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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF BULK
AMORPHOUS/NANOCRYSTALLINE SOFT MAGNETIC MATERIALS

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

Co-Supervisor: Prof Dr. Amdulla O. Mekhrabov

July 2016, 134 pages

The aim of the study is to reach non-equilibrium cooling conditions and produce
bulk glassy (FezsC036B19.2SisgNbs)eg25CUp75 rod which has a good soft magnetic

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

The bulk metallic glass formation was achieved by arc melting and suction casting
and it was confirmed by scanning electron microscopy (SEM), x-ray diffraction
(XRD) and thermal analysis techniques. After characterizations, by isochronal and
isothermal differential scanning calorimeter (DSC) analyses, 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 critical cooling rate was calculated from two approaches
called Barandiaran and Colmenero and Liu et al. and results were compared.
Numerous glass forming ability parameters such as T,g, ATx, and y were estimated
for the samples. High majority of parameters showed 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 temperature. There were no crystallization
signals detected in the isothermal DSC scans except for 585 °C at 5 min holding.
Although SEM showed featureless matrix, a-(FeCo) crystallites were distinguished

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

The magnetic and mechanical properties of the as cast and annealed alloys were
compared. According to the obtained results, annealed alloys have higher saturation
magnetization, lower coercive force and higher microhardness values than as cast
alloys due to the presence of a-(FeCo) nanocrystalline structures within amorphous

matrix.

Keywords: Bulk glassy alloy, Nanocrystallization, Soft magnetic property, High

saturation magnetization
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AMORF/NANOKRISTAL MANYETIK MALZEMELERIN SENTEZI VE
KARAKTERIZASYONU

Karatas, Mediha Merve
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. M. Vedat Akdeniz

Ortak Tez Yoneticisi: Prof Dr. Amdulla O. Mekhrabov

Temmuz 2016, 134 sayfa

Bu ¢alismanin amaci, denge olmayan soguma sartlarina ulagsmak ve iyi bir yumusak
manyetik  ozellige ve yiliksek elektriksel dirence sahip iri  hacimli
(Fe3sC036B19.2Si4.8ND4)g9 25CUg 75 camsi ¢ubuk iiretmek ve bu ¢ubugun kristallesme

kinetigini incelemektir.

Iri hacimli metalik cam olusumu ark eritme ve emme dokiim ile basarilmis, taramali

elektron mikroskobu, x 1ginlar1 kirinimi ve termal analiz teknikleri ile camsi yapinin
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varlig1 kanitlanmistir. Bu karakterizasyonlardan sonra, alagimin kristallesme kinetigi
es zamanli ve es 1s1l1 diferansiyel taramali kalorimetre analizleri ile incelenmistir.

Bu es zamanli termal analizlerden, Kissinger ve Ozawa gibi farkli analitik metotlar
kullanilarak camsi gegis ve kristallesme aktivasyon enerjileri belirlenmistir. Kritik
soguma hiz1 Barandiaran-Colmenero ve Liu et al. denilen iki yaklasimla
hesaplanmis ve sonuglar karsilastirilmistir. Ty, ATy, and y gibi ¢ok sayida cam
olusturma kabiliyeti parametresi hesaplanmistir. Bu parametrelerin biiytlik bir kismi

alagimin 1yi bir hacimli cam olusturdugunu gdstermistir.

Alagimin es 1sil1 kristallesme kinetigi ilk kristallesme sicakliginin iistiinde segilen
sicakliklarda calisilmigtir. 585 °C de 5 dakika bekletme disinda yapilan tiim es 1s1l1
termal analizlerde kristallesme piki gozlemlenmemistir. Taramali elektron
mikroskobu 6zelligi olmayan bir matriks gosterse de, x 1ginlart kirmiminda a-(FeCo)

kristalleri fark edilip Scherrer formiilii ile kristallerin boyutlar1 hesaplanmuistir.

Alagimm ilk dokiildigi hali ve isitilmis halinin manyetik ve mekanik 6zellikleri
karsilagtirilmigtir. Alinan sonuglara gore, 1sitilmis alagimlar o-(FeCo) nanokristal
yapilarindan dolayr ilk dokiildigii halindeki alasimlardan daha yiiksek doyum
manyetizasyonuna, daha diisiikk koersif kuvvete ve daha yiiksek mikro sertlik

degerlerine sahiptir.

Anahtar Kelimeler: Iri Hacimli Camsi Alasim, Nanokristallesme, Yumusak

Manyetik Ozellik, Yiiksek Doyum Manyetizasyonu

viii



ACKNOWLEDGEMENTS

I would like to thank my supervisor Prof. Dr. M. Vedat Akdeniz and my
co-supervisor Prof. Dr. Amdulla O. Mekhrabov for their support and encouragement
during this study. They gave me the chance of doing independent research.

| gratefully thank my family for their support and belief in me during this study.

I would like to thank all my friends from the Novel Alloys Design and Development
Laboratory (NOVALAB) for their friendships.

I would like to thank Middle East Technical University (METU) Metallurgical and
Materials Engineering Department for providing facilities for my research.






TABLE OF CONTENTS

AB ST RACT et e et e e e e e nraee e v

(0 /2R TR vii

ACKNOWLEDGEMENTS ..ottt iX

TABLE OF CONTENTS ..ottt Xi

LIST OF TABLES ...ttt XV

LIST OF FIGURES ...ttt snae e nne e XVii
CHAPTERS

1. INTRODUCTION ...ttt sttt et e e snae e nnneas 1

P2 I | = ] 2 SRR 3

2.1 History of Metallic GIaSSES .........ccovevieiiiiieiieic e 3

2.2 Basic Concepts of Metallic GIaSSES..........cceiveirieiieieeiecieseece e 4

2.2.1 GlasS tranSItION. ........civerieiie e ens 4

2.2.2 Glass TOrMatiON.........cceiieiieie e 5

2.2.2.1 Thermodynamics of glass formation...............cccceceevveviveieinenne. 5

2.2.2.2 Kinetics of glass formation............c.ccccoecveviiievnccc e 5

2.3 Glass Forming Ability Criteria For Bulk Metallic Glasses..........c.cccccevenen. 7

2.3.1 Supercooled Liquid Region (ATx).....ccoererirerinieienienie e 7

2.3.2 Reduced Glass Transition Temperature (Trg).....ccccovevvreiriinniiinnenns 7

2.3.3 Kgl Parameter..........coocviiiiiiiiiiiiiiic 8

2.3.4 S PAAMELET ...ttt 8

2.3.5 Q PAraMeLer.......ooiiiiiiieec e 9

2.3.6 7 Parameter.........coiiiiiiiiiie e 9

2.3.7 Ym Parameter.......ccoooviiiiiiiii 10

xi



B TR I T a2 ¢ 104 L] (<) R 10

2.3.9 o and B Parameters.........ccooviiiiiiiiiiices e 11
2.3.10 @ Parameter..........cccouviiiiiiieie i 11
2.3.11 Try PAramMeter.....ceeiiiiii e 12
2.3.12 NEW [ PATAIMETET........eiuviiiieiiiiiiieeiieeie et 12
R TN I Y 0 L 101123 (] SO PTU PR 12
2.4 Production Methods of Bulk Metallic GIasses..........ccoovvvrinininininisieienn, 13
2.4.1 Copper MOId CaStiNg........ccereririiinieieenie et 13
2.4.2 ATC MEITING....ccuiiiiiieee e e 14
2.4.3 SUCHION CASTING.....ccviiieiieiiecie ettt re e re e 15
2.4.4 Centrifugal Casting.........c.ccvveiiiieiiieie e 15
2.5 Crystallization of Bulk Metallic GIasses..........ccccevvieieneniniiiscicieeee, 16
2.5.1 Crystallization KINELICS.........cciiiiiiinieieee e 16
2.5.1.1 Isothermal Crystallization Kinetics: IMAK Method........................ 17
2.5.1.2 Non-Isothermal Crystallization Kinetics: Kissinger and Ozawa
MELNOD........o i 19
2.5.2 Critical Cooling Rate CalCulations.............cccuvviieieieneneseeseseseeiee 20
2.6 Properties and Applications of Bulk Metallic Glasses...........cccccccvvvevveiiennnne 22
2.6.1 Properties 0f BMGS........cccocoiiiiiieie et 22
2.6.1.1 Mechanical Properties of BMGS...........cccccoeiieiiiiiciieie e 22
2.6.1.2 Magnetic Properties 0f BMGS..........ccccooiiiiniiiiincnene e 24
2.6.1.2.1 Hard magnetic BMGS.........ccccoeieriiiniiieiciesee s 25
2.6.1.2.2 Soft magnetic BMGS..........ccccoeiveiiiie i 25
2.6.1.3 Chemical Properties of BMGS..........cccccccviieiieiicic e 29
2.6.2 ApPlications Of BIMIGS..........coiiiiiiiiieic e 31
3. EXPERIMENTAL PROCEDURE........cvti it 33
3.1 RAW MALEITAIS ..o s 33
3.2. Fabrication of the Samples ... 33
321 ATC MEITING .o 34
3.2.2. Rapid Solidification by Suction Casting .........c.ccecuvveriereneieie e 35

