595 60 0.405 52

11 ZraaCugaAlys Fully crystalline in the center 1123 1262 — - - - - -

39 ZrigCugsAlyg Composite: 1125 1223 726 782 0.594 56 0.401 47

40 Zry;CuysAlg (amorphous + 1) 1125 1218 714 772 0.586 58 0.400 54

64 ZryyCuyAly 1126 1184 704 764 0.595 60 0.405 59

67 ZrygCuysAly 1125 1186 708 766 0.597 58 0404 59

56 ZraCugsAlg Fully amorphous 1126 1187 704 758 0.593 54 0.401 58

45 ZryyCuygghly 1125 1192 706 762 0.592 56 0401 58

57 ZryyCuyeAls Composite: 1126 1195 701 750 0.587 49 039 29

62 ZryoCugrAly (amorphous + ZrCu) 1126 1208 697 745 0.577 48 0.391 21

In arecent study, Yokoyamet al. showedthe ternary eutectic point @ss0CwoAl 10
within Zr-Cu-Al systems Fig.2.2 (a) shows the thermal volume change with respect
to Zr concentration (at. %) for ZLu-Al metallic glassesrig.2.2 (b) shows ZCu-Al
phase diagram indicating eutectic point and corresponding volume change
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Figure 2.2 Thermal volume change with respect to Zr concentration (at. %) for Zr
Cu-Al liquids and (b) ZfrCu-Al ternary phase diagramdopted from[54].

It is clear that Z#oCwoAl 10 composition has the loweitermal volume expansion in
order to stabilize the excess free volume during vitrification. Thus in their work,

Yokoyamaet al. concluded eutectic point, s8CuoAl 10 asthe kest glass formdb4].

2.2.3 Cu-Zr -Al-RE Metallic Glasses

Recent studies indicated an increase in GFA of quaternar@u-X [X= Ag, Ce,

Pr, Tb, Gd alloys prepared by theddition of fourth elemenf55-56]. Besides the
addition of transition metals to €&r-Al alloys, it has been reported that addition of
rareearth elements (RE) results in remarkable enhancement in GFA and mechanical
properties of CtZr-Al alloys by increasing the staliifi of supercooled liquid and
reduced glass transition temperaturg)(Tor instance, it has been shown that Yu

and Dy rareearths increase GFA in GidrssAlg alloy. Fig.2.3 (a) shows macro images

of 20 and 25 mm diameter suction cast rods and Fi¢ll2.8hows XRD patterns of
(Cws7ZrasAlg)100xY x alloy systemMinor Y addition increases critical castid@meter

from 15 mm to 25 mnb7].
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Figure 2.3 Macro images of (CG4ZrasAls)100xY x suction cast rods and corresponding
XRD patternsAdopted from[57].

Denget. al. alsoreported that the amorphosamples o{CuwzZrasAlg)e7Lus with a

plastic strainof 4.65 % can be obtaine#ig 2.4 shows compressive strassain

diagrams for (CurZrssAlg)iooxLux (x = Gi 4 at. %). Plasticity increases with addition
of Lu up to 3 at. %. Further Lu addition is found to deteriottaeductility[57]. Such

effects on mechanical properties are not only limited to Lu.
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Figure 2.4 Compressivestressstrain curves of asast (CuzZrasAlg)iooxLux (X = OF

4 at. %) glassy rods with a diameter of 2 Mdopted from[57].
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In Fig.2.5 (a) andb), effect of Gd and Y addition on LuAl metallic glasses are
shown. Plasticity is increased by addition of raaeth elements at first; however,
plasticity significantly decreadeavith further addition. Maximum ductility is achieved

at different values of rarearth element content as seen in Fig.2.5. For instance in case
of further addition of Gd after 3 at. %, plasticity decreases; however, for Y micro
alloyed samples maximum dility is achieved at 2 at. % and samples remain

relaively ductile even at 5 at. %.
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Figure 2.5 Compressive streistrain curves of injectionast (a) CusZraz.xAl7Gdx (X
=0i 5 at. %) and (b) GigZra7zxAl7Yx (x = Gi 15 at. %) glassy rods with a diameter of 1
mm. Adopted from[58] and[59] respectively.

Decrease iplasticity with further rareearth element addition is also observed in SEM
images of fracture surfaces due to the shifting in the fracture modes. Fig.2.6 shows
fracture surfaces of compression test samples after fracture. Fracture surface of Y free
CuweZra7Al7 metallic glass is seen in Fig.2.6 {f)strating that sample faili® a shear

fracture mode where fracture surface is covered with vein patterns. In Fig.2.6 (c), shift

in fracture mode can be seen as the effect of 10 at. % Y addition. Duatiigrdra
features, namely vein patterns or branched shear bands disappear and fracture surface

becomewery smootH58-59].

34



Figure 2.6 SEM images of fracture surfaces of suctt@st CuesZrs7.xAl7Y x glassy
rods with a diameter of 1 mm: (a) x=0, (b) x=5, (c) x=A0opted from[59].
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2.3 Experimental Procedure

2.3.1 Production of Alloys

The alloy ingots with nominal compositions of £gl Al 10)100xSMk (x=0, 1, 34 at.

%) wereprepared by armelting from high purity elements (0.995 Zr, 0.999 Cu and
0.999 Al, by weight) under @i-gatheredargon atmospherat 58 mbar pressurat
¢ankaya Ulirgatherings doneyin order to eliminate remaini@g within
chamber after vaium sealingo 10°7 10* mbar.The ingots were remelted three times
for abetterchemicalhomogeneity. Before each melting process samples were flipped

upside down t@nhancéhomogeneity.

Ingots are then cast into 1, 2 and 3 mm diameter copper wial@siction casting.
Fig. 2.7 shows EdlmdeicedhatBsqiset ia this stbaliivorder to
perform casting, vacuum reservoir shown in Fig.2.7 (a) is vacuumed and vacuum
reservoir connection (VRC) pipe connected to copper hearth stage whideistag
vacuum tight. After air pressure is lowered down t8 1Q0* mbar, chamber is purged

with Ar gas. A pressure gradient is generated from chamber to vacuum reservoir
through VRC pipe as vacuum reservoir is under vacuum and chamber is at positive Ar
pressure. Pressure gradient originated gas flow is controlled by valve switch shown in
Fig.2.7 (a). Molten metal is pushed into the Cu mold seen in Fig.2.7 (b) by Ar gas flow
that is generated by opening of valve switch. Cu molds are embedded into copper
hearth stage as seen in Fig.2.7 (c) and cooled by water to produce high cooling rate (1

100 K/s). So, cast melt is rapidly quenched and solidified into cylindrical rod shape.
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Figure 227Ed mu nd B¢ Rlldevicea MA Bl a n k\with ismpoldamtifeatures
labeled
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2.3.2 X-ray Diffraction and Differential Scanning Calorimetry Analysis

X-ray Diffraction Analysis

The amorphous nature of suctioast rods was investigated and confirmed bryaX
diffraction (XRD). XRD measurements wetellected usind8 Advance Bruker X

ray Diffractometer shown in Fig.2.8. Surface of the suction cast rod samples are

grinded in order to remove any oxide layer. XRD measurements are done from rod

samples in bulk form. Xay tube of the diffractometer is shown in Fig.gb which
hasaCulk(ea = 1.5406 ) anode with Ni filters.
voltage and 30 mA current and data colled¢tedrange from 10to 9C° ata scarrate
of 0.5/min.

Figure 2. 8 Photographs ob8 Advance Bruker Xray Diffractometer showing (a)

outer view and (b) goniometer;pay tube, Xray detector and sample holders.

Differential Scanning Calorimetry Analysis

Differential scaning calorimetry (DSC) analysef rods was carried out usifigrkin
Elmer and Seiko 7000 DSC as seen in Fig.2.%(a heating rate of 0.17 K(&0
°C/min).

38



Figure 2.9 (a) DSC equipment used in this thesis along with (b) mhrafhof inner

chamber where metallic glass sample and reference sample are located.

Before DSC measurements sampalescut from cast rods with a clean side chisel into
pellet shapes. Each pellet sample weighed approximate® Ifiligrams. Samples

are therencaplusated into aluminum pans and covenglosed aluminum pans are
placed onto black holders seen in Fig.2.9 8gmple is placed on top of one holder

and reference sample that is the empty aluminum pan and cover is placed on top of
other holder. Samples are heated from room temperature to 773 RQp0Ader a

protective N atmosphere

2.3.3 Mechanical Tests andFracture Analysis

The mechanical properties of the rods were investigated under compressibg load
usinglnstron 5582 mechanical testing equipment with @0 kNshown in Fig.2.10

(a). Specimens were prepared for compressive test according to the ASTM standards,
with the gauge di mensions of 3.0 N 0.3
(with an aspect ratio of 2:1). The surfaces of the rod specimens were polished in order
to ensue the surfaces of the samples were parallel and perpendicular to the loading
axis. Theuniaxial compressiotests were conducted with the crosshead speed of 0.03
mm/min and correspondingveragestrain rate of 10 s* at room temperature. The
fracture mophologies of the loaded samples were examined uBiBh Nova
NanoSEM 430 scanning electron microsc@EM) seen in Fig.2.10 (b)
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Figure 2. 10 Photographs of (a) Instron 5582 mechanical testing equipment and (b)
FEI scanning electron microscope used in this study.
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2.4. Results and Discussion

The 1,2 and 3 mm diameter suctimast rods of ZpCusoAl 10, (ZrsoCusoAl 10)99SM,
(ZrsoCwoAl 10)97Sme, (Zrs0CwcAl 10)96Smu alloys, seen in Fig.2.11, were cut according
to the aspect ratio and grinded to achieve parallel end surfaces.

ooorQrQr

’//7/'/7'/T/TTI/]’IHIITIII HH\\\T\TWV\K O
120 1 530 140 1950 6
[ B 9 3 . 1 &2 b 4 B 8 7 8 - o\
&G A EIL G s hk A
Figure 2.11 The 3 mm diameter suctiezast rods prepared with an aspect ratio of 2

for the compression test. Inset shows one of the suction cast rods.

