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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF BULK
AMORPHOUS/NANOCRYSTALLINE SOFT MAGNETIC MATERIALS

Kar aMedha Merve
M.Sc., Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. M. Vedat Akdeniz

Co-Supervisor: Prof Dr. Amdulla O. Mekhrabov

July 2016, 13 pages

The aim of the study is tceachnonequilibrium cooling conditions and produce
bulk glassy(Fe3sCo3sB19.2Sis.8Nb4)gg 24C Uy 75 rod which has a good soft magnetic

property and high electrical resistivity and to investigate its crystallization kinetics.

The bulk metallic glass formation wachieved by arc melting and suction casting
and it was confirmed by scanning electron microscog$EM), x-ray diffraction
(XRD) and thermal analysis techniques. After characterizgtioyisochronal and
isothermal dferential scanningcalorimeter (DSChanalyses, crystallization kinetics

of the alloy was investigated.



From isochronal DSC analyses, activation energies for glass transition and
crystallization events were determined by using different analytical methods such as

Kissinger and Ozawa. The tcal cooling rate was calculated from two approaches

called Barandiaran and Colmenero and Liu etaad results were compared.

Numerous glass forming ability parameters such,gs TpT and o wer e est i me
for the samples. High majority of parameteln®wed that the alloy is a good bulk

glass former.

The isothermal crystallization kinetics of the alloy was studied at temperatures

chosen in above the first crystallization temperatliteere were no crystallization

signals detected in the isothermal ®Scans except f 8 5 B Gin adlding.

Al t hough SEM s howe dFe€Co¢ aystallitese Weeesdistingmshedr i X , U

in the XRD pattern and size of these crystallites was estimated by Scherrer equation.

The magnetic and mechanical propertieshaf as cast and annealed alloys were
comparedAccording to the obtained results, annealed alloys have higieration
magnetization, lowr coercive force andhigher microhardness values than as cast
alloys due to th@resence ot}(FeCo)nanocrystallinestructureswithin amorphous

matrix.

Keywords: Bulk glassy alloy Nanocrystallization Soft magnetic properfyHigh

saturation magnetization
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CHAPTER 1

INTRODUCTION

Materials science dealt mostly with crystalline materesl their physics and
chemistrydue tosymmetricalnatureof crystalline materialsand less challenging
calculationsmade on them. Today, howevemmorphous materialeave become
popular field because of their unclear nature. Amorphuoaterialshave random
atomic arrangementsand superior propertiecompared to their crystalline
counterpartg1-6]. Amongthesematerials Febased amorphous alloys have drawn
much attentiondue to their outstanding soft magnetic behavi@r B], excellent
corrosion resistance] 10], and good mechanical propertigsl, 12] for potential

structural applications such as transforsrend magnetic sensors.

Typically, amorphous alloys aggroduced by rapidolidification from liquid state
which kineticallysupresses crystallization. In this wayrely metallic and metal
metalloidglasses werdevelopedo investigate theimetallurgical formation which
is differentfrom oxide or polymeric glassebletalic glasses are neequilibrium
structuresthus,whenthey heatednoderately they becomestructural changes from
the as cast statto the metastable structurally relaxed state and finally to the
crystalline stateDue to these structural changgisysical, chemical, and mechanical
properties of the metalliglassesare significantly affected Therefore, e study of
crystallization behaviour of metallic glassedo understandstructure property
relationships anthe mechanism of nanocrystallizati@amevery importantdue to the
fact that crystallization parameters af amorphous phashow the stability of it

against the thermal tagments.



In the light of these informationsn this thesis (FesC036B19.2Sis.gNb4)gg 26C Uy 75

bulk amorphous alloy havinglagh glass forming abilityGFA) and soft magnetic
property has been synthesized and attempts have been made on understanding the
crystallization behaviour of the amorphous 8®36B 19 2Sis.gND4)gg 24C Wy 75alloy by

using thermeanalytical méhods and annealing experiments. This all@aswhosen
becauseby former studies in oulaboratory (NOVALAB), it wasconfirmed that
(Fes6C036B19 5514 8Nb4)9g 24C U 75 alloy can be produced as a bulk amorphous form
and has a good soft magnetic prop¢ii§]. First of all, Fe;sCo3sB19.2Sis.gNby alloy

was producedas bulk amorphous alloy by centrifugal casting method. Then,
different amount of Cu was added. Fe{sC036B19.5Sis.sNb4)100xCU COMposition X

was changed like x= 0, 0.25, 0.5, 0.75, 1. After characterizations of the alloys, it was
proved that(Fe;sCo036B19.5Si4.8Nbs)9g 24C Ly 75 alloy showed the best GFA and soft
magnetic propertiedlowever, thecrystallization kinetics ofthis alloy has not been
studied in detail so farThus, this study aimsnvestigating the crystallization
kinetics of (Fe;sC036B19.2S1s.8NDb4)eg 24C o 75 alloy and its effect onsoft magnetic
property of it by means of theexperimental and analytical methods.
(Fe36C036B19.5Si4.8Nb4)9g 24C o 75 alloy was produced by suction casting irtopper

mold in the form of cylindrical rod with diameter of 3 mm. Then, it was
characterized by X-ray diffractions, thermal and magnetic analysis and
microstructural investigationKinetic analysesof the samplewere performed to

obtain the critical paraaters for mechanisms and suppression of the crystallization.

The literature reviewof this study was giverin Chapter Two Experimental
procedure detailsvere presented in Chapter Three. The results of the experiments
and discussions were given in Chapaur. Conclusions that haendamental

points which were achieved during this stugsre given in Chapter Five.