xii



3.3. Characterization of SAMPIES .........cccevviiiieie e 35

3.3.1. X-Ray DIffraCtOMELtry ........cccooeiiiiiirieieienee e 36

3.3.2 Scanning Electron MICIOSCOPY........coueiueriireiiniieieieie et 36

3.3.3. Differential Scanning Calorimetry..........cccovveveeieiie s 36

3.3.4. Vibrating Sample Magnetometry..........cccovveveiieiieie e 37

3.3.5. MicroHardness Measurement .........cocveiierienieneeniesie e eee e 38

3.3.6 Four Point Probe Measurement............cccevvieriierienieneesie s 38

4. RESULTS AND DISCUSSIONS.......ccotiiieieiiierieise et 39

4.1. Production and Characterization of As Cast AllOYS .......cccccevevveviiiieiiiennns 39

4.2 Crystallization Kinetics of the Bulk Glassy AllOYS..........ccccocviviiiiieicniins 54

4.2.1 1s0chronal DSC ANAIYSES........cccoiiiiiieieie e 54

4.2.2 1sothermal DSC ANAIYSES.......cc.cciieiiiie e 73

5. CONCLUSIONS ..ottt sttt b e st neare e 91

REFERENGES ...ttt e ae e nn e e 93
APPENDICES

ALEDS ANALYSES ...ttt 105

B. PHASE DIAGRAMS.......o ottt e e 117

C. OPTICAL MICROSCOPE IMAGES.........coi e 123

D. SEM IMAGES AND MAPPING MICROGRAPHS...........ccccevieeieeeieee 125

Xiii



Xiv



LIST OF TABLES

TABLES

Table 2.1 Interpretation of AVrami eXPONENTS.........ccviveirieiierieie e 18

Table 2.2 Effect of Annealing on the Magnetic Properties of Different Glassy Alloys

SYSTBIMS. .. 29
Table 2.3 Application areas 0f BMGS...........ccccoiviiieiiiie i 31
Table 3.1 Purity Grades of Alloying EIeMeNts..........ccccooveviiieieeie e, 33

Table 4.1 Glass transition and crystallization temperatures of the bulk glassy
(Fe3sC036B19.2Si4.8Nb4)g9 25CUg 75 alloy obtained from DSC pattern............cccceeveeee. 46

Table 4.2 Transition temperatures of the bulk glassy
(Fe3sC036B19.2Si4.8Nb4)g9 25CUg 75 alloy obtained from DSC pattern at 40 °C/min....51

Table 4.3 Calculated Ea values of the bulk glassy (FessCo036B19.2Sis8Nb4)geg25CUg 75
alloy obtained from Kissinger and Ozawa plots for 10,20,40 °C/min............ccccoe.... 67

Table 4.4 Transition temperatures of 1st heating paths of the bulk glassy
(Fe3sC036B19.2Si48Nb4)g9 25CUg 75 alloy obtained from isochronal DSC analysis at
different NEatiNg rateS.........ocviieee e 68

Table 4.5 Transition temperatures of 1st cooling paths of the bulk glassy
(Fes3sC036B19.2Si4.8ND4)g9 25CUo 75 alloy obtained from isochronal DSC analysis at

different NEALING FALES.......ccvii it 69

XV



Table 4.6 Enthalpy values of 1st cooling paths of the bulk glassy
(Fe3sC036B19.2Sia8Nb4)g9 25CUg 75 alloy obtained from isochronal DSC analysis at
different NEAtING FateS.........oii it 70
Table 4.7 Transition temperatures of 2nd cooling paths of the bulk glassy
(Fe3sC036B19.2Sis8Nb4)gg 25CUg 75 alloy obtained from isochronal DSC analysis at

different NEAtING FatES.........oiiie e 71

Table 4.8 Calculated GFA  parameters of the bulk  glassy
(Fe3sC036B19.2Sia8Nb4)g9 25CUg 75 alloy obtained from isochronal DSC analysis at
AITFErent NEALING FALES. .......iiiiieiei e 72

Table 4.9 T and Ty values of the bulk glassy (Fe3sCo03sB19.2Sis8NbD4)9g.25CUo 75 alloy
obtained from isochronal DSC analysis at different heating rates.............c.ccccevneee. 75

Table 4.10 yn and R values of the bulk glassy (FessCo036B19.2SissNb4)g925CUg 75
alloy at different heating rates. Rc was calculated by Liu et al. approach................. 76

Table 4.11 a-(Fe,Co) crystallite sizes estimated by Scherrer formula for annealed
bulk glassy (FeszsC036B192Sis8Nb4)geg 25CUg 75 alloy at different holding times.......... 81

Table 4.12 Hc, Bs and Br values of annealed (Fes3sC036B19.2Si4.8Nb4)gg 25CUg 75 alloys
at 535 °C for different holding times............ccovviiiiiiii e 96

Table 4.13 Hc, Bs and Br values of annealed ((FessCo036B19.2SissNbg)gg25CUg 75
alloys at 585 °C for different holding times...........cccoveririniiiiinicee e 98

Table 4.14 Vickers microhardness values of the as cast and annealed
(F8360036819.28i4.8Nb4)99.25CU0.75 aIons ................................................................... 101

XVi



LIST OF FIGURES

FIGURES

Figure 2.1 Variation of properties of crystalline and non-crystalline materials with

temperature (reproduced after Ref. [22]).....c.ccovveiiiiiiiiii 4
Figure 2.2 Viscosity comparison of different glass-forming liquids [16]................... 6
Figure 2.3 The equipment for copper mold casting in a wedge shape form.............. 14
Figure 2.4 The schematic of arc melting technique............ccooeviiiieniininccee, 15
Figure 2.5 The schematic of SUCtION CaStING..........cccveeiiiiiiieiie e 16
Figure 2.6 The schematic TTT diagram for a hypothetical alloy...............c.cccoveen. 20
Figure 2.7 Typical strengths and elastic limits for various materials....................... 23

Figure 2.8 Elastic limit oy vs Young’s Modulus E for over 1507 metals, alloys, metal
matrix composites and metallic glasses. The contours show the yield strain oy/E and

the TESIHENCE Gy/E. ... .vvuvirerrirsiiseisssssssies s 24

Figure 2.9 Coercivity H; and electrical resistivity p of different types of magnetic
alloys. Both the Co-based and Fe-based BMG alloys have the desirable combination

of low coercivity and high electrical reSiStiVity.........ccoceveiiiinnnceee 26

XVii



Figure 2.10 DSC curve of a) (Feo75Bo2Sioos)esNbs alloy with one stage
crystallization. b) Feg8C010B135S110Nb3Cup 7 alloy with two stages crystallization.
This helps the precipitation of crystalline a-Fe phase in glassy matrix..................... 28

Figure 2.11 Comparison of corrosion rates of amorphous Fe-Cr-13P-7C alloys and

crystalline Fe-Cr alloys in 1N NaCl at 30°C........ccoiiviiiiniiiiiiie e 30
Figure 3.1 Copper heart and arc melting...........ccccovvveveeieiie i 34
Figure 3.2 Suction casting unit and rod shaped SPecimen..........cccccevevveveevieseennnn, 35
Figure 3.3 DSC used in isochronal thermal analysis............ccocooviiieneniencncnee 37
Figure 3.4 VVSM used for magnetic measuremMentS..........coovevererereneneneseseeeeeens 38

Figure 4.1 Cutting of the produced rod shaped bulk glassy
(Fe35C03eBlg_zsi4_8Nb4)99_25CUO_75 aIon ....................................................................... 40

Figure 4.2 XRD patterns of as cast samples from different parts of the bulk glassy
(Fe35C03eBlg_zsi4_8Nb4)99_25CUO_75 aIon ....................................................................... 41