2.4.1 X-Ray Diffraction Results

The XRD patterns of 1, 2 and 3 mm diameter sueti@st ZgoCuioAl 10 rods, given in

Fig.2.12 (a) reveal the crystalline structure where the crystalline pasedabeled

as CuZr (B2) and CuZr ( BAuRADigesSMY, inFlg212X RD p a
(b) show the partially amorphous structure for 1 and 2 mm diameter rods where CuZr

(B2) crystals were produced during solidification of alloys and embedded in the
amorphous matrix. The XRD pattern of 3 mm diaméZ#soCuoAl 10)99SM rod in
Fig212(b)indi cates the solidification product
(B2) phases.
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Figure 2. 12 XRD patterns of 1, 2 and 3 mm diameter suctiast (a) Z§oCwoAl 10;
(b) (Zrs0C oAl 10)9eSMy; (C) (Z150CWa0Al 10)97SMs and (d) (Zs0CusoAl 10)96SMu rods.

The XRD patterns in Fi@.12 (c) indicate partially amorphous structure where CuZr

(B2) crystals embedded in amorphous matrix for all 1, 2 and 3 mm diameter

(ZrsoCwoAl 10)97Se  suctioncast rods. Fi@.12 (d) represents only the diffuse

scattering peaks related to the amorphous structure of 1, 2 and 3 mm diameter

(Zrs0CwoAl 10)96SMy suctioncast rods. The XRD analysis illustrated the crystalline

structure of 1, 2 and 3 mm diameter suctiast rods of ZpCuwdAl 10 which solidifies

i nto CuZr (B2) and CuZr (B196) phases. T
(ZrsoCwoAl 10)99Smy revealed the partially amorphous structure reinforced with CuZr

(B2) crystals for 1 and 2 mm diameter rods while 3 mm dianiteyCusoAl 10)99S My

rod was found to solidify into martensitioc (
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(B2) phase is a high temperature phase,itbotay be synthesized during the rapid

cooling of CuZr based binary and multi component systems. The main difference
between the solidification products of these three suci®t rods of
(ZrsoCwoAl 10)99Sm depends on the cooling rate differences; su¢chea®wer cooling

rate will be achieved for the larger diameter rods. With an increase in Sm concentration

up to 3 at. %, (&CwoAl 10)97Sme suctiorrcast rod solidifies into partially amorphous
precursor with CuZr (B2) crystals. It is obvious that whihereasing the Sm
concentration, the formation of martensi
(B2) crystals embed in the amorphous mattdigher portion ofamorphous structure

was obtained for 1, 2 and 3 mm diametersdZuoAl 10)06SMu suctioncast rods.
Althoughit is known to be a good glass former, it was not possible to produce fully
amorphous samples of s€woAl10 composition with our experimental setup in
¢tankaya University. However, the XRD anal
addition of Sm effects the GFA of €4r-Al system. Crystalline peaks diminish while

their intensity decreases and diffuse mairogshous hump becomes more dominant

as Sm content increases. It is important to note that the GFA increases with the Sm
addition in the range of 1 to 4 at. % and the highest GFA is achieved for
(Zrs0CwoAl 10)96SMy.

2.4.2 Scanning Electron Microscope Imags

Scanning electron microscope imagesuaif surfaces of mm diameter sucticoast
rod samples ofZrsoCuwcAl 10)100xSmk (X=0, 1, 3, 4) alloys arghown in Fig.2.13. Fully
crystalline nature of Z6CwoAl 10 alloy can be emphasized from the cleavage fractu
surfaces in Fig.2.13 (a) and (IQut surface appears to be quite homogenous for Sm

free alloy sample.
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Figure 2.13 SEM images of 1 mmidmeter suctiortastrod samplesf
(Zrs0Cwa0Al 10)100xSMk Where x=0 (a, b), x=1 (c, &=3 (e, f), x=4 (g, h).
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Cut surfaces of the (Z6CwoAli0)eeSmy alloy are shown in Fig.2.13 (c) and (d)
revealing a heterogeneous surface. It is evident that surface contains 2 distinct fracture
characteristics, where sample core exhibit brittle cleavage fracture surface while outer
rim contains smooth mirrdike surface for this sample. Considering fracture surfaces

of metallic glasses, smooth mirtlke surface is thought to be due to amorphous
nature of outer rim. Such heterogeneity ins¢ZiucAl 10)9eSMu sample is caused by

the cooling rate difference between gdencore and rim during solidification. Higher
cooling rate achieved at the sample rim was sufficient enough to synthesis amorphous
structure, while lesser cooling at the core of the sample could not suppress
crystallization. Cut surfaces of G€woAl 10)97Sms and (ZeoCwoAl 10)96SMu alloys are
illustrated in Fig.2.13 (e, f) and Fig.2.13 (g, h) respectivBhth of these samples
appear to have a rather smooth surface, whemGiZiAl 10)97Sms sample surface
contains a few shear band river marks ando(@uoAl10)96Smu sample surface is
completely smooth.Increased amorphous proportion can also be illustrated
considering the smooth surface fractions within the cut sample surfaces. As Sm content
increases, smooth regions on sample surfaces becomes doraugaling increased

amount of glassy phase and thus increased GFA of the alloy system.

2.4.3 Differential Scanning Calorimetry Results

The amorphous nature of the alloys for 1 mm diameter suctishrods was further
checked by DSC analysis, giverFig.2.14, which shows the continuous heating DSC
data obtained at a heating rate of 10 K/min. Each DSC trace given2ri&igdicates

a glass transition feature followed by an exothermic peakcited with the
crystallization From these DSC tracebgrmal data including the parameters to define
GFA of the alloys, such as tiggass transition temperaturggf, the onset temperature
of crystallization Tx), the crystallization peak temperaturg,)( and supercooled

Il i qui d Tx(=TgTgdwere phgained at a heating rate of 10 K/min bsted in
Table 22.
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Figure 2. 14 Isochronal DSC traces of 1 mm diameter suectiast rods of
(ZrsoCwoAl 10)100xSMk (x=0, 1, 3, 4 at. %hplloys at 10 K/min. The characteristic

temperatures of ] Tx and T, were also labeled on each trace.

Table 2.2 Thermal data obtained at 10 K/min from DSC traces for 1 mm diameter

partially crystalline rods of (£6CwoAl 10)100xSmk (X= 0, 1, 3, 4 at. %) alloys.

Composition Ty Tx el
Zr50CwoAl1o 700 730 30
(Zrs0CWoAl10)90Sm 686 749 63
(Zrs0CWoAl10)97Sm 683 744 61
(ZrsoCwoAl10)06SMy 681 741 60

The amorphous nature of the alloys was further confirmed by the cehstirigrate

DSC analysis that illustrates a glass transition followed by single step crystallization.

Regarding our XRD analysis, three allog&rso0CusoAl 10)990SM, (ZrsoC oAl 10)97SmMs,

(ZrsoCwoAl 10)96Sms show higher amount of amorphous portion compared to that of

Zrs0CwoAl 10 (can be accepted as nearly fully cryst&@lue to its crystalline nature

thermal properties of Z§&CwoAl 10 composition was not investigated in detail. As CuZr

crystals are in high amount for this sample, it would not be representative to comment

on Tgand ka n d

l i qui d

as

a

resul t
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compared to Sm micralloyed samples. It is important to notice that thiterencein

& is not caused by Sm addition kdiie to crystalline nature @rsoCusoAl 10 rods.

Hi gher @&T i s as slystable metallic glasst Howewer, in baser oma |
Zrs0CwoAl 10 rods glassy phase is unstable since crystalline phases already present and
tend to grow with increased atomic mobility during heating. In order to discuss the
effect of Sm on thermal stability of#CuioAl 10 metallic glass, it would bsuitable to
compare concentration range from 1 at. % to 4 at. 4dtSsobserved that increasing

the Sm concentration from 1 to 4 at.d#creasethe Ty from 68 K to 681 K and the

Tx from 79K to 741K andalsod e ¢ r e a s eskghtly (8 K). Itcpdems that even

the glass formation in Gdr-Al-Sm alloys increases, which is supported by XRD
findings as well, the thermal stability of supercooled liquid region is decreasing with
Sm addition. For 1 mm diameter sioctcast rods of the alloystighestamorphous
fractionwas obtained for the highest Sm (4 at%) addition while the amorphous portion
reinforced with CuZr (B2) crystals was achieved in less amount of Sm addition (1 at.
% and 3 at.%). From Inoue proposalisibssumed that the wider supercooled liquid

r e g i anesults aihe thermally more stable metallic glass and thereby larger GFA.
However, many studies have reported that there is no proportional relationship exists
b et we eand GEA and furthermommany systems show low GFA for relatively

| ar g e [®0i63]ehis seems similar to our case. Recently, Detngl. reported

t h a gincraaBes with the addition of ragarth Y element while it decreases with the
addition of as Gd and Néireearths to CiZr-Al alloy [58-59].