CHAPTER 2

THEORY

2.1 HISTORY OF METALLIC GLASSES

The first metallic glass was reported by Duwez anccbileagues at the California
Institute of Technology (CalTech) in 1960. In their study;sSiss alloy was rapidly
solidified at rates of about 10K/s and nucleation and growth processes of
crystallization could be kinetically bypassed].lin 1970s and 980s the researches
about metallic glasses have increased the attention due to their importance in
fundamental scientific significance and pdiahengineering applications [15, [L6

The work of Turnbull group showed similarities between between meggeigses

and other conventional glasses. According to their studies, metallic glasses also
show glass transition temperature. This study is one of the crucial contributions i
the field of metallic glass [17, 18. During |l ate 1980da, synt
bulk metallic glasses was successfully pratliby Turnbull and coworkers [19,]20

for Pd Nii P alloy system with cooling rates as low as 10 K/s. These metallic glasses
larger than millimeter scale were the first bulk metallic glasses (BMGs). Fnfiow
1990s, many researches on the BMGs were done to find new alloy compositions and
investigate their physical, structural, mechanical and magnetic properties. These
materials provide new opportunities for both fundamental studies and commercial
applicatimms. Owing to the relative ease of fabricating metallic glasses into bulk
forms with other unique properties, BMGs are attractive for possible applications in
aerospace, naval, armor systems, electronic packaging, and biomedical devices.
Based on the recedevelopments, new applications of the bulk metallic glasses can
be expected in the near future [1].21



2.2 BASIC CONCEPTS OF METALLIC GLASSES

2.2.1 Glass Transition

A glass is formed when a liquid is continuously cooled while detectable
crystallization is avoided. The transition from a liquid to glassy state is termed as
glass transitiorand it starts at a temperature and ends when the structure is changed
completelyto glass. There is no definite temperature for glassy materials. Glassy or
noncrystalline materials differ from their crystalline counterparts in the way they
solidify as shown in Figure 2.1. The temperature at which this slope change occurs
is called theylass transition temperaturd-igure 2.1 shows how properties such as,
volume, enthalpy, and entropy of crystalline and-opystalline mateals change

with temperature [22, 23
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Figure 2.1 Variation of properties of crystalline amon-crystalline materials with

tempeature (reproduced after Ref. [22



2.2.2 Glass Formation

Glass formation of metallic alloys can be interpreted by considering thermodynamic

and kinetic aspects.

2.2.2.1 Thermodynamics of Glass Formation

Thermodymmic is one of the most fundamental approaches to determine the relative
stability of phases and | imitations of ¢

the term which shows the stability of any phases.

PG =41 PHS and gasl BGstaF ¢ (2.1)
wh e r gis eptHalpy of transformatiom n d  isge8tropy of transformation

According to Eq. 2.1, wheqiG value is the lowest, system becomes more stable. As

the Gibbs free energy becomes negative the glass formation becomes more
favorabl e. I n order t pt eorbm as mo wledy alg @ vieo vge
term should be increased.

The entropy of the system represents the measure of arrangement of constituent
atoms. In metallic glasses with high number of constituent exlésnentropy

i ncreases because of the diversitwy of ar
of atoms of metall i c glyasasresslt, thesdidliguidt o t h
interfacial energy will increase?4]. In this way, production of multicomponent

BMGs is much easier and requires lower cooling rates than binary alloy systems.
2.2.2.2 Kinetics of Glass Formation
In the kineticapproachviscosity has an important influence on metajlasses and

glas forming abilities. Thevariation of viscosity of a liquid as a function of

undercoolings usedfor categorizing and characterizing the liquids since it reveals



the change of mobility ohtom during supercooling/iscosity can be determined

from VogelFucherTammann (VFT) relation [35

e DT,
h = Qexpz L (2.2)
éT - Ty

where T is VogelFulcher temperature and D is the fragility parameter.

Previous studies showed that the liquid which forms BMGs behaves like the silicate
melts kinetically. In Figur@.2, the viscosities of common nametallic liquids were
compared with metallic glasses. Si€howes high melt viscosity and the strongest
glass formability with fragility parameter around 100. In accordance with the plot,
BMG forming liquids could be clagffied as strong liquids like silica glasses. The

melt viscosities of the BMG former liquids havadility parameters around 20 [[16
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Figure 2.2Viscosity comparison of different glagsrming liquids [L6].



2.3 GLASS FORMING ABILITY CRITERIA FOR BULK METALLIC
GLASSES

In order to design new alloys, understanding of glass forming ability (GFA) is
important. The GFA can be defined as the ability of the alloy to transform into
amorphous state. Since the first discovery of bulk metaltissgs there has been a
lot of studies on the development of a universal criterion in estimating GFA.
However, these studies still remain at the empirical level. In@@estates three

empirical rules for obtaining glass formation in metallic alloy system
(1) Alloy consists of more than three elements,

(2) Atomic size mismatches are required to be above 12% among the main

constituent elements

(3) Negative heats of mixing among the main elements is necessary.

The other several approaches in literature are also stated in the following sections.
2.3.1 Supercoolegd Liquid Region (T

Supercool ed | xi (qpdT.dTy) IS etheiregion bgiWeen the glass
transition () and the crystallization temperatures)(Tt is regarded as a measure
of GF A s represaents lgoilv stable is a liquid against crystallization upon
heating aboved T he v actan e difefent gepending on the alloy system
and is usually in the range of 4D K. Supercooled liquid regm becomes wider

glassy phase is more stable and shows mamistance to crystallization [24, 27].
2.3.2 Reduced Glass Transition Temperature (§)

When a liquid alloy is cooled down to a temperature belgwthie viscosity of the
melt increases anglass is formed. Since the viscosity is constant at Tg BPH0s,
Turnbull, based on kinetics of crystal nucleation and the viscosity of melts,
suggested that the ratio of the glass transition temperatyr® The liquidus

temperature of the alloy; Ts a good indicator of the GFA of the alloy. The higher



this value, the higher is the viscosity and therefore the alloy melt could be easily
solidified into the glassy state at a low criticaloling rate (). In other words, an

alloy composition with asigh a value of § and as low a value of, Bs possible
promote easy glass formation. This ratio is called as reduced glass transition
temperature J. That is, T;=T4/T). Based on the nucleation theory, Turnbull showed
thatat ;.0 2/ 3, h o mo gien rofetloe uciy/stalting pHase as completely
suppressed.