Figure 4.3 Secondary electron image (left) and back scattered electron image (right)

of the bulk amorphous (F636C03eBlg_23i4_8Nb4)99_25CUO_75 3.”0y .................................. 42

Figure 4.4 Investigated part of the bulk glassy (FessC03sB19.2Si4.8NbD4)g9.25CUg 75 alloy
TOI NOMOGENITY. ... bbb 43

Figure 4.5 XRD pattern of the part of bulk glassy (Fe3sC03sB19.2SisgNb4)g9.25CUg 75
aAlloy SHOWN IN FIQUIE 4.4 43

Figure 4.6 Back scattered electron image of dendrites (left) and eutectics (right) the

part of bulk glassy (FessC03sB19.2Si4.8ND4)g9 25CUg 75 alloy shown in Figure 4.4.......44

Figure 4.7 Secondary electron image of dendrites after etching of the part of bulk
glassy (FeszsC036B19.2Si4.8ND4)g9 25CUg 75 alloy shown in Figure 4.4...........ccoveevveneee. 44

Figure 4.8 Secondary electron image of eutectics after etching of the part of bulk
glassy (FessC035B19.2Si4,8ND4)g9 25CUg 75 alloy shown in Figure 4.4............ccoeovvennen 45

Xviii



Figure 4.9 DSC trace of the bulk glassy (Fe3sC03B19.2SisgNb4)gg25CUg 75 alloy on
heating at 40 CC/MIN FALE.......cc.iiiii e 46

Figure 4.10 Comparison of 1st (black) and 2nd (red) a) heating paths b) cooling
paths of bulk glassy (FessC03sB19.2Si4.8Nb4)g9 25CUg 75 alloy at 40 °C/min................ 47

Figure 4.11 Comparison of 1st (black) and 2nd (red) a)heating paths b)cooling paths
of head part of the bulk glassy (Fe3sC036B192SisgNbs)gg25CUo7s alloy at
A0 CC MMttt bbbt b e bbb ne s 50

Figure 4.12 Hysteresis loop of the bulk glassy (Fe3sCo03sB19.2SisgNbs)gg25CU0 75

alloy. Inset shows the region around zero field strength.........c.ccccocvviiiieiiicienen, 52

Figure 4.13 R vs | and V vs | graphs for obtaining electrical resistivity value of the
bulk glassy (FeszsC036B19.2Si48Nb4)geg 25CUg 75 alloy. Inset shows the region of change

OF R WHEIE IS ClOSE 10 ZBI0. ..o i eeeeeeeeeeeeeee e 53

Figure 4.14 1st heating paths of bulk glassy (FessC036B19.2Si4.8Nb4)g9 25CUg 75 alloy at
AIfferent NEALING FALES..... ..o 56

Figure 4.15 Comparison of low temperature regions of 1st heating paths of bulk

glassy (Fes3sC036B19.2Si4gNb4)gg 25CUg 75 alloy at different heating rates.................... 57

Figure 4.16 Comparison of high temperature regions of 1st heating paths of bulk

glassy (Fes3sC036B19.2Si48Nb4)gg 25CUg 75 alloy at different heating rates.................... 58

Figure 4.17 1st cooling paths of bulk glassy (FezsC036B19.2Si48Nb4)gg 25CUg 75 alloy at
different NEatiNg rAteS.........ccviie e e 59

Figure 4.18 2nd heating paths of bulk glassy (FessC036B192Sis.8Nb4)gg 25CUg 75 alloy
at different NEAtING FALES.........ccvoii e e 60

Figure 4.19 2nd cooling paths of bulk glassy (FezsC03sB19.2SisgNb4)g9.25CUg 75 alloy
at different NEatiNg ratesS..........ccoviiiii i e 61

Figure 420 a) Kissinger b) Ozawa plots of bulk glassy
(Fe36C036819_2Si4,8Nb4)99,25Cu0,75 aIon for 10, 20, 40 °C/MiN....cccvvveeiiiiiieieeeee e, 62

XIX



Figure  4.21  Barandiaran-Colmenero  plots of the bulk  glassy
(FEgsCOgsBlg_zsi4,8Nb4)99,25CUO_75 aIon for 10, 20, 40 °C/min. Tye values obtained
from a) second and b) first cooling Paths...........ccceiiiiiiiiiic 70

Figure 4.22 Comparison of Barandiaran-Colmenero plots for first and second
cooling paths of the bulk glassy (FessCo036B192SisgNbg)eg25CUp75 alloy
for 10, 20 and 40 CC/MIN......c.iiiiii et sreenre e 71

Figure 4.23 R. calculated by Liu et al. approach vs yn, plots of the bulk glassy
(Fe3sC036B19.2Sis.8Nb4)og 25CUg 75 alloy for different heating rates...........cccccoevvveneee. 72

Figure 424  Isothermal DSC traces of the bulk  amorphous
(Fe3sC036B19.2Sis.8Nb4)gg 25CUg 75 alloy at 535 °C and 585 °C for all holding times.
5 min annealing at 585 °C shows an exothermic peak but for all other holding times

no exothermic peaks were appeared for both 535 °C and 585 °C.........c..cccevvvenrnne. 74

Figure 4.25 XRD patterns of the bulk glassy (FessCo036B19.2Sis.8Nb4)gg 25CUg 75 alloy
at 535 °C for different holding tIMeS...........coeiiiiiiiii e, 75

Figure 4.26 XRD patterns of the bulk glassy (FessC036B19.2Si4.8Nb4)g9 25CUg 75 alloy
at 585 °C for different holding tIMes.........c.coeiiiiiiiii 76

Figure 4.27 Changes of crystalite size vs time graph of the bulk glassy
(Fe36C036B19.2Sia.8Nb4)g9 25CUg 75 alloy at 535 °C and 585 °C........ccccovevviivvierrenene 77

Figure 4.28 Back scattered electrons images of the bulk amorphous
(F635C035819_28i4_8Nb4)99_25CUO_75 aIon at 535 °C (Ieft) and 585 °C (rlght) ................ 78

Figure 4.29 SEM images and mapping micrographs of the annealed
(F635C035819_28i4_8Nb4)99_25CUO_75 aIon at a) 535 °C b) At 585 %°Crrrrvrriiiieiiieieeeeeeee, 79

Figure 430 B-H loops of the as «cast alloy and annealed
(Fe36C036B19.2Si4 8Nb4)g9 25CUg 75 alloys at 535 °C for different holding times. While
upper inset shows change of Bs, below inset shows the region around zero field
SEPBNGEN . et reenaeenes 82

XX



Figure 4.31 Changes of H. and Bs vs time graph of the annealed
(F936C036819,28i4_3Nb4)99_25CU0.75 aIon AE535 °Criiiiiiiiiii 83

Figure 432 B-H loops of the as cast alloy and annealed
(Fe3sC036B19.2S14.8NbD4)g9 25CUg 75 alloys at 585 °C for different holding times. While
upper inset shows change of Bs, below inset shows the region around zero field
(= 00| £ USSR 84

Figure 4.33 Changes of H. and Bs vs time graph of the annealed
(F936C036819_2Si4,8Nb4)99,25CUO_75 aIon AE5BE OC . 85

Figure 434 B-H loops of the as «cast alloy and annealed
(Fe3sC036B19.2Si4.8Nb4)g9 25CUg 75 alloy at 585 °C for 5 min. Inset shows the region
around zero field StreNgth..........coo i 86

Figure 4.35 Vickers hardness and Young's modulus for some bulk metallic

OlASSES. ..ttt e et et e e te et e e naeeneeareenreens 87

Figure 4.36 Followed pattern of (FessCo036B19.2Sis8Nb4)g9 25CUg 75 alloy for Vickers

MICIONArdNESS MEASUMEIMENES. ....eeee ettt e et e e e e e e e et e e e e e e e ee e ereeeeeeeaaaans 88

Figure 4.37 Vickers microhardness vs followed pattern graph for

(F635CO35819_25i4_8Nb4)99_25CUO_75 aIon ...................................................................... 89
Figure Al EDS analysis of bulk amorphous
(F635CO35819_25i4_8Nb4)99_25CUO_75 aIon .................................................................... 105

Figure A.2 EDS analysis of dendrites stated as dark for the head part of the bulk

amorphous (Fe3sC03sB19.2Si4.8ND4)9g 25CUg 75 @llOY....cvvoieeiie e 106

Figure A.3 EDS analysis of dendrites stated as light for the head part of the bulk

amorphous (Fe3sC036B19.2Si4.8ND4)9g 25CUg 75 @llOY....ovvoieeicee e 107

Figure A.4 EDS analysis of dendrites stated as gray for the head part of the bulk

amorphous (Fe36C036819,28i4,8N b4)gg.25c Ug 75 al |Oy .................................................. 108