2.4.4 Compression Tests and Fracture Surface Analysis

Fig.2.15indicates the effect of Sm addition on compressive strengths. The amorphous
(ZrsoCwoAl 10)96SMy has the highest compressive fracture strength (1202 MPa) while
Zr50CwoAl 10 (634 MPa),(ZrsoCucAl 10)9eSmy (632 MPa) andZrseCuscAl 10)97Sms

(687 MPa) have similar compressive fracture strength valiemng four alloy
compositions only ZsCuwoAl 10 show discrete plastic deformation, which is attributed

to crystalline nature of the sample. Other partially crystalline samples
(ZrsoCwoAl10)99Sm and (ZeoCuwoAl10)97Sme show no sign of plasticity with low
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fracture strength, i.e., they combine pdacility and low strengtlof both glass and
crystalline material. (£6CwoAl 10)96Smu composition has a considerably high fracture

strength, but no plasticity due to itggheramorphoustructure portion
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Figure 2. 15 Compressive stresstrain curves for 3 mm diameter §4CwoAl10)100
xSmk (x=0, 1, 3, 4 at. % Snsuction cast rods.
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Figure 2. 16 SEM micrographs of fracture surfaces of 3 mm diameter (a)
(ZrsoCwa0Al 10)99Smy and (b) fragments of (ZdCwsoAl10)96SMy suctionrcast rod after
fracture.
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Microstructural analysis was carried outet@amine the amorphous nature and fracture
characteristicsof 3 mm diameter partially amorphous (Z6CuoAl10)90Sm,
(Zrs0CoAl10)97SMs, and (Ze6oC oAl 10)96SMu suctioncast rods It is observed that
(Zrs0CwoAl 10)9eSm1 and  (ZeoCuwoAl 10)97Sme compositions fail with shear mode
fracture type, but (Z6CwoAl10)96SMs undergoes fragmentation fractureode.SEM
micrograph of the fracture surface of {gwoAl10)9eSM, Which has two distinct
regions; crystalline cleavage in the core part and mimrtire rim is shown in Fig.2.16

(a). The surface analysis of G8CwoAl 10)00SMillustrated the structur&leterogeneity

of this sample. This structural fluctuation is mainly caused by the variation of cooling
rate duing suctioncasting. While the regions closed to the mold wall reaches higher
cooling rate and thereby results in the formation of amorphoustte, inner core

will have lower cooling rate. Although crystalline regions are preseistjmportant

to note that glassy rim region contains branched vein patterns. Vein pattern shear bands
are observed in fracture surfacesnoétallic glasssamples hat failed under shear
fracture mode.

(Zrs0CuoAl 10)97Sme and (ZrseCwoAl 10)96Smu show featureless mirror region with
shear band marks which is observed in brittfeacture of metallic glasses.
Fragmentationof (ZrsoCuoAl10)96Smu sample after fracture revealing the shift in
fracture mode with Sm addition. Shift in fracture madin be also observed in
Fig.2.17 as it illustrates the SEM micrographs of fractswgfaces of each alloy.
Fig.2.17 (a) and Fig.2.1(b) represent distorteshear fracture mode where shearing
does not occur on a single shear plane due to presence of crggphillises. SEM
images in Fig.2.17 (b) and Fig.2.(cj reveal featureless mirror region with shear band
marks for (ZeoCuoAl10)e7Sme and (ZeoCuwoAl 10)96Smu, respectively. The failure
mode analysis conducted on the amorphouso@oAl 10)9eSMu and Fig.2.17(c)
shows the SEM micrographs of fragment surfaces where no vein pattern or local
melting is observed. Radiating marks without branches are observwbeé SEM
images of fragment surfaces.

The smooth and shiny surface with the shear band mark&ro€ woAl 10)97Sme and
(ZrsoCwoAl 10)96Smu revealed the amorphous nature of these alloys. SEM analysis has
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also confirmed the increase in amorphous podiwhthereby the glass forming ability
with increasing Sm concentration inZw-Al alloys. When considérg compression
properties, for instanc€ZrsoCuoAl10)00Sm has highest fracture strain with only
observable plasticity due to its cryditaé nature.On the other handamorphous

(ZrsoCwoAl 10)96SMy has the highest compressive fracture strength which is caused by

its brittle amorphous nature.

Figure 2. 17 SEM micrographs of fracture surfaces of 3 mm diameter (a)
(ZrsoCwoAl10)96SMy, (b) (Z5oCuUsoAl 10)97SB, (C) (ZrE0CWa0Al 10)96SMu SuCtioncast
rod at different magnifications.
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Several studies have reported that fracture surfaces of ductile metallic glasses under
compression contain smooth regions and dominant vein patterns. The vein pattern,
related to ductile shear failure of the metallic glasses, is formed by superplastic
behavior of the liquidlike glass during local temperature increg&4 66). Here, we

did not observe angominantvein pattern in our alloys, which is consistent with our
findings since none of the glassy alloys show aemarkableplasticity during
compressive loading. The fragmentation type failure matkeokserved iamorphous
(Zrs0CwoAl 10)96SMy. SEM analysis did not show any vein pattern or local melting. The
fragmentation failure mode is generally observed in,M@ and Cebased BMGs

under compressive loadif§7] however it has been reportdtht in Zrbased BMGs

it was observednly under impact loadin§s8]. As a different from shear failure via

one dominant shear band seen irbdsed BMGs, in this study is observed that
(Zrs0CwoAl 10)96SMy fail in fragmentation mode. It is clear that there is a drastic change
in failure mode of the Zbased BMGs, which is mainly because of the-eagh

element addition.
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2.5. Conclusion

The effect of rareearth (Sm) microalloying on the glagerming ability and

mechanical properties of EBCwoAl10)100xSMKk (X= 0, 1, 3, 4 at. %) alloys have been
investigated in combination of DSC, XRD, SEM and mechanical testing. The alloys

were producedising aremelting and suctiocasting techniques. Basexh XRD

analysis, the glass forming ability ofsd€woAl10 alloy was found to increase by the

addition of Sm. Furthermore, DSC analysis has revealed that increasing the Sm
concentration i n xtwhieh isacbnsidesed to deerelated tw she s T
thermal stability of the amorphous phase. However, there are many systems such as in

the addition of Gd and Ndrarear t hs show high GkAhefor rel at
mechanical properties were investigated using compressive fracture testing. The
results hae revealed that the fracture strength of the glassy alloy including 4 at. % Sm
increased to 1.2 GPa while the crystalline alloy without Sm and partially crystalline

alloys with little Sm addition failed at around 630 MPa. The ductitbaded BMGs

generdl fail with shearing mode under quagatic loading conditions, however, in

this studychange of fracture mode from cleavage to fragmentation with increasing Sm

concentration and thereby increasing amorphous posi&snobserved
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CHAPTER 3

CRYSTALLIZATION KINETICS & NANOCRYSTALLIZATION IN Cu -Zr-
Al-Sm BULK METALLIC GLASSES

3.1 Introduction

Devitrification of several Zbased metallic glasses attract much attention due to their
peculiar crystallization behavior. Considering the classiuatleation theory at
temperature range between crystallization temperatugeantl glass transition
temperature, ¢ nucleation rate for crystallization of an alloy with high GFA should
be very limited. Thus, the expected microstructure should be rejatocsrse.
However, in recent studies nanocrystallization in-ZLtAl metallic glasses are
observed. In this chapter, nanocrystallization ifZrsoCuoAl10)96Smu alloy
compositionwere investigatedn both suctiorcast rods and mefipun ribbonsia
combinedstudy of XRD, DSCTEM andAPT.

3.2 Literature Review

3.2.1 Crystallization of Cu-Zr Metallic Glasses

Crystallization of CeiZr metallic glasses were first investigated on msplin ribbons
of CusoZrso composition in 1982[69]. The study resulted that crystallization of
CusoZrso metallic glasses in fully amorphs state occur via one stefystallization
and two eutectiproducts, which are mainly @r7 phase along with CuZphase.
Similar stugy done by Knellerlso proved presence (rr; and CuZs phases as final
product; howeverKneller et. al. showedpolymorphic crystallization o€ubic CuZr
(B2) phaseoccuss prior to eutectiduo[70]. Later, CuZr phase rapidly decompose into
CuwoZr7 and CuZs phases. In case of suctigasting, limited cooling rate resulted in

crystallization of cubic CuZr or metastable martensitic CuZr phmagarZr metallic
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glassesFor most Ctbased or Zbased metallic glasses suppressing the crystallization

of CuZr durirg solidification results in a fullyraorphous structurg!9,50,71 76].