The minimum value of J f 0.4 is necessary for an alloy to become a glass, but the
higher the 7y value, glass formation is easier. Most of the alloys indicatenThe

range of 0.60.69 P4, 28,29.

2.3.3 Ky Parameter

Another parameter which is a numerical measure of the GFA is heakameter
proposed by Hruby [JOK is defined by

0 — (2.3)

This criterion expresses the thermal stability of a glass on subsequent reheating and

it is directly proportional to the ease of glass formation.
2.3.4 SParameter

The stability parameter S i®deloped by Saad and Poulain][3Lcan be expressed
by

Y (2.4)



where T, is the crystallization peak temperature. This parameter describes the effect
where T, is the crystallization peak temperature. This parameter describes the effect
of temperature difference betweer @nd the onset crystallization temperature

together wittthe position of Fand crystallization exotherm.

2.3.5¢ Parameter

Fan et al. [3Rdeveloped a new GFA criteria using the nucleation theory and the
fragility concept. They stated that overestimation of GFA due to the usagg of T

parameter coul d be G dhenevcritegiais elpyessedby r o d u c |

4 — (2.5)

where a is a constant. They tested the validatiothe¢ parameter in different type
of glasses by plotting the:.R's € graphs.e parameter showed a good correlation
with R..

2.3.6 9 Par amet er

2 parameter was devel ongnd0l diaggamm® Hu andrLiut he i
[33] devel ope dycansiderang thenveotkieds of stability of BMGs. First

one is the thermodynamically stability, lower thehigher the stability of liquid,

and the other one the resistance to crystallization, determined by the value of the

Ty From the combinationfo t hese o is defined as

r — (2.6)

Liuetal.[34 al so studied the relation between

rate (R) for glass formation for some metallic glasses. A linear interrelationship is



expressed bR.= Ry exp[(-InRy/ o) 9 where Ra n @ areoconstants, in K/s and
2 is dimensionl ess. They stated that for me
mm, the alloy should have 2 value of 0.362 o

2.3.79y, Parameter
Du et. al.[35] enhanced, parameter by including the stability of supercooled

Il i quid r egi on yx moeecstables liguidvagachs crystgliization. They

extended the parameter as

r —_— 2.7)

Aut hor s al so found a | imna@da R sucke lamt i onshi p
0010R: =14.991 9 . 4.4 19

2.3.8 U Parameter

Chen et al. [36, Jitated that the GFA of alloys should be inversely proportional to
the rates of nucleation and growth. They noted that GFA is proportional to
Ty/(Ti T Tgy). Further, examining the dependency of GFA on the viscosity of the
melt, they also noticed th&FA is proportional to JTg. Combining these two they

proposed a parameter U0 for determining GFA.

) — (2.8)

Chen et al. hae also conducted a statistical analysis of the T 2 , and U par amet
against the maximum section diameter of the glassy alldysong other

parameters, U was found to have the stronges

10



2.3.9 U and b Parameters
Mondal andMurty [38] derived two parameter to asséise GFA of BMGs. Low T

could be an indicator of the high stability of the liquid and higlw@s of a high

thermal stability. They combined these e

| — — = (2.9)

Mondal and Murty [38 al so proposed that another pe
aspects of glass formation namely the ability to form a glass during caflitheg
melt expressed by = Ty/T;, and stability of glass expressed byTf. Then,

b parameter is

[ — — (2.10)

If a glass does not eddit T4 during the heating of it, JJcan be taken asyBnd then,

b parameter is written as
r P — p 1 (2.11)
2.3.10 = Parameter

Long et. al. [39 proposed another parameter which covers the thermodynamic
properties of BMG systems based on the analysis of the TTT diagrams using

fragility concept. This parameter is

S - — (2.12)

11



2.3.11 T Parameter

Kim et al. [4Q defined a parameter,las Tx= Tx/Ts where T represents the onset
temperature of solidification.xalue can be obtained from reheating of glassy alloy
in DSC or DTA. T value can be obtained as the solidification start temperature
during cooling of the liquid at a cooling rate R, lower than the critical cooling rate,
Rc. During continuous heating, frothe point of intersection of the TTT curve with
the heating rate curves Tan be obtained. Thus,Tis dependent both heating and

cooling rates.

23.12New b parameter

Yuan et al[41] conducteh new di fferent criterion called
as;
New -b—=—m1 (2.13)

They stated that the new b par shem&RAer has t h
because correlation coefficient is the highest among all the other parameters.

However, they had plotteddy values instead of their logarithmic values to calculate

the correlation coefficients. They also st a
wide range, while the other parameters have a very narrow range for different

critical diameters of BMGs.

2.3.13"Yparameter

Sheng and.iu [42] derived a new GFA parametey considering the relationship

between the cooling and heating process¢defined as;

=———— (2.14)

12



They stated that the new parameter has clear physical interpretation and good
correlation with the critical cooling rate. They also proposed t¥etplace with" ¥

as the best characteristic temperatomeed GFA criterion.

2.4 PRODUCTION METHODS OF BULK METALLIC GLASSES

Bulk metallic glasses require rapid solidification techniques to obtain high cooling
rates and to suppress the crystallization reaction. A number of different techniques
have been deveped to synthesize BMG alloy24]. Some of them & copper mold

casting, arc melting, suction casting and centrifugal casting.

2.4.1 Copper Mold Casting

Copper mold casting is the most common and popular method to produce BMGs. In
this method, the molten alloy is poured into a copper mold wheaodidifies rapidly

due to the quick heat extraction by the mold. The casting can be done in air or
vacuum, inert atmosphere, or under argon, if oxidation has to be avoided. The mold
used can take different forms. The most common form of the mold rslogkl or
rod-shaped cavity which has different internal diameters. Thus, in these molds, for
obtaining fully glassy state maximum diameter of the sample should be determined.
On the other hand, by using wedge shape mold, using of molds of differenainter
diameters could not be necessary. The advantage of wedge shape mold is to get
specimens of different diameters in one experiment. This provides in determining
the maximum diameter of the rod that could be produced in the glassy state in one
single expament P4, 43, 44. Figure 2.3 shows the equipment for copper mold

casting in a wedge shape form.