XXi



Figure A.5 EDS analysis of eutectics stated as dark for the head part of the bulk

amorphous (FE36C036819_2Si4.8N b4)99_25CUO_75 al |Oy .................................................. 109

Figure A.6 EDS analysis of eutectics stated as light for the head part of the bulk
amorphous (F935C036819_28i4.8Nb4)99_25CUO_75 aIon .................................................. 110

Figure A.7 EDS analysis of eutectics stated as gray for the head part of the bulk

amorphous (Fe36C036819,28i4_8N b4)99,25CUO,75 al |0y .................................................. 111

Figure A.8 EDS analysis of white region in both dendrites and eutectics for the head

part of the bulk amorphous (FessC036B19.2Si4.8NbD4)g9.25CUg 75 allOy........ccvveeee. 112

Figure A.9 EDS analysis of the dendrites for (Fe3sC036B19.2Si48Nb4)gg25CUg 75 alloy
annealed isothermally at 535 °C.....ccooiiiiiiiiiiiii 113

Figure A.10 EDS analysis of the surroundings of the dendrites for
(Fe35C03eBlg_zsi4_8Nb4)99_25CUO_75 alloy annealed isothermally at 535 °C................ 114

Figure A.11 EDS analysis of the dendrites for (Fes3sC036B19.2Sis.8Nb4)g9.25CUg 75 alloy
annealed isothermally at 585 °C.......cooviiiiiiiiiii e 115

Figure A.12 EDS analysis of the surroundings of the dendrites for

(Fe3sC036B19.2Si4.8Nb4)g9 25CUg 75 alloy annealed isothermally at 585 °C................ 116
Figure B.1 Co-Fe Phase DIagram...........ccuuiririeiininieniseeeeeee e 117
Figure B.2 Fe-Si Phase Diagram..........ccoeviiiiiiiiieie s 118
Figure B.3 Fe-B Phase Diagram..........cccccveiiiieiieiecsie e 119
Figure B.4 NDb-Si Phase Diagram.........ccccceiieiiiie i 120
Figure B.5 B-Nb Phase Diagram...........cccccoueiiiiieeieieeie e 121

Figure C.1 Optic microscope image of the (FessCo036B19.2Si48Nbg)gg25CUg 75 alloy
annealed isothermally at 535 °C.......coiiiiiiiiiii 123

Figure C.2 Optic microscope image of the (FessCo036B19.2Si48Nbg)g925CUg 75 alloy

annealed isothermally at 585 %C.......cooiiiiiiiii 124



Figure D.1-D.5 SEM images and mapping micrographs of the annealed
(F936C036819,2Si4_3Nb4)99_25CU0,75 alloy AL S35 %C i 125

Figure D.6-D11 SEM images and mapping micrographs of the annealed
(F936C036819,2Si4_3Nb4)99_25CU0,75 alloy AL SBS5 %C i 129

XXii






CHAPTER 1

INTRODUCTION

Materials science dealt mostly with crystalline materials and their physics and
chemistry due to symmetrical nature of crystalline materials and less challenging
calculations made on them. Today, however, amorphous materials have become
popular field because of their unclear nature. Amorphous materials have random
atomic arrangements and superior properties compared to their crystalline
counterparts [1-6]. Among these materials, Fe-based amorphous alloys have drawn
much attention due to their outstanding soft magnetic behavior [7, 8], excellent
corrosion resistance [9, 10], and good mechanical properties [11, 12] for potential

structural applications such as transformers and magnetic sensors.

Typically, amorphous alloys are produced by rapid solidification from liquid state
which kinetically supresses crystallization. In this way, purely metallic and metal-
metalloid glasses were developed to investigate their metallurgical formation which
is different from oxide or polymeric glasses. Metallic glasses are non-equilibrium
structures, thus, when they heated moderately, they become structural changes from
the as cast state to the metastable structurally relaxed state and finally to the
crystalline state. Due to these structural changes, physical, chemical, and mechanical
properties of the metallic glasses are significantly affected. Therefore, the study of
crystallization behaviour of metallic glasses, to understand structure property
relationships and the mechanism of nanocrystallization are very important due to the
fact that crystallization parameters of an amorphous phase show the stability of it

against the thermal treatments.



In the light of these informations, in this thesis, (Fe3sC035B19.2SiagNb4)g925CUg 75
bulk amorphous alloy having a high glass forming ability (GFA) and soft magnetic
property has been synthesized and attempts have been made on understanding the
crystallization behaviour of the amorphous (FezsC036B19.2Sis8Nb4)gg 25CUg 75 alloy by
using thermo-analytical methods and annealing experiments. This alloy was chosen
because by former studies in our laboratory (NOVALAB), it was confirmed that
(Fe3sC036B19.2Sis.8Nb4)g9 25CUg 75 alloy can be produced as a bulk amorphous form
and has a good soft magnetic property [13]. First of all, Fe3sCo036B19.2SisgNb, alloy
was produced as bulk amorphous alloy by centrifugal casting method. Then,
different amount of Cu was added. In (FessCo036B192Sis8Nb4)100-xCUx COMpoOsition X
was changed like x=0, 0.25, 0.5, 0.75, 1. After characterizations of the alloys, it was
proved that (FeszsCo36B192SisgNbg)eg25CUo 75 alloy showed the best GFA and soft
magnetic properties. However, the crystallization kinetics of this alloy has not been
studied in detail so far. Thus, this study aims investigating the crystallization
kinetics of (Fe3sC036B19.2Si48Nb4)eg25CUp 75 alloy and its effect on soft magnetic
property of it by means of the experimental and analytical methods.
(Fe3sC036B19.2Sis8Nb4)gg 25CUg 75 alloy was produced by suction casting into copper
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 investigations. Kinetic analyses of the sample were performed to

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

The literature review of this study was given in Chapter Two. Experimental
procedure details were presented in Chapter Three. The results of the experiments
and discussions were given in Chapter Four. Conclusions that have fundamental

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



CHAPTER 2

THEORY

2.1 HISTORY OF METALLIC GLASSES

The first metallic glass was reported by Duwez and his colleagues at the California
Institute of Technology (CalTech) in 1960. In their study, AuzsSi,s alloy was rapidly
solidified at rates of about 10° K/s and nucleation and growth processes of
crystallization could be kinetically bypassed [14]. In 1970s and 1980s the researches
about metallic glasses have increased the attention due to their importance in
fundamental scientific significance and potential engineering applications [15, 16].
The work of Turnbull group showed similarities between between metallic glasses
and other conventional glasses. According to their studies, metallic glasses also
show glass transition temperature. This study is one of the crucial contributions in
the field of metallic glass [17, 18]. During late 1980’s, synthesis of centimeter level
bulk metallic glasses was successfully produced by Turnbull and coworkers [19, 20]
for Pd—Ni-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). Following
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
applications. 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 recent developments, 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 transition and it starts at a temperature and ends when the structure is changed
completely to glass. There is no definite temperature for glassy materials. Glassy or
non-crystalline 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 the glass transition temperature. Figure 2.1 shows how properties such as,
volume, enthalpy, and entropy of crystalline and non-crystalline materials change

with temperature [22, 23].
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Figure 2.1 Variation of properties of crystalline and non-crystalline materials with

temperature (reproduced after Ref. [22]).



2.2.2 Glass Formation

Glass formation of metallic alloys can be interpreted by considering thermodynamic

and Kkinetic aspects.

2.2.2.1 Thermodynamics of Glass Formation

Thermodynamic is one of the most fundamental approaches to determine the relative
stability of phases and limitations of glass forming. The Gibbs free energy (AG) is
the term which shows the stability of any phases.

AG = AHtr - TAStr and (AG = Gg|ass— Gcrysta| ) (2.1)

where AHy is enthalpy of transformation and ASy; is entropy of transformation

According to Eq. 2.1, when AG value is the lowest, system becomes more stable. As
the Gibbs free energy becomes negative the glass formation becomes more
favorable. In order to obtain negative AG, either AHy term should be lowered or ASy
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 elements, entropy
increases because of the diversity of arrangement possibilities. This increase in ASy
of atoms of metallic glasses leads to the decrease of AHy. As a result, the solid/liquid
interfacial energy will increase [24]. 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 kinetic approach, viscosity has an important influence on metallic glasses and

glass forming abilities. The variation of viscosity of a liquid as a function of

undercooling is used for categorizing and characterizing the liquids since it reveals



the change of mobility of atom during supercooling. Viscosity can be determined

from Vogel-Fulcher-Tammann (VFT) relation [25]:

B EXFDTOT 2.2)
n =1, p‘LT—TOJ :

where Ty is Vogel-Fulcher temperature and D is the fragility parameter.