Such phase selection is not only limited withs§Zuso composition, CuZr, CiZr7; and
CuZr, phases are also observed various compositions under isothermal and
continuous heating conditionsFor instance, Kalay etal. investigated the
crystallization kinetics and phase transformation mechanisms efZiGu alloy
composition and showed that nucleation ofi&Zty and CuZs phases start the
crystallization[44]. DSC curve of CsbZras ribbons are shown in Fig.3.1 (a) illustrate
the devitrification path with a discrete endothermic signdbllowed by single step
crystallization . Fig.3.1 (b) shows the BF TEM image of same samplhesmally
annealed at 705 K. GaZrrcr yst al with approxi mate size of
structure; cellular through outside and planar core, can beGeeallization of Cul

Zr metallic glasses occurs in a rather coarse manner where crystal r5zes a
micrometers. Coarse crystallization and growth ofd2ut phase can be explained by

the classical nucleation theory.
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Figure 3. 1 (a) Continuous heating DSC curve of 4gZiraa melt-spun rbbon with10
K/min heating rate and (IBF image ofisothermally annealed GaZrss melt-spun
ribbon at 705 KAdopted from[44].
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3.2.2 Nanoaystallization in Cu-Zr-TM Metallic Glasses

Effect of Zn on glass forming ability and crystallization kinetics ofdZrso metallic
glasses were investigated by Wu et.al. Study showed that Zn addition not only
increased GFA but also stabilized the crystallization of CuZr phase at lower
temperaturesHowever, Zn addition up to 14 at. % had no effect on primary
crystallizationof CwoZr; and CuZs phases during annealing. Optical microscope
images of (CebZrso)100xZnx (X=0, 4.5, 7.5 and 14 at. %) 2 mm diameter suction cast
rods are shown in Fig.3.2. It is clear that with increasing Zn content, growth of
metastable martensiticuZr phase is hindered and cubic CuZr (B2) phase is favored.
Further Zn addition up to 14 at. % stabilize amorphous phagsglingenhanced GFA

for the systeni73].

Cuyz.25Zr47.258N, 5

Cuyg.25Zr 46 25207 5 o7

Figure 3.2 Optical microscopy images of tlseictioncast (CdoZrso)100xZNx (X = 0,
4.5,7.5 and 14 at. %) rods withdiameter of 2 mmAdopted from[73].
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Figure 3. 3 XRD patterns of suction ca§lwsZrssZni4 rods with2 mm diameter

isothermally annealed at different temperatures as indicatkgbted from[73].

Fig.3.3 shows XRD patterns of isothermally anneal®disZrssZnis samples,
indicatingannealing inducedrystallization starts with GuZr; and CuZs, followed

by CuZr crystallization at higher temperaturEffect of Al is found to be similar to
Zn, in terms oknhancing GFA anstabilizing cubic CuZr phase. Wei et.al. stated that
crystallization sequence for @idrsgAls composition starts ith CuZr phase and
followed by CuoZr; and CuZs phasesas shown in Fig.3.471]. Another importan
consequencef Al micro-alloying isthat low temperature crystallizatio B2 CuZr
occurs in nanometescale unlike micrometer scale crystallization ofiéZw, and

CuZryin Al-free CuZr bulk metallic glasses.
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Figure 3.4 XRD patterns ofCwsZragAl 4 rodsannealed at different times as indicated
Adopted from[71].

In a similar studyl.ouzguineLuzgin et.al. showed nanocrystallization inussAl 10

with an extremely higimanocrystatlensity(> 107 m) [77]. In recent studies, minor

Al addition into ZrCu metallic glasses found to trigger high density
nanocrystallization.Fig.3.5 shows spherical 15 nm diameter size CuZr (B2)
nanarystals embedded in amorphous matrix for various times. Fig.3.5 (a) shows
earlier stages of nanocrystallization and Fig.3.5 (b) shows lateral stage where

nanocrystal density is very high.
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Figure 3.5 TEM images of CesZrssAl 10 melt-spun ribbonsannealedor (a) 1.25 kS
and (b) 3 kSinset depicts SAED patterns for each imagdopted from[77].

In Zr-based metallic glasses, phase separation is considered as the ebu
nanocrystallizatiorj78i 81]. It is stated that nanocrystallization occurs from regions
wheremelt is separated spinodally. Nanoscale chemical heterogeneities induced by
phase separation results in easier nucleation sites and cause nanocrystallization in the
metallic glass. Due tappearance ofuch models phase separation phenomenon in

metallic ghsses attract much attention in order to understand crystallization sequences.

3.2.3 Phase Separationin Cu-Zr-Al-RE Metallic Glasses

Introduction of RE elements not only affect the devitrification paths, but also-the as
cast structure for Gdr-Al metallic glasses. Various studies showed that addition of
rareearth elementsend totrigger phase separatiaf Zr-rich and RErich glassy
phasein Cu-Zr-Al metallic glasseq7,59,82 84]. Phase separation can occur in
metallic glasses, since they are thermmatyically unstable. Such phase separation
can either occur in liquid state and can be obtained during cooling or in solid state,
where metallic glasses is annealed. Whether it is former ortighesstrongly depends

on alloy systems, in fact, heat wiixing of constitent elements of the systg@2].

Considering most metallic glass system with high GFA having atom pairs with
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negative heat of mixingphase separation during heating is rather unexpected.
Although there are studies indicating phase separation in couple metallic glass
systems, results are not considered as unambityuows since it is hard to distinguish
phase separation from nucleatiand growth of nanocrystals at early stages even with
powerful techniques such as TEM. In addition, compositional fluctuations can be too
small to detect when the driving force for separation is small. However, when atom
pairs with positive heat of mixingre intentionally introduced into a metallic glass
system, phase separation of two glassy phase can be acl@ewnsitiering most RE
elements such as Sm, Th, Gd, Y or Lu having a positive enthalpy of mixing with Zr,
addition of RE elements tend to favarmiscibility and moves the alloy composition

to phase separated stfiéi 58,80,83,8587]. Park et.al. showed th#tadditionup to

35 at. % as a substitute of Zr into4Zrs7Al7 composition resulted in phase separation

of CuZrrich and Cu¥rich amorphous phasealso addition of Gd into GeZrs7Al7

and CuyoHf42 5Al7.5 compasitions showed that Gd also triggers formation of-Bzh

and Zr/Hfrich dassy phasg58,59] Fig.3.6 (a) shows DSC curves fQuieZraz.
xAl7Gdy (x=0, 5, 10, 15, 20, 25, 30, 35, 40, 47 at. %) raplin ribbongevealing two
unique glass transition and crystallization duos; one representingléend other
representing Zrich crystallizing glassin Fig.3.6 (b), brigtkfield TEM image of
CuweZr2Al7Gds composition along with SAEDpattern illustrates two distct

amorphous phases within alloy.
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Figure 3.6 (a) DSC traces of GeZra7xAl7Gdk (x=0, 5, 10, 15, 20, 25, 30, 35, 40, 47
at. %) mekltspun ribbons and (b) TEM BF image of 25 at. % Gd containingspeth
samplelnset depicts broad halo in SARiattern Adopted from[58].

In a similar study, Han et.al. also showed the effect of 10 at. % Gd addition into
Zrs6CopgAl 16 cOmposition resulted in phasepseation as shown in Fig.3.According

to their TEM analysisn Fig.3.7 (ac) samples with lower Gd concentrations such as 5
at. % showed no discrete sign of phase separatibite phase separation becomes
more evident with further alloying up to 20 at. % Bdascast state; however, APT
analysis showed finer nescale phase separation even forsiZ0sAl16Gs
compositionas shown in Fig.3.7 (dB3]. Studies concerned aboaddition of REto
Zr-based metallic glasses showed thatount of RE before phase separation is
initiated within amorphous phase approximately same for Y and Gor instance,
according tdDSC analysigritical minimum phase separation composition foand

Gd is about 15 &a %. More powerful characterization techniques such as TEM and
APT showed that this critical minimum phase separat@mmposition is much loer

and depends slightly on raearth element i.eas low as 5at. % for Gd and
approximatelyabout 10 at. % for Y58].
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Figure 3.7 TEM BF images of ZsxGkCo28A16 melt-spun ribbondor (a) x=5,(b)
x=10, (c) x=20and APT atomic spatial distrubutions of (d) x=5 and (e) xAtlepted

from [83].
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3.3 Experimental Procedure

3.3.1 Production of Alloys

Suction cast 12, and 3 mm diameter rods of §guiAl10)100xSMk (Xx=0, 2, 4 at. %)

alloy composition samples are prepared by the same procedure and methods that are

explained in Chapter 2. However, the-arelter that is used in this particular chapter

is a different machiné Ed mu nd B ¢-h, Whach is Midve recemhode) in

Metallurgical and Materials Engineering Department Middle East Technical

University ]l n parall el , same all oy composition sam
melt-spun ribbon form in Ames Laboratory, lowa, USourtesy of Prof. Matthew.

Kramer. These samples are then shipped to Turkey in order to colesitcification

andcharacterization experiments.