13
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Figure 2.3The equipment for copper modasting in a wedge shape form [43

2.4.2 Arc Melting

Arc melting is the method to obtain glassy phases in alloy systems that require a low
critical cooling rate for glass formation. In this method, the alloy on a copper hearth
is arc melted. When the alloy is melted, the copper hearth acts like a heatdink a
extracts the heat from the melt. Figure 2.4 shows the schedratidng of this
technique. However, in this method it is difficult to completely suppress the
precipitation of crystalline phase due to the ease of heterogeneous nucleation by

incomplete miing of the alloy at the bottom side contacted with ¢bpper hearth
[24, 45)].

14
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Figure 2.4The schematidrawingof arc melting technique.

2.4.3 Suction Casting

Suction casting is another popular method to produce BMGs. Figure 2.5 shows the
schematicdrawing of this technique. First, the alloy is arc melted. Then, molten
alloy is sucked into the copper mold by using pressure difference between the
melting chambeland the casting chamber. Suction casting is used for casting of
materials with diameters smaller than 6 mm. Cooling rates can be controlled by the

adjustable pressureftiirence between the chambe?d,[4648].

2.4.4Centrifugal Casting

Centrifugal cating is one of the methods used for producing BMGs in Novel Alloys
Design and Development Laboratory (NOVALAB39 50]. In this technique,
production of alloys is almost same in industry. First, alloys are arc melted and then,
casted into copper mold lmentrifugal force. This conventional route provides mass

production of BMGs and reduces their costs.

15
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Figure 2.5 The schematidrawingof suction casting.

2.5 CRYSTALLIZATION OF BULK METALLIC GLASSES

2.5.1Crystallization Kinetics

The crystallization studies of alloys are importafor both scientific and
technologicalaspects. From thscientific point of view crystallizationof metallic
glasses occurs by a nucleation and growth processttiugrowth of crystals into

an isotrojc mediumcan be studiedFrom thetechnological point of viewthe
crystallization of metallic glasses provideariation of their important properties
such as magnetic propertigk3]. For investigating crystallization kinetics, thermal
analysis methodush addifferentialscanning calorimetdDSC) is quite popular. By
using DSC, kinetic parameters that reflect the crystallization behaviours are
determined from theories called Johnddahl-Avrami-Kolmogorov (JMAK)

[51-53] and Kissinger[54] or Ozawa[55. JMAK model are generally used to

16



describe the isothermal transformation kinetics of amorphous alloys. Kissinger or

Ozawa is usually used for nasothermal crystallization.

2.5.1.1 Isothermal Crystallization Kinetics: JIMAK Method

JMAK equation waslerived based on following assumpti¢b§, 57:

(1) Homogeneous or heterogeneous nucleation at randomly dispersed second phase
particles,

(2) Growth rate of new phase controlled by temperature and independent on time,

(3) Low anisotropy of growing cryals.

The equation i§53];

X(t)= 1- expek(t-to)") (2.15)
where; X(t) : transformed fraction at timek : rate constant

n : Avrami exponent

to : incubationtime.

Rearranging the JMAK relation yieldiS8, 59;
IN(HN(1HX(1)))=In k + n In (tto) (2.16)

For analyzing the equatiof2.15) and crystallization kinetics, Ian(1H X(t))) vs
In(t-to) is plotted. This plot should give a straight line having the slope n and the

intercept InK 58, 59.

Avrami exponent (n) provides useful information on the mechanism aodegey

of growing precipitatedt can be interpreted by;

17



Table 21 Interpretation of Avrami exponeni§Q].

Interface controlled growth Avrami Exponent
Increasing nucleation rate >4
Constant nucleation rate 4
Decreasing nucleation rate 34
Zero nucleation rate 3
Grain edge nucleation after sgaturation 2
Grain boundary nucleation after site 1
saturation
Diffusion controlled growth of Avrami Exponent

precipitates

All shapes growing from small dimension >c-

with increasing nucleation rate

All shapes growing from small dimension p
c —_
with constant nucleation rate S
All shapes growing from small dimension p p
: : : P~ C—=
with decreasing nucleation rate S S
All shapes growing from small dimension p
: . P=
with zero nucleation rate S

Growth of precipitates with appreciable p

initial volume S

Needlesand plates of finite dimensions

Thickening of very large plates after
complete edge impingement

R NI -

Thickening of needles after complete en

impingement

Precipitation on dislocationsery early stage

aln
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Furthermore, it is possible to estimate thetivation energies for a phase
transformation using the classical JIMAK theory. Imposing an Arrhenius temperature
dependence of the rate constant k, different isothermal temperatures can be

employed to obtain an overall the activation energy (Ea) emplolyencelation;

E kAOb— (2.17)

and by constructing Ink vs. 1/T plots where the slop&#R, ko is a constant and
Ea is the activation energy for crystallization. The valuk @nd n are obtained

from JMAK plots for different annealing temperatufg8, 59.

The local activation energ¥a(X) can also be calculated usinguation(2.18) for
eachtransfomed fraction by utilizing an Ahenius thermabdependence of time
required to attain a chosen transformed fractiodifégrent isotherms, by taking the
slopes In(1/t) vs. (1/T) plof$8, 59.

— 1AQD— (2.18

2.5.1.2 Nonlsothermal Crystallization Kinetics: Kissinger and Ozawa Method

Kissinger[54] proposed a method for determining tetivation energy of a simple
decompsition reaction regardless of reaction ordemigking differential analysis
patterns at different heating rates. He related the herdiegof a reaction to the

peak temperature recorded by thermal analysis lexpression:

| 1— — # (2.19

wherer is the heating ratél'p is the peak temperature,ifRthe gas constant, Ea is

the activation energy for the corresponding transition,Gisda constant.
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Plottingl T— vs 1/Tp yields a straight line whose slope givégEaR for

crystallization.From this Ea can be calculated.