Previous studies showed that the liquid which forms BMGs behaves like the silicate
melts Kkinetically. In Figure 2.2, the viscosities of common non-metallic liquids were
compared with metallic glasses. SiO, showes high melt viscosity and the strongest
glass formability with fragility parameter around 100. In accordance with the plot,
BMG forming liquids could be classified as strong liquids like silica glasses. The

melt viscosities of the BMG former liquids have fragility parameters around 20 [16].
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Figure 2.2 Viscosity comparison of different glass-forming liquids [16].



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 metallic glasses 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. Inoue [26] states three

empirical rules for obtaining glass formation in metallic alloy systems;
(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 Supercooled Liquid Region (ATy)

Supercooled liquid region ATx (ATx=Tx-Tg) is the region between the glass
transition (Tg) and the crystallization temperatures (Ty). It is regarded as a measure
of GFA since ATy represents how stable is a liquid against crystallization upon
heating above T4. The value of ATy can be different depending on the alloy system
and is usually in the range of 40-90 K. Supercooled liquid region becomes wider

glassy phase is more stable and shows more resistance to crystallization [1, 24, 27].
2.3.2 Reduced Glass Transition Temperature (Tg)

When a liquid alloy is cooled down to a temperature below Ty, the viscosity of the
melt increases and glass is formed. Since the viscosity is constant at Tg as 10* Pa.s,
Turnbull, based on Kkinetics of crystal nucleation and the viscosity of melts,
suggested that the ratio of the glass transition temperature Ty to the liquidus
temperature of the alloy T, is 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 critical cooling rate (Rc). In other words, an
alloy composition with as high a value of Ty and as low a value of T, as possible
promote easy glass formation. This ratio is called as reduced glass transition
temperature Tyy. That is, Tg=T4/T). Based on the nucleation theory, Turnbull showed
that at T,y > 2/3, homogeneous nucleation of the crystalline phase is completely
suppressed.

The minimum value of T,y = 0.4 is necessary for an alloy to become a glass, but the
higher the T,y value, glass formation is easier. Most of the alloys indicate Ty in the
range of 0.6-0.69 [24, 28, 29].

2.3.3 Ky Parameter

Another parameter which is a numerical measure of the GFA is the Ky parameter
proposed by Hruby [30]. Ky is defined by

_ (- Ty)
gl (Tm_Tx)

(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 S Parameter

The stability parameter S is developed by Saad and Poulain [31]. It can be expressed
by

_ (Tp—Tx) (Tx—Tg)
= ™

S (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 between T, and the onset crystallization temperature

together with the position of T4 and crystallization exotherm.
2.3.5 ¢ Parameter

Fan et al. [32] developed a new GFA criteria using the nucleation theory and the
fragility concept. They stated that overestimation of GFA due to the usage of Ty

parameter could be corrected by introducing ATx. The new criteria is expressed by

b =Ty (ﬂ)a (2.5)

Ty

where a is a constant. They tested the validation of the ¢ parameter in different type
of glasses by plotting the R. vs ¢ graphs. ¢ parameter showed a good correlation
with R.

2.3.6 Y Parameter

y parameter was developed based on the information on TTT diagrams. Lu and Liu
[33] developed y parameter by considering the two kinds of stability of BMGs. First
one is the thermodynamically stability, lower the T, higher the stability of liquid,
and the other one is the resistance to crystallization, determined by the value of the

Tg. From the combination of these vy is defined as

y == (2.6)

 TgtTy

Liu et al. [34] also studied the relation between the y values and the critical cooling

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



expressed by R = Rg exp [(-InR¢/ o) ] where Rq and o are constants, R in K/s and
v is dimensionless. They stated that for metallic glass with the least dimension of 1

mm, the alloy should have y value of 0.362 or higher.
2.3.7 ym Parameter

Du et. al. [35] enhanced yn parameter by including the stability of supercooled
liquid region because wider ATx more stable liquid against crystallization. They

extended the parameter as

2Tx-T
— g
Ym = )’(I‘ (2.7)
1

Authors also found a linear relationship between vy, and R; such as
logi0R: =14.99-19.441yp,.

2.3.8 6 Parameter

Chen et al. [36, 37] stated that the GFA of alloys should be inversely proportional to
the rates of nucleation and growth. They noted that GFA is proportional to
T/(Ty — Tg). Further, examining the dependency of GFA on the viscosity of the
melt, they also noticed that GFA is proportional to T,/Tg. Combining these two they

proposed a parameter o for determining GFA. 6 parameter is

— Tx
 T-Tg

S

(2.8)

Chen et al. have also conducted a statistical analysis of the Tyg, v, and 6 parameters
against the maximum section diameter of the glassy alloys. Among other

parameters, 6 was found to have the strongest ability to reflect the GFA.
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2.3.9 a and P Parameters

Mondal and Murty [38] derived two parameter to assess the GFA of BMGs. Low T
could be an indicator of the high stability of the liquid and high T4 was of a high

thermal stability. They combined these effects into one parameter o defined as

Y T T

(2.9)
Mondal and Murty [38] also proposed that another parameter , by combining two
aspects of glass formation namely the ability to form a glass during cooling of the
melt expressed by T,y = Ty/T, and stability of glass expressed by T./Tg4. Then,

[ parameter is

T, T
B=§+ﬁ (2.10)

If a glass does not exhibit Ty during the heating of it, Tx can be taken as T4 and then,

[ parameter is written as

B=1+%=1+a (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

T 2T
w=-8_ 28

Ty Tg+T] (2.12)
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2.3.11 T, Parameter

Kim et al. [40] defined a parameter T, as Tx= Tx/Ts Where T, represents the onset
temperature of solidification. Ty value 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,
R¢. During continuous heating, from the point of intersection of the TTT curve with
the heating rate curve Ty can be obtained. Thus, Ty is dependent both heating and

cooling rates.

2.3.12 New [} parameter

Yuan et al. [41] conducted a new different criterion called new p parameter defined
as,

New p=—>*Te 213
LT (213)

They stated that the new  parameter has the strongest ability to represent the GFA
because correlation coefficient is the highest among all the other parameters.
However, they had plotted tyax values instead of their logarithmic values to calculate
the correlation coefficients. They also stated that the new B parameter has a very
wide range, while the other parameters have a very narrow range for different

critical diameters of BMGs.

2.3.13 ¥, parameter

Sheng and Liu [42] derived a new GFA parameter ¥, considering the relationship
between the cooling and heating processes. ¥, defined as;
_ 3Tx —2Tg

Vo= (2.14)
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They stated that the new parameter has clear physical interpretation and good
correlation with the critical cooling rate. They also proposed that ¥, replace with ¥,

as the best characteristic temperature-based 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 developed to synthesize BMG alloys [24]. Some of them are 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 where it solidifies 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 is cylindrical 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 different internal
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 experiment [24, 43, 44]. Figure 2.3 shows the equipment for copper mold
casting in a wedge shape form.

13
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Figure 2.3 The equipment for copper mold casting 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 heat sink and
extracts the heat from the melt. Figure 2.4 shows the schematic drawing 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 melting of the alloy at the bottom side contacted with the copper hearth
[24, 45].

14
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Figure 2.4 The schematic drawing of arc melting technique.

2.4.3 Suction Casting

Suction casting is another popular method to produce BMGs. Figure 2.5 shows the
schematic drawing 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 chamber and 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 pressure difference between the chambers [24, 46-48].

2.4.4 Centrifugal Casting

Centrifugal casting is one of the methods used for producing BMGs in Novel Alloys
Design and Development Laboratory (NOVALAB) [49, 50]. In this technique,
production of alloys is almost same in industry. First, alloys are arc melted and then,
casted into copper mold by centrifugal force. This conventional route provides mass

production of BMGs and reduces their costs.
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Figure 2.5 The schematic drawing of suction casting.