3.3.2 X-ray Diffraction and Differential Scanning Calorimetry Analysis

Details of XRD and DSC samples and experiments can be founcpteZi2 as well.
Continuousheating experiments that are conducted in this chapter are doheattng

rate of 0.5 K/s (30°C/min). Isothermal controlled crystallization (annealing)
experiments are also conducted within D&8@ heating rate of 0.5 K/8Q°C/min)in

order to monitor and interrupt crystallization. Isothermal annealing is done at 703 K
(which is in supercooled liquid region) under Btmosphere for various times
corresponding to the onset, the maxima and the end of isothermal crystallization peak.
Samples are interrupuenched with a cooling rate of 1 K/s (8&¥Ymin) inside DSC

in order to maintain structurénnealing times were adted due to the shift in
crystallization peak position for rod and ribbon samplEse shift in isothermal
crystallization peak position to higher annealing times were discussed in discussion
part.
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Activation Energy Calculations by KissingeAkahira-Sunose (KAS)and
Flynn-Wall-Ozawa(FWO) Methods

Activation energies for (46CwoAl10)100xSMk (X=0, 2, 4 at. %) composition ribbon
samples are calculated usik§S and FWOmethods in order to discuss the effect of

Sm on crystallization kinetic3.o perform activation energy calculations from the data
provided from continuous heating experiment, multiple experiments with various
heating rates must be conducted. In this particular chapter, 4 different heating rates,
namely 0.170.33-0.5-0.66 K/s (1620-30-40°C/min) are applied for activation energy
calculations. For each continuous heating curve characteristic crystallization peak
temperatures are acquirddhermal data obtained are used in KAS and FWO equations

shown in Equation 3.1 and Equatio® Bespectively.
1 1%F"Y — WEEI OMED Equation 3.1

~

1 %o P8IV — wEéEEl OWE O Equation 3.2

Where, « represents heating ratep flepresents crystallization peak temperature at

maxima, k represents activation energy for crystallization, R represents gas constant
and T represents temperatu@ansidering theboveequationsslopes of I 1%4"Y

vs. 1000/F curve for KAS andl 1% vs. 1000/F curve for FWO should give

activation energy, &

3.3.3 Transmission Electron Microscopy Analysis

The TEM characterizations were performed using a JEOL JEM2100Fef@kkion

gun scanning/transmission electron microscope operating at 20vdleage. All
specimens for TEM were prepared through Focus lon Beam (FIB) microscope in
Sabanceé ,URinvcoartesyioftDy. Meltem Sezen. TEM that is used in this
study is shown in Fig.3.@).
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Figure 3. 8 (a) JEOL JEM20O0F fieldemission gun scanning/transmission electron
microscope used in this thesis and important steps of FIB sample preparation steps as
(b) Pt deposition, (c) Gailling, (d) sample removal.

64



Focused lon Beam (FIB) Milling

TEM samples could ngirepared by conventional TEM sample preparation methods
i.e. electrepolishing or ion milling, due to uneven and thin shape of samples. All TEM
samples were prepared in FIB. In order to do so, finsthjion of interest for specimens
were coated with Ptsashown in Fig.3.8 (b). The main purpose of Pt deposition on
sample surface is to protect the sample area from Ga ion damage during milling.
During Pt deposition, electron image is tilted so that deposition can be observed
clearly; however, ion depositiae done perpendicular to the surface. After required
thickness of Pt coating is achieved, Ga ion milling is initiated as illustrated in Fig.3.8
(c). Gaions are bombarded on selected areas near the specimen region and thus sample
vicinity is mechanicallyetched. Whenupper and lowersides of the sample is
completely etchedmilling is applied toright and leftsides Before milling bottom

part sample is fixated or welded to omniprobe tool by depositing Pt between sample
omniprobe interface so that sampi®uld not simply fell off. Finally, sample is
removed by Ga ion milling to bottom and replaced to TEM sample holders as shown
in Fig.3.8 (d).

One important drawback of FIB milling is that Ga ion damage can spoil the sample.
In some cases, milling can inttuce high amount of Ga into the system, changing the
composition and structure of the alloy. In particular study, mechanical deformation
induced crystallization is the main concern. By operating FIB with lower voltages and
beam currents such problems das minimized. During analyzing results Ga ion
milling damage or any structural change caused by Gaaiensonsidered carefully.

FIB milling was found to do little effeaccording to TEM and APT results shown in

results and discussion part of this chapte
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3.3.4 Atom Probe Tomography Analysis

Atom probe tomography (APT) samplegarr epared i n FI B .in
APT sample preparation via FIB is only little different from TEM sample preparation
via FIB. Additionally, dter fine samples are removed froarge sample surface
sample is sharpened by further Ga ion milling in order to obtain a sharp tip shaped
APT sample. APT experiments are conducted at temperature of 50 K with pulse rate
of 200 kHz, 20% pulse fraction afb% detection rateith IMAGO Local Electrode

Atom Probe (LEAP)nstrumentin Idaho National Laboratory, Center of Advanced
Energy Studies in Idaho, US in courtesy of Dr. Yaqgiao VT experiments have
been only conducted on annealed rod samples dieddimitations. Sadly, no ribbon
sampls were investigated via APT analysis. Nevertheless, extremely powerful
resolution and chemical contrast of APT characterization proved useful and revealed
some crucial results. Fig.3.9 illustrates the photograph of Local Electrode Atom Probe
instrument thats used in this thesis along with APT samples prepared by in FIB.

Figure 3.9 (a) IMAGO Local Electrode Atom Probe (LEAP) instrument used in this
thesis, inset depicts inner view of sample chamber and (b) nanometer sqaleRha

sample tip.
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3.4. Results and Discussion

3.4.1 Preliminary Results

XRD pattern given in Fig.3.10 illustrates structure efiteltspun ribbons and suction
cast rods fofZrsoCuoAl 10)100xSMk (Xx=0, 2, 4 at. %) alloy compositions. In Fig.3.10
(a), only diffuse scattering peak that is related with amorphous structure is obeerved
XRD patterndor all compositions. In Fig.3.10 (Hpw intensity crystalline peaks are
seen along with amorphousithp in XRD patterns revealirthat crystal phases are
embedded within amorphous phase. According to XRD patterns in Fig.3.10 (b) for
Zr50CwoAl 10 and (ZeoCcAl 10)98Sme compositiongrystallinesolidification products

of 1 mm suctiortast rods are shovas CuZr phase; however, for §&L us0Al 10)96SMy
composition solidification product is found asSm phaseConsidering XRD results
shown in Fig.3.10 (b) amorphous hump becomes more diffuse and intensity of
crystalline peaks diminish with further Sm adalitirevealing increased GFA once

more.

@ (b) - Gz

Intensity (a.u.)
1
I

Condition: Melt spun ribbons Condition: 1 mm ¢ castrods
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90

26 (Degrees) 26 (Degrees)

Figure 3. 10 XRD patterns ofa) meltspun ribbons an¢b) 1 mm diameter suctien
cast rods of (ACwoAl 10)100xSMk (X=0, 2, 4 at. %) alloys.

67



DSC curves given in Fig.3.11 reveals a discrete endothermic glass transition signal
followed by one step exothermic crystallization signal. DSC curves appear mostly
identical for mekspun ribbons and 1 mm diameter suctiast rods. Characteristic
thermalparameters suchag,ixand @&T are tabulated in Tabl e
% Sm and sample conditiohermal results of mekpun ribbons in the current

chapter are in good agreement witrmal data presented in Chapter 2. For both-melt
spunribbon and 1 mm diameter rod samples with increasing Sm content patid T

Tx shift to lower temperaturetn case ofribbon samplessupercooled liquid region

( @Tx=TJ) decreases from 79 to 63 with 4 at. % increase in Sm within the alloy
composition inctating decrease in thermal stability of the amorphowseh For 1

mm diameter suctiortast rod sampledrend is parallel except for g@CuoAl 10
composition. A b s ur dof this darople isleeldght vosbe dueto ( 50 K)
higher crystalline content within the sample and does not represent a true value.
Consideringbothmelt-spun ribbons and rod sampldsaracteristic temperatures such

asTg and Tx depends on both crystalline content and Sm concentratidrsnce any
crystallization also causes fluctuations in composition, change in thermal parameters
becomes rather impossible to comment on. Under such circumstances thermal results
obtained from fully amorphous melspun ribbons for all compositions cdre

considered amost purposeful data.

(a)
x =0 at. % x =0 at. %
!/ ‘
T T
E; x=2at. %
z 4 [ x=2at. %
= T T ]
= T
5 [x=4at.% x=4at. %
o v y .
. T T T

Exothermic £ : \ Exothermic z

Condition: Melt spun ribbons Confﬁﬁon: 1 mm ¢ rods

Heating Rate: 30 K/min Heating Rate: 30 K/min

400 450 500 550 600 650 700 750 800350 400 450 500 550 600 650 700 750 800
Temperature (K) Temperature (K)

Figure 3.11 DSC curves of (a) mekpun ribbons and (b) 1 mm diameter suctiast
rods of (ZsoCwoAl10)100xSNK (X=0, 2, 4 at. %) alloys.
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Table 3.1 Thermal data obtained at 30 K/min from continuous heating DSC curves

for (ZrsoCuoAl 10)100xSMk (x=0, 2, 4 at. %) composition samples.