Another widely used nersothermal method is the Oza\b] method;

[ p8tuL pg # (2.20

wherer is the heating rate and Ea is the activation energy. The plof ofdrsus

1/Tp givesa straight line with a slope 91..0516 Ea/R.
2.5.2 Critical Cooling Rate Calculations

Determinatim of the critical cooling ratgR.) is very important in studying
crystallization kineticdecause it is theninimum rate tosuppress detectable crystal
nuclei. The best way to determine. Rs to construct timéemperature
transformation (TTT) diagrams. Figure 2.6 shows a schematic TTT diagram for a
hypothetical alloyj24, 61.

Temperature (K)

3

Time (§) —————»

Figure 2.6 The schemati@ TT diagram for a hypothetical alld24].
20



TTT curve shows the time required for formation of crystalline phase. When the
alloy is cooled from the liquid state under equilibrium conditiopsoduct of
solidification would be a crystalline solidf the alloy is solidified at a higher
solidification rate repesented by curve fhe product is still a crystalline solid.
However, if the liquid alloy is solidified at a rate fastblan the cooling rate

represented by curve 2, then crystal formation will not take place.

The cooling rate represented by curve 2afied the critical cooling rate (R The
significance of this value is that above this rate, glass can be formed provided that
the supercooled liquid is cooled to a temperature belgwifTthe alloy melt is
cooled at a rate lower than,R homogeneouglassy phase will not form. For glass
formation, the liquid alloy should be cooled at a rate faster thamand to a

temperature belowgl[24, 61.

Critical cooling rates(R;) for different alloys systems can be calculated by
isothermal crystallization kinetics. If,Tand t, are temperature and time at the nose

of the curve, and s the liquidus temperaturB. [62] can be defined as;

Ref — (2.2

However, this expression overestimatgs $hce it assumes that the crystallization
rate orresponds to the nose of the TTEurve throughout the whole temperature
interval of T, to T, and therefore results in a value somewhat higher than the

experimentally determined valuéJ.

The equation(2.21) is valid only for isothermalprocessedut in reality, glass
formation occurs under continuous cooling conditions. Thegefthe equation
(2.21)wasmodified for continuous cooling transformatior3{65]. By performing
the calculationsBarandiaran and Colmener@®] derived an equation for the critical

cooling rate for glass formation. i defined as;
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InR=A B (2.22)

(T{ - Txc )2

whereR is the cooling rateA and B are constant3 is the offset temperatureof

fusion andT is the onset temperature of solidification upon cooling at a rate R

The under =0Tl |Jvariesqith the cooling rat&Vhenmp T increases
to infinity, no crystallization occurs amdl = In R.. The critical cooling rate, Rwill

be obtained by an extrapolation of the fittiofyexperimental values withgeation
(2.22)[66]. Apart fromthese equation$}. has also been estimated wgidifferent
equationg67] based on the thermal behavior of the liquid solidifying into the glass.

2.6 PROPERTIES AND APPLICATIONS OF BULK METALLIC GLASSES
2.6.1 Properties of BMGs

The lack of crystallinity and lack of microstructural features such apain
boundaries ar¢he main characteristis of metallic glassesBMGs havesuperior
properties compared to conventional metallic mater{@8]. Some of these
properties are stated in the following sections.

2.6.1.1 Mechanical Properties of BMGs

Metallic glasses are known for theutstanding mechanical strengfhcomparison

of mechanicastrengths of7arious materialss indicated in Figure 2.7.
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Figure 2.7 Typical strengths and elastic limits for various matefia8.

There is enough datavailable on BMGs for the quantitative comparison of their
properties with conventional engineering materigigure 2.8shows elastic limitl,
and YsoModutusE for over 1500 metals, alloys and meatadtrix composites.
The ellipses enclose the rangf values associated with given materials and material

groups The metallic glassdg on the upper part dhe populated regiof68].

The contours shown in Figure8ayive the material indice§,/E and(,%E which are

the yield strain and the resilience, a measure of the ability of a material to store
elastic energy, respectiveliccording toFigure 28, metallic glasses have larger
yield strength and storing more elastic energy per unit volumedaithem magrials

[68].
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metalmatrix composites and metallic glasses. The contours show the yield strain
G,/E and theresilien ¢ ¢°/E {68].

2.6.1.2 Magnetic Properties of BMGs

BMGs show different magnetic behavior.

These are hard magnetic and soft

magneticMagnetic properties alienportantfor several applicationis the electrical

and electronic industrieBut, the most important applicatios in transformer

Thereforethere are a lot of researchesmagnetigproperties of BMG alloys.

Inoue and Gook synthesized

the first -lk&sed ribbon alloy which

is

FeAlsGaP11CsB4 in 1995[70]. This discovery was immediatefgllowed with the

synthesis of another Hmsed BMG ard a few investigations have also been
reported on Cdnased BMGs.

24

1507



Some nagnetic properties of me#pun ribbons and bulk rodeave minor
differences such asagnéostriction and coercivity budaturationmagnetizatiorof
the alloys is not any different wtieer measured orbbons or bulk rods different
diameterg71,77.

2.6.1.2.1 Hard magnetic BMGs

Hard magnetic properties were obtained fromNeeB systems. Due to NHe
clusters, coercivity is very high. Nal-Fe systems which are only bulk form also
show hard magnetic behavior. By changing diameteercivity can be changed
[73-75].

2.6.1.2.2 Soft magnetic BMGs

The term soft means that the response of the magnetization to an applied field is
high and this is a desirable property for such apgifions as transformers and
inductors. Good soft magnetic properties of the materfaquire high saturation
magnetization, low coercivity, and high electrical resistivioue proposed that
Febased amorphoualloys have good soft magnetic propedi andCo- based
amorphous alloys have also goedft magnetic pperties and high stability of
supercooled liquid againstystallization The effect of anneadg on soft magnetic
properties wasiso investigatedBy annealing, controlled foration of nanocrysts
whi ch ar e(Fe@a,i sofl magnetic properties of these alloy systems
increased heavily76-78]. In BMGs, alloying elements may also affect magnetic
properties Alloying additionsmay come down thsaturation magnetizatiorif the
alloying elenerts aremaintained at a low levethe saturation magnetizatioran be

increased buBFA of the alloyis decreased.
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alloys.Both the Cebased and Fbased BMG alloysave he desirable combination

of low coercivityand high electrical resistivify24].