2.5 CRYSTALLIZATION OF BULK METALLIC GLASSES

2.5.1 Crystallization Kinetics

The crystallization studies of alloys are important for both scientific and
technological aspects. From the scientific point of view, crystallization of metallic
glasses occurs by a nucleation and growth process thus, the growth of crystals into
an isotropic medium can be studied. From the technological point of view, the
crystallization of metallic glasses provides variation of their important properties
such as magnetic properties [13]. For investigating crystallization Kinetics, thermal
analysis method such as differential scanning calorimeter (DSC) is quite popular. By
using DSC, kinetic parameters that reflect the crystallization behaviours are
determined from theories called Johnson-Mehl-Avrami-Kolmogorov (JMAK)
[51-53] and Kissinger [54] or Ozawa [55]. JIMAK model are generally used to

16



describe the isothermal transformation kinetics of amorphous alloys. Kissinger or

Ozawa is usually used for non-isothermal crystallization.

2.5.1.1 Isothermal Crystallization Kinetics: JMAK Method

JMAK equation was derived based on following assumptions [56, 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 crystals.

The equation is [53];

X(t)= 1- exp(-k(t-to)") (2.15)
where; X(t) : transformed fraction at time t, k : rate constant,

n : Avrami exponent,

to : incubation time.

Rearranging the JMAK relation yields [58, 59];
In(—In(1— X(t)))=In k + n In (t-to) (2.16)

For analyzing the equation (2.15) and crystallization kinetics, In(—In(1- 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 and geometry

of growing precipitates. It can be interpreted by;

17



Table 2.1 Interpretation of Avrami exponents [60].

Interface controlled growth Avrami Exponent
Increasing nucleation rate >4
Constant nucleation rate 4

Decreasing nucleation rate 3-4
Zero nucleation rate 3
Grain edge nucleation after site saturation 2
Grain boundary nucleation after site 1
saturation
Diffusion controlled growth of Avrami Exponent

precipitates

All shapes growing from small dimensions > 2 1

with increasing nucleation rate

All shapes growing from small dimensions

with constant nucleation rate 2

All shapes growing from small dimensions 1 1
with decreasing nucleation rate 2 2

All shapes growing from small dimensions

with zero nucleation rate

Growth of precipitates with appreciable

initial volume 2

Needles and plates of finite dimensions

Thickening of very large plates after
complete edge impingement

Thickening of needles after complete end

impingement

Precipitation on dislocations very early stage

wl N
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Furthermore, it is possible to estimate the activation energies for a phase
transformation using the classical IMAK 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) employing the relation;
k =ko exp(——2) 2.17
=Ko €XP{— 77 (2.17)

and by constructing Ink vs. 1/T plots where the slope is -Ea/R, kg is a constant and
Ea is the activation energy for crystallization. The value of k and n are obtained

from JMAK plots for different annealing temperatures [58, 59].

The local activation energy, Ea(X) can also be calculated using equation (2.18) for
each transformed fraction by utilizing an Arrhenius thermal dependence of time
required to attain a chosen transformed fraction at different isotherms, by taking the
slopes In(1/t) vs. (1/T) plots [58, 59].

1

_ _ Ea (X)
t(X(D)

RT)

Aexp( (2.18)

2.5.1.2 Non-Isothermal Crystallization Kinetics: Kissinger and Ozawa Method

Kissinger [54] proposed a method for determining the activation energy of a simple
decomposition reaction regardless of reaction order by making differential analysis
patterns at different heating rates. He related the heating rate of a reaction to the

peak temperature recorded by thermal analysis by an expression:

In (T—pz) = —RE—T""p +C (2.19)

where 3 is the heating rate, Tp is the peak temperature, R is the gas constant, Ea is

the activation energy for the corresponding transition, and C is a constant.

19



Plotting In (%) vs 1/Tp vyields a straight line whose slope gives —Ea/R for

crystallization. From this Ea can be calculated.

Another widely used non-isothermal method is the Ozawa [55] method,;
Ea
In(B) = —1.0516R—Tp +C (2.20)

where {3 is the heating rate and Ea is the activation energy. The plot of Inp versus
1/Tp gives a straight line with a slope of —1.0516 Ea/R.

2.5.2 Critical Cooling Rate Calculations

Determination of the critical cooling rate (R;) is very important in studying
crystallization kinetics because it is the minimum rate to suppress detectable crystal
nuclei. The best way to determine R, is to construct time-temperature-
transformation (TTT) diagrams. Figure 2.6 shows a schematic TTT diagram for a
hypothetical alloy [24, 61].

Temperature (K)

3

Time (§) —————»

Figure 2.6 The schematic TTT diagram for a hypothetical alloy [24].
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TTT curve shows the time required for formation of crystalline phase. When the
alloy is cooled from the liquid state under equilibrium conditions, product of
solidification would be a crystalline solid. If the alloy is solidified at a higher
solidification rate represented by curve 1 the product is still a crystalline solid.
However, if the liquid alloy is solidified at a rate faster than the cooling rate

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

The cooling rate represented by curve 2 is called the critical cooling rate (Rc), The
significance of this value is that above this rate, glass can be formed provided that
the supercooled liquid is cooled to a temperature below Tg. If the alloy melt is
cooled at a rate lower than R, a homogeneous glassy phase will not form. For glass
formation, the liquid alloy should be cooled at a rate faster than R, and to a

temperature below Ty [24, 61].

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

of the curve, and T, is the liquidus temperature, R. [62] can be defined as;

(2.21)

However, this expression overestimates R, since it assumes that the crystallization
rate corresponds to the nose of the TTT curve throughout the whole temperature
interval of T, to T,, and therefore results in a value somewhat higher than the

experimentally determined value [63].

The equation (2.21) is valid only for isothermal processes but in reality, glass
formation occurs under continuous cooling conditions. Therefore, the equation
(2.21) was modified for continuous cooling transformations [63-65]. By performing
the calculations, Barandiaran and Colmenero [64] derived an equation for the critical

cooling rate for glass formation, R is defined as;
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InR=A B (2.22)

(T{ - Txc )2

where R is the cooling rate, A and B are constants, T, is the offset temperature of

fusion and Ty is the onset temperature of solidification upon cooling at a rate R.

The undercooling AT, (= T, — Tx) varies with the cooling rate. When AT, increases
to infinity, no crystallization occurs and A = In R.. The critical cooling rate, R will
be obtained by an extrapolation of the fitting of experimental values with equation
(2.22) [66]. Apart from these equations, R has also been estimated using different
equations [67] 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 as grain
boundaries are the main characteristics of metallic glasses. BMGs have superior
properties compared to conventional metallic materials [68]. Some of these
properties are stated in the following sections.

2.6.1.1 Mechanical Properties of BMGs

Metallic glasses are known for their outstanding mechanical strength. A comparison

of mechanical strengths of various materials is indicated in Figure 2.7.
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Figure 2.7 Typical strengths and elastic limits for various materials [69].

There is enough data available on BMGs for the quantitative comparison of their
properties with conventional engineering materials. Figure 2.8 shows elastic limit oy
and Young’s Modulus E for over 1500 metals, alloys and metal-matrix composites.
The ellipses enclose the range of values associated with given materials and material

groups. The metallic glasses lie on the upper part of the populated region [68].

The contours shown in Figure 2.8 give the material indices o,/E and o,°/E which are
the yield strain and the resilience, a measure of the ability of a material to store
elastic energy, respectively. According to Figure 2.8, metallic glasses have larger
yield strength and storing more elastic energy per unit volume than other materials
[68].
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Figure 2.8 Elastic limit 6y vs Young’s Modulus E for over 1507 metals, alloys,

metal matrix composites and metallic glasses. The contours show the yield strain

o,/E and the resilience o,°/E [68].

2.6.1.2 Magnetic Properties of BMGs

BMGs show different magnetic behavior. These are hard magnetic and soft

magnetic. Magnetic properties are important for several applications in the electrical

and electronic industries. But, the most important application is in transformer.

Therefore, there are a lot of researches on magnetic properties of BMG alloys.

Inoue and Gook synthesized the first

Fe-based ribbon alloy which

Fe7,AlsGayP11CgB4 in 1995 [70]. This discovery was immediately followed with the

synthesis of another Fe-based BMGs and a few investigations have also been
reported on Co-based BMGs.
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Some magnetic properties of melt-spun ribbons and bulk rods have minor
differences such as magnetostriction and coercivity but saturation magnetization of
the alloys is not any different whether measured on ribbons or bulk rods of different
diameters [71,72].