Sample Condition At. % Sm Ty (K) Tx (K) a&r
0 713 792 79
Melt-spun Ribbon 2 683 756 73
4 679 742 63
0 716 766 50
1 mm Jrodc a 2 688 761 73
4 678 747 69

3.4.2 Crystallization Kinetic sand Activation Energy Calculations

Crystallization kinetics and activation energy for crystallization is investigated on
meltspun ribbon samples @2rseCoAl10)100xSMK (X=0, 2, 4 at. %) alloysAlthough
calculations and activation energy plots of onlyo@tucAl10 composition is shown,
same procedure is applied for £&uwoAli0)eeSMe and (ZeoCusoAl10)96SMy
compositions as well.

f =10 K/min T
f =20 K/min T
f =30 Kmin

Heat Flow (a.u.)

f =40 Kmin

Condition : Melt spun ribbons

720 730 740 750 760 770 780 790 800 810
TemperaturéK)

Figure 3. 12 DSC curves of melspun ribbons of (Z6CwoAl1g) alloy at various
heating ratess indicated
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Continuous heating DSC curves ofsdlwoAlip composition mekspun ribbon
samples at different heating rates -@®30-40 K/min) are shown in Fig.3.12
illustrating the kinetic shift of crystallization peak to higher temperatures with
increasing heating rate. According to the 4 unique peak temperatures in Fig.3.12,
KissingerAkahiraSunose method and FlyyWiall-Ozawa method plots are obtained

with 4 data poird and shown in Fig.3.13 (a) and (b) respectively. Linearity of KAS
and FWO plots are illustrated b3malues on the graphs and found as 0.978 and 0.979
respectively. Calculations are made using equation 3.1 and 3.2 using observed slope
for each plot. Slope values are also shown on each graph. Calculated activation

energies for each composition is show able 3.2.

(a) Kissinger- Akahira-Sunose Method (b) Flynn-Wall-Ozawa Method Method 38
9.6+ Intercept: 42.6080 Intercept: 57.9449 '
* Slope: -41.7379 Slope: -43.3122 3.6
98F N
N LN 34
.\ N /
NAQ-IO'O- \\\ ‘ \\ln((b):— 1.052(Ec; RT ) + constant 152
t 102 N In (¢ / T;) =-(E /RT) + constant N E =342.3 kI mol’ =
-102 . N c =
& . E,=347.0 kJ mol’ " 302
£ -104 A AN 28
N 2.
2 _ N N
0.6k r =0.978 . N )
2 ~ =
N ' =0979
-10.8} N AN 24
N N A -
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P

Figure 3. 13 Activation energy plots for (a) KAS and (b) FWO methods
(ZrsoCwoAl 10) alloy.

for

Fig.3.14 illustrates the change in crystallization activation energy with respect to Sm

content. Both Fig.3.14 and@lable 3.2 reveals that calculated activation energy of

crystallization increases with Sm addition. Gmiering XRD results in Fig.3.1(&),

exothermic crystallization signal belongs to crystallization ofo4 phase.lt is

important to notice large negat enthalpy of mixing between Cu and S22

kJ/mole) along with positive enthalpy of mixing between Zr and Sm (+9 kJ/mole) to

make further comments. It was discussed thereiase irfraction ofSmatoms within
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the structure shifts solidification crydiahtion from CuZr phase to G8Bm. It is
evident that Sm atoms retatide formation of CtZr pairsby repulsing Zr due to
positive enthalpy of mixing. Since the crystallization of1&Zw; phase requires
diffusion of CuZr pairssimilar to CuZr phase, incased activation energy can be
explained by increased Sm content and its effect on phase selection. This explanation

can gain more validity with following APT and TEM results.

Table 3.2 Calculated crystallization activati@mergies for KAS and FWO methods.

c i E. (KAS) E. (FWO)
ompaoslition
P (kJ/mole) (kJ/mole)
(ZrsoCuoAl10) ‘ 347.0 342.3
(ZrsoCoAl10)9sSM ‘ 395.7 388.0
(ZrsoCwoAl10)o6SM ‘ 389.7 382.1
1400
100} 1 ¢
N 1350 =
= { 3 =
< 80} {300 &
o Ll
DT g
{250 5
)
60r KAS Method ¢
FWO Method l _ 200
0 2 4
at. % Sm

Figure 3. 14 Change in activation energy asdpercooled liquid region with respect
to at. % Sm composition.
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3.4.3 XRD and DSCResults

The XRD patterns of mekpun ribbons and 1, 2, and 3 mm diameter suction cast rods
of (ZrsoCuwoAl 10)96Smy alloy composition given in Fig.3.15 reveal thecast structure

for all samples. XRD pattern for medpun sample in Fig.3.15 represents only the
diffuse scattering peak related to the amorphous structure, while patterns for all suction
cast rods exhibitrystalline peaks fofZrsoCwoAl 10)96SMy alloy. The crystalline phase
was labeled a€wSm(Imma). The XRD patterns for 1, 2, and 3 mm rods in Fig.3.15
show the partially crystalline structure whé&eSm crystals were produced during
solidification of aloys and embedded in the amorphous matrix. The XRD pattern of 3
mm diameter rod sample indicates the solidification products are in higher fraction for
this sample sinc€wSm phase peaks are more discrete compared to 1 and 2 mm
diameter rods which can ladtributed to having lower cooling rate as sample size
increases. AlthougwSm crystalline peaks are present for all rod samplesSm
crystallite size is thought to be relatively low and in small amount due to high

broadening and low intensity of theystalline peaks

O Cu,Sm

A Melt-spun ribbon

o

]
3 mmf rod

(o]
2 mmf rod
o

20 30 40 50 60 70 80 90
2q (Degreey

Intensity (a.u.)

Figure 3.15XRD patterns of melspun ribbons and 1, 2 and 3 mm diameter suction
cast (ZsoCwoAl 10)96Smu alloys.
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Figure 3. 16 DSC heating curves of medpun ribbons, 1, 2 ar®l mm suctiorcast
rods of (ZeoCwsoAl10)96Smy alloy. The characteristic temperatures gfand Tx are

labeled on each trace.

The amorphous nature of the samples for 1s@ltn and suction cast rods was further
checked by DSC analysis, given in Fig&.Wwhich shows the continuous heating DSC
data obtained at a heating rate of 30 K/min. Each DSC trace given in igdichtes

a distinct glass transition feature followed by an exothermic peak associated with the
crystallization. From these DSC traces, thalrdata including the parameters to define
GFA of the alloys, such as tiggass transition temperaturgyf, the onset temperature

of crystallization Tx), the crystallization peak temperaturg,)( and supercooled

l i qui d Tywerg dbtamed agt@ heating rate of 30 K/min and listed in Table 3.3.

It is observed that for all suction cast rod samplegghe at 677 K, while thdx and

Tp are at 747 K and 752 K respectively.

as 70 K. Havever, for mekspun ribbon samplek, Tx and Tp are 679 K, 742 K, and
748 K respectively. Supercooled |iquid
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ribbons andound as 6X. Differences in thermal parameters between suction cast

rods and melspun ribbons are thought to be originated from structural and
compositional differences between amorphous phases. Suction cast rods exhibit
CwSm nanocrystals that are crystallized during solidification. Nucleation and growth

of these CeSm nanocrystals nsti cause a decrease in concentration of Cu and Sm

atoms, which may change composition of the metallic glass. Considering the effect of

Sm on crystallization temperature as shown in preliminary results of this chapter.
Decrease of Sm concentration within@whous phase due to crystallization of®m

may resultvith increase in crystallization temperature, thus effectinggfie. Decr eas e
in driving force for crystallization may be another reason of higher crystallization
temperature for suction cast redmples. As system contains higher fraction of stable
crystalline phases instead of unstable amorphous phase, driving force for
crystallization should decrease. Decrease in driving force for crystallization can be
compensated by i ncsyssemswingiheatinggdme legsonstae al | oy

be used to explain the shift in isothermal heating DSC curves as well.

Table 3. 3 Thermal data obtained from continuous heating DSC curves for
(ZrsoCwoAl 10)96S M.

Sample Ty (K) Tx (K) Tp (K) T
Ribbon 679 742 748 63
1 mm rod 678 747 752 69
2 mm rod 677 747 752 70
3 mm rod 677 747 752 70

In order to understand the devitrification path of (BeoCuwoeAl 10)96Smu alloy melt
spun ribbon samples are annealed up to elevated temperatures and then rapidly
guenched to capture structure at that temperature. These samples are then investigated

with XRD. Continuous annealing temperatures can be seen on the DSC curve in
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Fig.3.17 (b). Quenching temperatures are indicated with arrows. These temperatures
are 350°C (623 K), 400°C (673 K), 450°C (723 K), and 500C (773 K).
Corresponding XRD patterns of continuously annealed and then quenched samples
can be seen in Fg.17 (a). XRD pattern at 623 K remains unchanged indicating
amorphous structure of the ribbons is conserved. Further increase in temperature near
Tgat 673 K results in a distortion in XRD pattern of the ribbons revealing very broad
peaks of CpeSm phase. Later @3 K, there are no sign of any extra peaks but present
crystalline peaks become more discrete. At 773 K, which corresponds to the end of the
main crystallization peak, GsZr7 peaks emerge from the main hump. Combined study

of XRD and DSC revealed thatam crystallization peak belongs to crystallization of
CuwoZr7 phase which is previssly observed in our studig$4,88] However, in recent

study crystallization sequenae to 800 Kis as follows:

Amor phous Y Antm pth8uusCydZrs. Cu

(a) v CLl__SZT? (b) 773 K

< -
773K X 623 K 673 K 723K

723K D ot SER—
673K D

68K e ]

10 20 30 0 50 60 600 650 700 750
26 (Degrees) Temperature (K)

Intensity (a.u.)