Effect of Alloying Elements

Different alloying elementgare used to improvéthe GFA of alloysbecause good
GFA provides producing rods with largeiameter. Co is onef the alloying
elemens. It is added fron® to 20 at.% td~e-basedFe; o CoHfsM07B15Y3 BMGs
preparedrom commercially pure raw materialBy copper mold casting technique
threemillimeter diameterrods were cast With Co addition GFA of the alloy
increasedand a fully glassy phasevas obtained up to 12 at.% Co additions.
However,Co addition wasncreased to 20 at.%, a crystallippaseappearedThis
means that Caddition increased the GFA dhe alloy in a limitedcomposition
range [B]. On the other handpagnetic properties of the alloghowed a mixed

trend The fully glassy alloys showesllow coercivity (H,) value in the range ofi &
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Oe The saturation magnetizatiqBs) decreased initially with Co addition, up to
about 8 at.%, andhen startedo increase on further addition up to 20 atPhe
glass<trystal alloys showed higher values of both saturation magnetization and

coercivity.

Addition of Co to Febased magnetic afs is expected to decrease thgv@lue
because othe smaller magnetic moment of Co butkagher Cocontentsdue to
shortrange orde(SRO) in the glassy phase, Bgreased [80]At 20 at.% Co Bs
was the highest because of the precipitatbt}(FeCo) phasewhich is strongly
ferromagnetic phase#\ simiar phenomenon was also reported in FeCoNiZrMoB
system[81].

Nb is another element added ke and Cebased alloydor improving their GFA
[12-83]. SinceFe& Bi Si alloys exhibitgood soft magnetic properties, about 4 at.%
Nb was added to th@e; 1 Nix)o.7580.2Si0.0s System 84]. While the GFA of the alloy
improved the saturation magnetization, &me down from 1.1t0 0.8 T.

Addition of Fe to Cebased BMG alloysmproves not onlythe GFAbut also the
magnetic propertiedn the[(Co; ; k&)o.78B0.2Sl0.05 96Nb4 System Bs increased from
0.71 to 0.97 Twith increasingFe content from x = 0.1 t0.4 The H value
increased from 0.7 t4.8 Am'* and thee. value decreased from 32,500 to 14,800.
The large fractions of metalloid and nonmagnet&fractory elementsan be
responsible for the low saturatianagnetization observed in the multicomponent
alloys [85].

Effect of Annealing

Annealing of the fully glassy allognhancethe soft magnetic properties of the
alloys.Based on this conceph the late 19808INEMET alloy wasdeveloped [86].
FINEMET alloyshavelow coercivity, low saturation magnetostrictiand low core

losses in comparisonith the fully glassy alloys.

Annealing of FéSii Bi M glassy alloys containing smamounts of up to 1.5 at.%
of M (= Cu, Nh Mo, W, Ta, etc.have precipitation of finé-Fe(Si, B) crystalline
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particles.Cu and Fe have a positive heat of mixisg,they formFerich andCu-
rich and Nbrich regions.Ferich regionsarethe nuclei for theJFe Cu-rich and
Nb-rich regionsdo not crystallize due to theirhigher crystallizationtemperature
Therefore the microstructureconsists of fineU-Fe grainsdispersed in a glassy
matrix. This grains can be achieved onlBMGs exhibit at least two stages of
crystallization In other wods, BMGs which show a singlstage of crystallization
can not showsuch a microstructurd=or example, Inoue e&il. [87] addeda small
amount of Cu and slightlyeducedthe B contenin the Fe Sii Bi Nb system to a
composition ofFe;, sSiiB12 NbsCuy. Cu-free alloy showeane crystallization peak
but the Cucontainingalloy showed multiple crystallization peakshey annealed
the glassy alloy at a temperature beyond the first crystallization peaBCC U-Fe
precipitated out from the glassy matrikne magnetigroperties of suchllay are
much better than those of tHally glassy alloy and these propertieare also
comparablevith those of FINEMET antNANOPERM alloys

Similar types of investigations have been repoffieddifferent Febasedalloys.
Chang et al.[84] reported that in the (Fe& 780.2Si0s)9sNbs glassy alloy
crystallizationtakes place in one stage (Figure 21&hen andnoue [72]reported
that with the addition of 0.7 at.% Cu to an Feoi Sii Bi Nb alloy, crystallization

takes placen two stages (Figure 2.b

g (Feg75By 35'1“(-,-,)%.\’1), 067 Ks™ o Fc“z sCoyBy5 ;Si,,)Nb‘Cui,-
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Figure 2.10DSC curve of a) (resBo.2Sio.05)96Nb4 alloy with one stage
crystallization. b) F&sC010B135Si10NbsCuy 7 alloy with two stages crystallization.
This helps the precipitation of crystallitFe phase in glaganatrix[24].
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Table 22 Effect of Annealing on the Magnetic Properties of Different Glassy
Alloys Systemg24].

Annealing H,
Alloy Sample Conditions Structure [ (T) (Am™) ",
(Fey95iy,B, 12 Nb;  1.5mm — Glassy 147 29 17,000
rod
FeySiBi:Nb,Cu;, 40pum  883K/5min  «-Fein 123 0.7 80,000
ribbon glass
Fes; SiyByssNbCu, 0.5mm  883K/5min  a-Fein  1.21 1.8 32,000
rod glass
Fe; Siy:BNbyCu, 18um  823K/1h a-Fein 1.4 053 100,000
(FINEMET) ribbon glass
FeyZr,B,Cu, 2lum  873K/1h a-Fein 152 32 41,000
(NANOPERM) ribbon glass