2.6.1.2.1 Hard magnetic BMGs

Hard magnetic properties were obtained from Fe-Nd-B systems. Due to Nd-Fe
clusters, coercivity is very high. Nd-Al-Fe systems which are only bulk form also
show hard magnetic behavior. By changing diameter, coercivity 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 applications as transformers and
inductors. Good soft magnetic properties of the material require high saturation
magnetization, low coercivity, and high electrical resistivity. Inoue proposed that
Fe-based amorphous alloys have good soft magnetic properties and Co- based
amorphous alloys have also good soft magnetic properties and high stability of
supercooled liquid against crystallization. The effect of annealing on soft magnetic
properties was also investigated. By annealing, controlled formation of nanocrystals
which are mainly a-(Fe,Co), soft magnetic properties of these alloy systems
increased heavily [76-78]. In BMGs, alloying elements may also affect magnetic
properties. Alloying additions may come down the saturation magnetization. If the
alloying elements are maintained at a low level, the saturation magnetization can be

increased but GFA of the alloy is decreased.
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Figure 2.9 Coercivity H. and electrical resistivity p of different types of magnetic
alloys. Both the Co-based and Fe-based BMG alloys have the desirable combination

of low coercivity and high electrical resistivity [24].

Effect of Alloying Elements

Different alloying elements are used to improve the GFA of alloys because good
GFA provides producing rods with larger diameter. Co is one of the alloying
elements. It is added from 0 to 20 at.% to Fe-based Fe;xCoxHfsM07B15Y3 BMGs
prepared from commercially pure raw materials. By copper mold casting technique,
three-millimeter diameter rods were cast. With Co addition, GFA of the alloy
increased and a fully glassy phase was obtained up to 12 at.% Co additions.
However, Co addition was increased to 20 at.%, a crystalline phase appeared. This
means that Co addition increased the GFA of the alloy in a limited composition
range [79]. On the other hand, magnetic properties of the alloys showed a mixed

trend. The fully glassy alloys showed a low coercivity (Hc) value in the range of 1-4

26



Oe. The saturation magnetization (Bs) decreased initially with Co addition, up to
about 8 at.%, and then started to increase on further addition up to 20 at.%. The
glass+crystal alloys showed higher values of both saturation magnetization and

coercivity.

Addition of Co to Fe-based magnetic alloys is expected to decrease the Bs value
because of the smaller magnetic moment of Co but at higher Co contents due to
short-range order (SRO) in the glassy phase, Bs increased [80]. At 20 at.% Co, Bs
was the highest because of the precipitation of a-(Fe,Co) phase which is strongly
ferromagnetic phases. A similar phenomenon was also reported in FeCoNiZrMoB

system [81].

Nb is another element added to Fe and Co-based alloys for improving their GFA
[12-83]. Since Fe-B-Si alloys exhibit good soft magnetic properties, about 4 at.%
Nb was added to the (Fe;—xNix)o.75B0.2Sio.05 System [84]. While the GFA of the alloy
improved, the saturation magnetization, Bs came down from 1.1t0 0.8 T.

Addition of Fe to Co-based BMG alloys improves not only the GFA but also the
magnetic properties. In the [(Coi—Fex)o.75Bo.2Si0.05]osNb4 system, Bs increased from
0.71 to 0.97 T with increasing Fe content from x = 0.1 to 0.4. The H. value
increased from 0.7 to 1.8 A.m ™ and the 1 value decreased from 32,500 to 14,800.
The large fractions of metalloid and nonmagnetic refractory elements can be
responsible for the low saturation magnetization observed in the multicomponent
alloys [85].

Effect of Annealing

Annealing of the fully glassy alloy enhance the soft magnetic properties of the
alloys. Based on this concept, in the late 1980s FINEMET alloy was developed [86].
FINEMET alloys have low coercivity, low saturation magnetostriction, and low core

losses in comparison with the fully glassy alloys.

Annealing of Fe-Si-B—M qglassy alloys containing small amounts of up to 1.5 at.%
of M (= Cu, Nb, Mo, W, Ta, etc.) have precipitation of fine a-Fe(Si, B) crystalline
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particles. Cu and Fe have a positive heat of mixing, so they form Fe-rich and Cu-
rich and Nb-rich regions. Fe-rich regions are the nuclei for the a-Fe. Cu-rich and
Nb-rich regions do not crystallize due to their higher crystallization temperature.
Therefore, the microstructure consists of fine a-Fe grains dispersed in a glassy
matrix. This grains can be achieved only BMGs exhibit at least two stages of
crystallization. In other words, BMGs which show a single stage of crystallization
can not show such a microstructure. For example, Inoue et al. [87] added a small
amount of Cu and slightly reduced the B content in the Fe-Si—B—Nb system to a
composition of Fez,5Si;oB125NbsCu;. Cu-free alloy showed one crystallization peak
but the Cu-containing alloy showed multiple crystallization peaks. They annealed
the glassy alloy at a temperature beyond the first crystallization peak, the BCC a-Fe
precipitated out from the glassy matrix. The magnetic properties of such alloy are
much better than those of the fully glassy alloy and these properties are also
comparable with those of FINEMET and NANOPERM alloys.

Similar types of investigations have been reported for different Fe-based alloys.
Chang et al. [84] reported that in the (Fep75Bo2Sioos)esNbs glassy alloy
crystallization takes place in one stage (Figure 2.10a). Shen and Inoue [72] reported
that with the addition of 0.7 at.% Cu to an Fe-Co-Si—-B-Nb alloy, crystallization
takes place in two stages (Figure 2.10b).

2 |(Feq75Bo.2Sio 05)osNby 0.67 Ks™* = | Fes2sC01By35Si;oNbsCuy 7
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Figure 2.10 DSC curve of a) (Feo.75B0.2Si0.05)9sNb4 alloy with one stage
crystallization. b) Feg,.8C010B135S110Nb3Cug 7 alloy with two stages crystallization.
This helps the precipitation of crystalline a-Fe phase in glassy matrix [24].
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Table 2.2 Effect of Annealing on the Magnetic Properties of Different Glassy
Alloys Systems [24].

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 SiyByssNb,Cu, 05mm 883K/5min  «-Fein  1.21 1.8 32,000
rod glass
Fes Siy:B.Nb,Cu, 18um 823K/1h «a-Fe in 1.24 0.53 100,000
(FINEMET) ribbon glass
FeyZr,B,Cu, 2lum  873K/1h a-Fein 152 3.2 41,000
(NANOPERM) ribbon glass

Nanocrystalline Alloys

In FINEMET and other alloys, the volume fraction of the nanocrystalline phase can
reach almost 90%. Since a glassy precursor is a prerequisite to achieve this
microstructure, Fe content should be as high as possible and the other metal and
metalloid contents should be minimum. The presence of metals like Cu, Nb, Mo, W,
and Ta is also necessary for obtaining large volume fraction of the nanocrystalline
phase but these nonmagnetic metals can reduce saturation magnetization and they
are quite expensive. To overcome these difficulties, Makino et al. [88,89] have
developed novel Fe-based alloys which contain only metalloids. Their composition
IS Fegs 3 843S14BgP3 4CUp 7 and is based on the Feg,SigBg alloy. In the modified alloy
composition, P substitutes for B and Cu for Fe. The large concentration of Fe
provides a high saturation magnetization and small amount of Cu is necessary for
nanocrystallization. The absence of the metallic elements other than Fe shows that

they are not expensive.
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 active sites

[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 amorphous Fe-P-
C alloy without Cr content is much higher than that of the crystalline pure Fe by
several orders of magnitude. However, the addition of Cr to the amorphous Fe-P-C

alloy reduces the corrosion rate drastically [90].

&jnmrphous Fe—-Cr-13P-7C

1.2
O

1.0
= 0.8 Crystalline Fe—Cr
= 0.6 — @@ o —@
E 04
=
& 02
~ 1
= |
= T T T T T T
2 015 l |
8
=
S

0.10 \r
0.05 Jk\
0 Cr—0
0 2 4 6 8 10 12 14
Chromium content (at.%)

Figure 2.11 Comparison of corrosion rates of amorphous Fe-Cr-13P-7C alloys and
crystalline Fe-Cr alloys in 1N NaCl at 30°C [90].
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The catalytic properties of BMGs are also important. They showed higher stability
compared to crystalline alloys. This property and other unique 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

glasses [90].

2.6.2 Applications of BMGs

BMGs have a combination of a lot of properties. They exhibit excellent mechanical
properties, very high strength, large elastic elongations, low Young’s modulus, good
corrosion resistance, and the ability to be easily formed in the supercooled liquid
state. The soft magnetic properties 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 area [24, 91]. Table 2.2 shows some of these areas.

Table 2.3 Application areas of BMGs [91].