Exothermic Heat Flow (a.u.)

Figure 3. 17 (a) XRD patterns of continuous annealed and subsequently quenched
samples, (b) DSC heating curve of nrgdun ribbons with arrows indicating annealing

temperatures.
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Continuous annealing experiments pbbon samples revealed the crystallization
sequence; however, exothermic crystallization peak eb@us not detected in DSC
heating curves. XRD patterns in Fig.3.(a) indicates that nanocrystallization of
CwSm phase starts somewhere near-kkeperdothermic T signal. It is possible that
endothermic § and exothermic G&m nanocrystallization signal overlap at around
670680 K. Furthermore, TEM images shown in Figl3(2) and Fig.3.2 (b) in
following results reveal mostly amorphous structure eaerv03 K. Only after
sufficient annealing time nanocrystals appear in number. Due to very low amount of
CwSm nanocrystals formed during continuous heating, exothermic crystallization

signal may have very low intensity.

3.4.4 TEM and APT Results

TEM images of meltspun ribbons and 1 mm diameter suction cast rods are shown in
Fig.318. TEM image of mekspun ribbon in Fig.38(a) is in good correlation with
XRD pattern in Fig.3.15 to prove amorphous nature of the sample. SAED pattern
reveal only the diffuse halo ring for melpun ribbon indicating there are no sign of
crystalline regions present. In contrast, TEM image ofridrameter suction cast rods
exhibit spherical crystalline phase with 30 nm size embedded within amorphous
matrix. SAED pattern contains crystalline diffraction spots along with the diffuse halo
ring, proving amorphous/nanocrystalline composite structuréhfs sample. Further
investigation on 1 mm diameter suction cast rods can be seen in GidHRIEM

image combined with SAED pattern in Fig.8(b) reveals the identity of these 30 nm
size nanocrystalline solidification products as®mu phase as st before in XRD
patterns in Fig.3.15. In addition, STEM and EDS results in Fig(@)lalso shows the
composition of the 30 nm size €8m nanocrystal as ~76 at. % Cu, ~26 at. % Sm.
STEM image shows a certain chemical gradient is present within amorpiattis

as the distance increases further away from crystalline region revealing the sluggish
diffusion during growth of C#m nanocrystalTEM image of mekspun ribbon
sample shows fully amorphous nature as cooling rate was sufficient enough to

synthesizemorphous phase. €2m nanocrystals with 30 nm size were seen for 1 mm
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diameter suction cast sample. Relatively lesser cooling rate produced by suction
casting method was insufficient to suppress crystallization gs@phase; however,
considering STEMmage seen in Fig.3®1(a) further growth thought to be hindered

due to sluggish diffusion at lower temperatures anceased Al and Zr pile up at the

interface.

Figure 3. 18 TEM images of agast (a) mekspun ribbons an¢) 1 mm diameter

suction cast rods. Insets depicts SAED patterns of each image.

Specimen [ STEM BF ]
-TEM 200kV x4.0M

Figure 3.19(a) STEM and (b) HRTEM images of-aast 1 mm diameter suction cast

rods showing solidification residue. Insets depicts SAED patter
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Isothermal controlled crystallization experiments are done to study nanocrystallization
of CleSm phase further. Both medpun ribbon samples and 1 mm diameter suction
cast rods are isothermally annealed. Isothermal crystallization peaks at 70»& can
seen in isothermal DSC curves in Fig@3.Arrows are indicating the annealing time

and condition of the samples that are prepared. For ribbon samples, there are 3 sample
conditions that are quenched at the onset, A1 (16 min.), at the maxima, A2 (0 min
and at the end, A3 (26 min.) of the isothermal crystallization peak. Similarly, for 1 mm
diameter rod samples conditions are B1 (26 min.), B2 (30 min.), and B3 (34 min.).
Annealing times were adjusted due to the shift in peak position. The shifthansal

crystallization peak position to higher annealing times were discussed earlier.

T = 430°%C (703 K)
Exothermic
A2
— Al
S \ \ A3
©
~ \ Ribbon
=
o
L
— B2
g \
I B1
\ B3
1 mmf rod \

12 14 16 18 20 22 24 26 28 30 32 34 36 38
Time (minutes)
Figure 3.20 Isothermal DSC curves of madpun ribbons and 1 mm diameter

suctiorrcast rods of (ACwoAl 10)96SMy alloy at 703 K. Intempt quenched sample

conditions are labeled on each trace showing annealing times.
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TEM images of isothermally annealed regiun ribbon samples are shown in
Fig.3.2l. TEM image showing Al (16 min.) condition can be seen in Fifj@&pRand
Fig.3.21 (b). At the onset of the crystallization peak, A1 (16 min.) sample remains
mainly amorphous as can be seen in SAED pattern at inset of Ei(p3.However,

there are 5 nm size crystalline regions are present where planes can be seen in HRTEM
image in Fg.3.2L (b). At the maxima of the crystallization peak, A2 (20 min.),
crystalline regions become clearly visible as shown in Fifj.@Rand Fig.3.2 (d).
Nanocrystal size grow up to approximateht®@ nm size. In Fi@.21 (d) inset shows

FFT obtained fronmanocrystal which supports €2m phase as well. F&21 (e) and

Fig.3.21 (f) depicts the end of the crystallization peak, A3 (26 min.) revealing higher
nanocrystal density in comparison to condition A2. Nanocrystal size remain mostly
constant at about 80 nm size at condition A3 similar to ABEM images in Fig.3.2

shows the isothermal evolution of £m nanocrystals through time. The nanocrystal
radius is 5 nm at the onset of the crystallization and increases upOtor® through
maxima of the crysthzation peak. Up to end of the crystallization peak nanocrystal
size remain mostly constant, while new nanocrystals nucleate and none of the observed
nanocrystals exceed 1l nm size. Considering these observations, it is possible to
state that nucleain of new nanocrystals is preferred by the system instead of growth
of already present ones. Statement may gain more verification after results of APT

analysis when concentration of Sm within amorphous phase is considered.

In parallel, TEM images of isognmally annealed 1 mm diameter suction cast rod
samples are shown in Fig.3.22 Similarly, TEM images showing B1 (26 min.) condition
can be seen in Fig.3.22 (a) and Fig.3.22 (b). At the very early stages of the
crystallization, B1 (26 min.), sample exhibitgo distinct microstructural features: 30

nm size spherical GB8m crystals that are formed during solidification and 5 nm size
spherical CeSm nanocrystals originated from isothermal annealing. Distribution of
annealing nanocrystals appear to be quite homogenous in whole structure. At the
maxima of the isothermal crystallization peak, B2 (30 min.), structure does not change
drastically as seem Fig.3.22 (c) and Fig.3.22 (d). Size of annealing nanocrystals

remain mostly constant at abow65nm, while nanocrystal number appear to be
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increasing slightly as seen Kig.3.22 (c). Compositional difference due to solute
rejection is more evident ew in brightfield TEM image for this sample revealing
sluggish growth of C#sm phase during solidification. Structure of the sample at the
end of the crystallization, B3 (34 min.) is shown in Big2 (e) and FigB.22 (f)
illustrating similar results to B(30 min) condition. Nanocrystal size remains constant

at 56 nm at this stage as well.

TEM images in Fig.22reveal that CeEm crystallization during solidification does

not change the phase selection sequence during isothermal annealing. TEM images in
Fig.3.22illustrate that structure consists of 30 nm size solidification originated-and 5

6 nm size annealing originated sphericab®&u nanocrystals. Unlike nanocrystals in
annealed ribbon samples, annealing nanocrystals in 1 mm diameter rod samptes remai
at constant size throughout annealing. In addition, nanocrystals in ribbon samples are
larger compared to the annealing nanocrystals in 1 mm diameter rod samples. Main
cause of constant and smaller nanocrystal size is attributed to the Sm shortage in the
systemln upcoming APT resultsamorphous matrix is found to be depleted from Sm
atoms from the concentration profiles in Bi@3 (e). Since there are no Sm atoms
available for growth of the annealing nanocrystals, their size remains constaht at 5
nm. Moreover, since Sm atoms are also used up for 30 nm sp&nCsolidification
crystals, annealing nanocrystals cannot grow further up-fidl Xtin size. Considering

TEM results for 1 mm diameter rod samples, Sm amount is definitely a limiting step
for sizeof Cl,Sm nanocrystals, which can be adjusted by changing composition with

further study.
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Figure 3. 21 TEM images of isothermally annealed ragpun ribbons at annealing
condition Al (a, b), A2 (c, d), and A3 (e, f) as shown in Fig. 3. Insets shows SAED

patterns and FFT for each ima@stcles show examples of nanocrystals.
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Figure 3.22 TEM images of isothermally annealed 1 mm diameter suction cast rods
at annealing condition B1 (a, b), B2 (c, d), and B3 (e, f) as shown in Higses

shows SAED patterns and FFT for each im&jeles show examples of nanocrystals.