Nanocrystalline Alloys

In FINEMET andother alloysthe volume fraction of the nanocrystalline phaaa
reach almost90%. Since a glassyprecursor is a prerequisit® achieve this
microstructure Fe contentshould be as high as possible ahd other metal and
metalloid contentshould beminimum The presencef metals like Cu, Nb, Mo, W,
and Tais also necessary for obtainiteyge volume fraction of the nanocrystalline
phasebut thesenonmagnetic metalsan reducesaturationmagnetizationrand they
are quite expensivelo overcome these difficultiesviakino et al. [88,89]have
developed novefFe-based alloysvhich contain only metatlids. Their composition
IS Fess.a84.351uBsP31 4Clp 7 and is based on thHes;,SigBg alloy. In the modifiedalloy
composition,P substitutes for B and Cior Fe The large concentration of Fe
providesa high saturation magnetization ashdl amount of Cu is necessary for
nanocrystallizationThe absence of the metallic elemewtther than Fe shows that

they are noexpensive
2.6.1.3 Chemical Properties of BMGs

Although it is not expected that local corrosion susceptibility of amorphous metals is
lower than that of crystalline metals, the corrosion resistance of metallic glasses is
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high. This is attributed to absence of defects which act as chemically actwe site

[90].

Chemical reactivity of the amorphous metals can be changed by controlling the alloy
compositions. The compositional dependence of the chemical corrosion behaviors is
shown in Figure 2.11. According to graph, the corrosion rate of the amorphéus Fe

C alloy without Cr content is much higher than that of the crystalline pure Fe by
several orders of magnituddowever, the addition of Cr to the amorphousH-€

alloy reduces the corrosion rate drasticalg][
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Figure 2.11Compar i son of corr osGfrb3PC adlelsoypwyd ambr p
crystaCid ialel &cdyes i n 90N NacCl at 30 O C
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The catalytic properties of BMGs are also important. They showed higher stability
compared to crystalline alloys. This property anceotmique properties make them

as attractive materials in catalysis. They can be used as catalyst precursors and
several efficient catalysts can be prepared by various treatments of the metallic

glasses90Q].

2.6.2 Applications of BMGs

BMGs have a combation of a lot of properties. They exhibit excellent mechanical
properties, very high strength, |l arge el
corrosion resistance, and the ability to be easily formed in the supercooled liquid
state. The soft magnetproperties of BMGs are also one of the properties. They

have a low coercivity and very high permeability at high frequencies. The saturation
magnetization can also be adjusted by optimizing the chemical composition. Thus,
BMGs have large application a4, 91]. Table 22 shows some of these areas.

Table 23 Application areas of BMGL[].

1. Structural 14.Information Data Storage
2. Sensor 15.Biomedical

3. Precision Machinery 16. Medical Instrument

4. Optical 17.Fuel Cell Separator

5. Ornamental

6. Spring

7. Sporting Goods

8. Wear- Resistant Coating

9. Precision Nozzle

10. Corrosion Resistant

11.Magnetic

12.Micro- Technology

13.Nano Technology
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3.2.1 Arc Melting

The alloywas prepared bgdmund Buhler GmbH Arc Meltateviceusing a water
cooled copper heartfiFig. 3.1)and nonrconsumabldungsten electrodenderhigh
purity argon atmospher®uring melting process, Zr was used as an oxygen getter.
In addition, rotary and diffusion pungcan provide an ideal andxygen free
melting atmosphere which is vitébr avoid the detrimental effect aixygen on
GFA of metallic glasses. The stainless stemmber isevacuated up to T0mbar

and rinsed withhigh purityargon gas prior to evemasting. This process renes

any undesired gaend is repeatetthreetimes just to ensure thattainment of perfect
melting conditionsThe alloy was melted four timesid each timé wasflipped for

completehomogeneity.

Figure 3.1 Copper heart and arc melting.
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3.2.2Rapid Solidification by Suction Casting

Suction casting was used fwoducesampleand to achieve high cooling rates
necessary for glass formation FeCoBSINbCu alloyThe suction casting unit is
equipped into Edmund Buhler GmbH Arc Melting devigdde same procedure in

arc melting was followedor the casting in terms obxygen free atmospheraa
homogenization of the alloys. Finally, alloy was produicethe form ofcylindirical

rods with a diameter of 3 mm and length of 150 mm by suction casting into a water
cooled copper mold (Fig. 3.2).

Figure 3.2 Suction casting unit and rod shaped specimen.

3.3CHARACTERIZATION OF SAMPLES

In this study, various characterization tools were used to get detailed information
about microstructural evolutionprecipitation and crystallizatiorphenomena,

thermal characteristics, magnetic properties and hardness of sample.
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3.31 X-Ray Diffractometry

Structural characterization of sample was carried out by X Ray Diffraction (XRD)
using Bruker D8 Advance. GKU radiation of wavelength 1.540562 Aand
diffraction angle range#=5 -110 with scanning rate of 2min were usedXRD

patterns were analyzéxy using qualitative analysis software.

3.3.2Scanning Electron Microscopy

Microstructural investigations were done by usifigl Nova Nano430Scaming
Electron Microscop€SEM) and the composition of sample was verifiecHmergy
Dispersive SpectroscopyEDS). Both the backscattered mode and secondary
electron mode were used. In besdattered modeexistenceof phaseswere
investigated. Insecondary electron mogdedifferences betweersolidification

microstructures werdetermined.

3.3.3Differential Scanning Calorimetry

Isochronal thermal analyses of sample were performed by Differential Scanning
Calorimeter (DSC) with Setaram Setsy6/18 (Fig. 3.3)under argon atmosphere.
Isothermal annealing processes were performed by Setaram DSC131 under argon
atmosphereDSC was used to obsertleermal behaviouand material's response
different heating andooling ratesas well as criticatooling rateof the sampleDSC

instrument measurdeeat release @bsorptiorrate as dunction of temperature
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Figure 3.3DSCused inisochronathermal analysis

3.3.4Vibrating Sample Magnetometry

Magnetic monitomg of sample was carried out using an ADE Magnetics EV/9
Vibrating Sample Magnetometer (VSNFig. 3.4)under a maximum applied field

of 18000 OeMeasurements were performed at room temperature.
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Figure 34 VSM used for magnetic measurements.

3.3.5Microhardness Measurement

Vickers mcrohardness measurement of sample was done by Shimadzu
Microhardness Tester withload of 9.8 N.The measurements were performed on

both as cast and heat treated samples.
3.3.6Four Point Probe Measurement

Electrical resistivity of sample was measd by four point probe method. In this
method, current passes through two outer probes and voltage is measured through
the inner probes. The apparatus used is Jandel universal with 1 mm probe spacing.
Current is measured beithley 238 Current Source measure unit and voltage is
measured by Keithley 2182A Nanovoltmeter.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1PRODUCTION AND CHARACTERIZATION OF AS CAS T ALLOYS

Production of As Cast Alloy

(Fe36C036B19.5Si4. 8Nby4) 99 24C U 75 System is worth to study due to hggh GFA,as it
is compositionally derivative dfFinemet alloys and good saftagnetic properties as
well asbeing aprecursorfor bulk nanocrystalline alloysThis study aimgroducing
a BMG to study the glass formation phenomeaad combining those resultsith
nanocrystallization of the BM@ielding a bulk nanocrystal alloghowinggood soft
magnetic properties. For producifigessCozsB19.sSis sNbs)gg 2£C Uy 75 BMG, the non
equilibrium condition which is necessary was reached by arc melting and suction
casting. (Fe3sC036B19.2Si4.gNb4)gg 248 C U 75 alloy was produced by first arc melting
and then suction casting into copper mabdthe form of cylindrical rod with
diameter of 3 mm and length of 150 mm in argon atmospReoeluced specimen
was cut by wire erosioB mm to 3 mmA schematic drawingfaa slice is given in

Figure 4.1

Characterization of As Cast Alloy

The parts of the specim@&ontacted theopper mold cooled faster from other parts.
Furthermore, through the bottom of the specimen, cooling rate increases and finally
at the bottom of the samptontacted thevatercooled copper hearth of the arc
melting device has the highest cooling rat&herefore different microstructural

39



featurescan be observedlong the specimeror investigating these differences,
different parts of samplerere examined. Sample was numbered from 1 to 12 from
its bottom. In this \ay, region 1 has the highest cooling rate and region 12 has the

lowest cooling rate. These numbered regions were investigated by XRD and SEM.

“ 3mm —— 12

Figure 4.1 Cutting of the produced rod shapmak glassy
(Fe36C036B 19,5514 gND4) g9 24C U 75all0Y.

Accordingto XRD results of as cast samplgwen in Figure 4.2 presence of a
broaddiffuse peak indicating amorphous structure confirms that an glassyith
critical diameter of 3 mm can be produced {6me;6C036B19.2Sis.gNbs)gg 28 C Uy 75
alloy. It was found tht a fully amorphoustructure exists imppersectionsof the
rod, a partially amorphous structuegistsin down sectionsof the roddueto short

range ordeor medium range ordém the structure.

SEM micrograph of the allaywas given in Figure4.3. Formation of fully glassy
(Fe3C036B19.5Si4.8Nbg)9g 24CUH 75 BMGs ae characterized by featurelesgectron
micrographs Both back scatteredand secondary electroormodes were used.
Secondary electron modeas used for showing differencbstweensolidification
microstructures Back-scattered modeavas used for examininthe different phase
compositions. In addition, compositional homogeneity in amorphous matrix can be

seen from ED&nalysis provided in Append#, Figure 1.
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Figure 4.2 XRD patterns of as casamples from different parts of the bulk glassy
(Fe36C036B19.2Si4.8ND4) 99 24C . 752l l0y.
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Figure 4.3 Secondary electron image (left) and back scattered electron image

(right) of the bulk amorphou$-e;6C036B19.5Sis sNb4)gg 24Uy 75all0y.

For producing(Fe;sCossB19.5Sis.gNbs)eg 24C L 75 alloy, highly pure elements were
melted more than once to obtain a homogeneous structure. For investigating this
homogeneity, théeadpart of the specimen shown in Figure 4.4 was investigaye

XRD and SEM. XRD results of the sample was given in Figure 4.5 and precipitated

phases can be seen from these results.

SEM micrographof the sample was shown in Figure 4Fst of all, aspolished
specimen wafvestigated by using backscattergdctrons. In this way, dendrites

can be seen clearly. Thedendrites have thredifferent areas. These astated as

dark, gray and light. According to EDS analysis givei\ppendix A, Figure 2, in

dark areas are composed of onlyE&@& When this resulivas compared with the
XRD results, it can be said thtte dark contrasted phasethreseregions is mainly
UFgCo). In gray and light areas are composednudstly Fe-Co, but they also
include Nb and Si. For these areas, although Fe and Co quantitaspeozimately
equal, Si and Nb quantities are quite different. EDSs of light and gray areas were
also given inAppendix A, Figure 3 and 4. Figure 4.7 shows these dendrites after

etching.
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SEM micrographof inner partof the same sample was showrFigure 4.6. In this
part, eutecticlike structurecan be observed. Moving to the more slowly cooled
regions where the cooling rate was smalléine eutectic structure starteéd be
observe. This implies that theeutectic reaction was suppressed as theirgpoate
was increasedEDS of the eutectidike structurewas given inAppendix A,

Figure 57. Figure 4.8 shows the eutectafser etching.

P — @

85 mm<

\

Figure 44 Investigatecheadpartof thebulk glassy
(Fe36C036B19.5Si4. 8Nb4) 99 24C U 75alloy for homogenity.
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Figure 45 XRD pattern othe headpart ofbulk glassy

(Fe36C036B19.5Sis. sNb4) 99 24C g 75alloy shown in Figure 4.4.
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Figure 4.6 Backscattered electron imagé dendrites (left) and eutecti¢sght) the
headpart ofbulk glassy(FessC036B19.5514.8ND4)gg 24C Ly 75all0y.

Figure 4.7 Secondarlectron imagef dendrites after etching ttie headpart of

bulk glassy(FessC036B19.2Sia.gNbD4)gg 24C Uy 75all0Y.
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