82



Fig.3.23 (a, b, c, d) indicate APT results showing atomic spatial distribution of
constituent elements of the alloy composition, namely Cu, Sm, Zr, Al, in an 80x70
nn? tip area for 1 mm diameter suction cast rod at condition B1. Atomic distributions
of Al and Zr are quite homogenous as seen irBF8(c) and Fig3.23(d). In contrast,
accumulation of Cu and Sm atoms in certain regions are apparent3r2B(@) and
Fig.3.23 (. These segregations are in such a form that; they can be classified into two
groups. First one is the thick needilkee Cu and Sm aggregation at the right corner,
the other ones are small clusters of Cu and Sm atoms all around the tip area.
Considering TEM image of this sample in B@2 thick needldike Cu and Sm
aggregation a@presents the edge of 30 nm size$u solidificationproduct and
clusters represents the 5 nm size®n annealing nanocrystals. In addition, §ig3

(e), represents concentration profile of the region of interest (ROI) that is extracted
from whole APT @ta. As seen in Fig.23(e) lefthand side of ROI is at the 30 nm

size solidification crystal and rigitand side is at 5 nm size annealing crystal.
Concentration of Cu and Sm increases up to approximately 60 at. % and 30 at. %
respectively at solidifica&n crystal side. As distance increase further away from
CwSm into the amorphous matrix, both Cu and Sm concentration gradually decreases.
On the other hand, both Zr and Al concembratincrease due to solute pil.
Concentration profile reveals comjtgmn of amorphous matrix is approximately
ZrssCwsAl10. At the righthand side of ROI, again concentration of Cu and Sm
increases due to the presence of 5 nm siz&@wannealing nanocrystal. Cu and Sm
concentration reach up to approximately 40 at. % Hhét. % respectivelyAPT

results give valuable information about the nanocrystallization es@yhase. Full
comprehension of APT data can only be obtained by TEM images given in Fig.3.22
(b), which is the corresponding TEM image of same sample. Asionedtbefore,
atomic distribution of Cu and Sm are sharing two major features. The thick needle
like feature at right corner represents edge of the 30 nm sizenCsolidification
crystals from the Fig.3.22 (b). Size and composition of the chunkysr@u
agdomeration is quite matching with the TEM image. Cu and Sm spherical clusters
are also present all around the tip area. In Fig.3.22 (b), 5 nm size sphesigat Cu
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annealing crystals are also present around the solidification crystals. APT results and
TEM images in Fig.3.22 are in good correlation. Concentration profile suggests that
composition of annealing nanocrystals is not exactly same wir@stoichiometry.
However, APT sample is at condition B1, which is the onset of the crystallization peak
meaniyg at a very early stage of nanocrystallization. It may be possible that the
nucleation of CpeSm phase is not completed yet. Another reason for such error may
be detection efficiency of APT instrument. Low detection limit may not be a problem
for larger nancrystals such as in case of 30 nm size solidification crystal, but cause
problems for smaller nanocrystals. FFT in Big1(d) indicates annealing crystals are
also CuSm for ribbon samples. Nevertheless, it was impossible to perform diffraction
from anrealing nanocrystals in rod samples within TEM due to their small size. Their

true identity can only be speculated with present data.
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Figure 3. 23 APT results showing atomic spatial distributions of (a) Cu, (b) Sm, (c)
Zr, and(d) Al and (e) concentration profile of a nanocrystal/amorphous intersection

region extracted from APT data for 1 mm diameter suction cast rod at B1 condition.
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Fig.3.24 illustrates the cross sectional 2D elemental contour maps of isothermally
annealed Inm diameter suction cast rod at B1 along with a STEM image of the
sample.Elemental contour maps in Fig.3.24 (b) reveal that 5 nm large nanocrystals
are rich in Cu and Sm atonResultsshowed that Zr is rejected to amorphous matrix

at crystalline/amorphau interface during anocrystallization. Solute pHep of
rejected elements during growth are even observable for fine scale nanocrystals in APT

anaylsis. It is tougth that combined effect of Zr pile up at interface and insufficiency

of Sm resulted in a hderedgrowth and nanocrystallization for this alloy system.

Figure 3.24 (a) STEM imageand (b) cross sectional 2D elemental contour nadps
isothermally annealetl mm diameter suction cast rod at B1 condition.

Earlier itwas stated that growth cannot continue fosSPn nanocrystals. Considering

the composition of the amorphous phasecamcentration profile inFig.3.23 (e),
amorphous matrix is almost completely depleted from Sm atoms. Since in order to
satisfy growth of CeSm nanocrystals, Sm diffusion is required for stoichiometry.
When matrix is insufficient of Sm in order to feed>6m nanocrystals, growth cannot
continue any further This may also bring up some designing aspect to this
microstructure. It may be possilitecontrol size of these nanocrystdlg,controlling

the Sm content during microalloying

85



3.5 Conclusion

Glass forming ability and thermal properties ofs(@uscAl 10)100xSk (x=0, 2, 4 at.

%) alloys have been investigatedainombired studyof DSC and XRD and shown in
preliminary results. All composition samples are produced in hattm diameter
suction cast ragland meltspun ribbon forms after preparinggots in aremelter from

high purity elements of the systems. XRD analysis showdtdsmen ribbons were

fully amorphous, while suction cast rods were partially crystalline. According to XRD
results of 1 mm suction cast rod samp(&BA is found to increase with Sm addition.
Furthermore, DSC analysis has revealed that micro alloying Sim 4i@t. % in the
ZrsoCwoAlioal | oy d ex whelais eossideyged to be related to the thermal
stability of the amorphous phasg® and GFA is thought to be proportional in
literature; lowever, there are marBMG systemswherethe addition of Gd ahNd
rareeart hs show high GFA for relatively | ow T
Crystallization kinetics were investigated for £gBusoAl 10)100xSmk (X=0, 2, 4 at. %)
alloys. It is found that activation energy for crystallization ofZty phase increased

with increasing Sm content. It is concluded that, higher activation energy caused by
distortion of CuZr atomic pairs with increased Sm atoms in the system. Positive
enthalpy of mixing between Zr and Sm atoms thought ttheenain cause fothis
phenomenon. Higher activation energy for crystallization aéZ3uphase also causes

a change in phase selection during devitrification. Primary crystallization shifted from
CuZr to CuSm nanocrystals during rapid solidification and fromd&ty to CleSm
nanocrystals during devitrification.

Nanocrystallization of (ZvCuoAl10)eeSMu alloy have been investigated in
combination of DSC, XRD, SEM and APT. Based on XRD analysis, fully amorphous
meltspun ribbons and patrtially crystalline suction castsradgth 1, 2, and 3 mm
diameter were produced. TEM and APT investigations showed that Sm triggers
nanocrystallization of spherical €am phase.ln case of1 mm rod samples
microstructure contained of 30 nm large >Sm nanocrystals in asast state.
Isothernal annealinqiucleatedd nm large CeSm nanocrystalsmbedded in partially

crystalline matrix In case of melspun ribbon samplesothermal annealing initiated
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nanocrystallization 010 nm large C¢Em phase. APT and TEM analysis showed that
growth of spherical CeSm nanocrystals hindered by rejected Zr atoms at
amorphous/crystallineterface and insufficiency of Sm atoms in amorphous phase.
Nanocrystal size i®und to bdimited by the Sm content within the composition which
may be used to control nacrystal size andistribution with further study.
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CHAPTER 4

MECHANICAL PROPERTIES AND SHEAR BAND STABILITY OF Cu -Zr-
Al-Sm BULK AMORPHOUS/NANOCRYSTALLINE COMPOSITE

4.1 Introduction

Mechanicalenhancement in terms of ductility and toughness of metallic glasses
becomehot topic in material science due to their promising strength and elastic
properties. Metallic glasses have strength values reaching up to the theoretical strength
values due to ldcof crystalline defects within the structure; however, their plasticity

is very limited. Common recent effort in literature is to enhance their ductility by
introducing a second phase either by phase separation of two amorphous structure or
nanocrystallie/amorphous composite structurén this chapter, mechanical
characterization of (Z6CwoAl10)100xSMk (x=0 and 4 at. %) alloy compositions were
performed on both suctiecast rods and mefipun ribbons via combined study of
Vickers hardness tests, contienal compression tests and migitlar compression

tests. Effects ofanocrystals on mechanical properties and effedtsdehtation load

on hardness and strain rate and sample size®mpressive strengthsediscussed.
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4.2 Literature Review

4.2.1 Mechanical Properties of Metallic Glasses

Much different from crystalline metals and alloys, amorphous bulk metallic glasses
have very unique and promising physical, chemical and most importantly mechanical
properties[7,20,89,90] Due to lack of crystalline lattice and consequently lattice
defects bulk metallic glasses exhibit extraordinanergth and elasticity13]. A
simpleillustrationof their strength andlasticity compared to conventional crystalline
materials are given in Fig.4.1. It is shown that most of the bulk metallic glasses are
exceeding both steels and titanium alloys in strength and few polymers in elasticity.
However,engineering applicabilitpf metallic glasses are very limited despite their
superior mechanical properties due to the lack of plasticity in their fully amorphous
state. Metallic glasses exhibit very limited plasticity under both tension and

compression loading.

Figure 4.1 Comparison of metallic glasses and conventional engineering materials in

strengthi elastic limit plot Adopted from[13].
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