1. Structural 14. Information Data Storage

. Sensor 15. Biomedical

. Precision Machinery 16. Medical Instrument

. Optical 17. Fuel- Cell Separator

. Spring

. Sporting Goods

. Wear - Resistant Coating

2
3
4
5. Ornamental
6
7
8
9

. Precision Nozzle

10. Corrosion Resistant

11. Magnetic

12. Micro- Technology

13. Nano- Technology
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 RAW MATERIALS

In this thesis, high purity elements were obtained from Alfa Aeaser. Purity grades of
alloying elements were given in Table 3.1. The precision of the composition and
amount of the impurities are important for BMGs. Thus, all constituent elements

were weighted up to forth decimal.

Table 3.1 Purity Grades of Alloying Elements

Element Grade (%)
Fe 99.97
Co 99.9
Nb 99.6

B 99.5
Si 98.5
Cu 99.9

3.2 FABRICATION OF SAMPLES

Sample was produced by first arc melting and then suction casting methods. After

that, it was cut by using wire erosion machine.
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3.2.1 Arc Melting

The alloy was prepared by Edmund Buhler GmbH Arc Melter device using a water-
cooled copper hearth (Fig. 3.1) and non-consumable tungsten electrode under high
purity argon atmosphere. During melting process, Zr was used as an oxygen getter.
In addition, rotary and diffusion pumps can provide an ideal and oxygen free
melting atmosphere which is vital for avoid the detrimental effect of oxygen on
GFA of metallic glasses. The stainless steel chamber is evacuated up to 10 mbar
and rinsed with high purity argon gas prior to every casting. This process removes
any undesired gas and is repeated three times just to ensure the attainment of perfect
melting conditions. The alloy was melted four times and each time it was flipped for

complete homogeneity.

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

Suction casting was used to produce sample and to achieve high cooling rates
necessary for glass formation in FeCoBSiNbCu alloy. The suction casting unit is
equipped into Edmund Buhler GmbH Arc Melting device. The same procedure in
arc melting was followed for the casting in terms of oxygen free atmosphere and
homogenization of the alloys. Finally, alloy was produced in the form of cylindirical
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.

3.3 CHARACTERIZATION OF SAMPLES

In this study, various characterization tools were used to get detailed information
about microstructural evolution, precipitation and crystallization phenomena,

thermal characteristics, magnetic properties and hardness of sample.

35



3.3.1 X-Ray Diffractometry

Structural characterization of sample was carried out by X Ray Diffraction (XRD)
using Bruker D8 Advance. Cu-Ka radiation of wavelength 1.540562 A° and
diffraction angle range 26=5°-110° with scanning rate of 2 °/min were used. XRD

patterns were analyzed by using qualitative analysis software.

3.3.2 Scanning Electron Microscopy

Microstructural investigations were done by using FEI Nova Nano430 Scanning
Electron Microscope (SEM) and the composition of sample was verified by Energy
Dispersive Spectroscopy (EDS). Both the back-scattered mode and secondary
electron mode were used. In back-scattered mode, existence of phases were
investigated. In secondary electron mode, differences between solidification

microstructures were determined.

3.3.3 Differential Scanning Calorimetry

Isochronal thermal analyses of sample were performed by Differential Scanning
Calorimeter (DSC) with Setaram Setsys 16/18 (Fig. 3.3) under argon atmosphere.
Isothermal annealing processes were performed by Setaram DSC131 under argon
atmosphere. DSC was used to observe thermal behaviour and material's response to
different heating and cooling rates as well as critical cooling rate of the sample. DSC

instrument measures heat release or absorption rate as a function of temperature.

36



Figure 3.3 DSC used in isochronal thermal analysis.

3.3.4 Vibrating Sample Magnetometry

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

of 18000 Oe. Measurements were performed at room temperature.
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Figure 3.4 VSM used for magnetic measurements.

3.3.5 Microhardness Measurement

Vickers microhardness measurement of sample was done by Shimadzu
Microhardness Tester with a load of 9.8 N. The measurements were performed on

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

Electrical resistivity of sample was measured 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 by Keithley 238 Current Source measure unit and voltage is
measured by Keithley 2182A Nanovoltmeter.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 PRODUCTION AND CHARACTERIZATION OF AS CAST ALLOYS

Production of As Cast Alloy

(Fe3sC036B10.2Si4.8Nb4)g9 25CUg 75 System is worth to study due to its high GFA, as it
is compositionally derivative of Finemet alloys and good soft magnetic properties as
well as being a precursor for bulk nanocrystalline alloys. This study aims producing
a BMG to study the glass formation phenomenon and combining those results with
nanocrystallization of the BMG vyielding a bulk nanocrystal alloy showing good soft
magnetic properties. For producing (FessCo03sB192Sis8Nb4)g9 25CUp 75 BMG, the non
equilibrium condition which is necessary was reached by arc melting and suction
casting. (FessCo03sB192SisgNb4)gg25CUo 75 alloy was produced by first arc melting
and then suction casting into copper mold in the form of cylindrical rod with
diameter of 3 mm and length of 150 mm in argon atmosphere. Produced specimen
was cut by wire erosion 3 mm to 3 mm. A schematic drawing of a slice is given in

Figure 4.1.

Characterization of As Cast Alloy

The parts of the specimen contacted the copper mold cooled faster from other parts.
Furthermore, through the bottom of the specimen, cooling rate increases and finally
at the bottom of the sample contacted the water-cooled copper hearth of the arc
melting device has the highest cooling rate. Therefore, different microstructural
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features can be observed along the specimen. For investigating these differences,
different parts of sample were examined. Sample was numbered from 1 to 12 from
its bottom. In this way, 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 shaped bulk glassy
(FessC036B19.2S14.8ND4)99 25CU0. 75 alloy.

According to XRD results of as cast samples given in Figure 4.2, presence of a
broad diffuse peak indicating amorphous structure confirms that an glassy rod with
critical diameter of 3 mm can be produced for (Fes3sCo036B19.2Sis.8Nb4)g925CUg 75
alloy. It was found that a fully amorphous structure exists in upper sections of the
rod, a partially amorphous structure exists in down sections of the rod due to short

range order or medium range order in the structure.

SEM micrograph of the alloys was given in Figure 4.3. Formation of fully glassy
(Fe3sC036B19.2Sia8Nbg)eg 25CUo 75 BMGs are characterized by featureless electron
micrographs. Both back scattered and secondary electron modes were used.
Secondary electron mode was used for showing differences between solidification
microstructures. Back-scattered mode was used for examining the different phase
compositions. In addition, compositional homogeneity in amorphous matrix can be

seen from EDS analysis provided in Appendix A, Figure 1.
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Figure 4.2 XRD patterns of as cast samples from different parts of the bulk glassy
(Fe3sC036B19.2Si4.8ND4)99 25CU0 75 alloy.
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Figure 4.3 Secondary electron image (left) and back scattered electron image

(I’ight) of the bulk amorphous (F636C03651g,28i4,8Nb4)99,25CUO,75 aIon.

For producing (FessCo36B19.2SisgNbs)eg25CUo 75 alloy, highly pure elements were
melted more than once to obtain a homogeneous structure. For investigating this
homogeneity, the head part of the specimen shown in Figure 4.4 was investigated by
XRD and SEM. XRD results of the sample was given in Figure 4.5 and precipitated

phases can be seen from these results.

SEM micrograph of the sample was shown in Figure 4.6. First of all, as-polished
specimen was investigated by using backscattered electrons. In this way, dendrites
can be seen clearly. These dendrites have three different areas. These are stated as
dark, gray and light. According to EDS analysis given in Appendix A, Figure 2, in
dark areas are composed of only Fe-Co. When this result was compared with the
XRD results, it can be said that the dark contrasted phase in these regions is mainly
a-Fe(Co). In gray and light areas are composed of mostly Fe-Co, but they also
include Nb and Si. For these areas, although Fe and Co quantities are approximately
equal, Si and Nb quantities are quite different. EDSs of light and gray areas were
also given in Appendix A, Figure 3 and 4. Figure 4.7 shows these dendrites after
etching.
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SEM micrograph of inner part of the same sample was shown in Figure 4.6. In this
part, eutectic like structure can be observed. Moving to the more slowly cooled
regions where the cooling rate was smaller the eutectic structure started to be
observed. This implies that the eutectic reaction was suppressed as the cooling rate
was increased. EDS of the eutectic like structure was given in Appendix A,

Figure 5-7. Figure 4.8 shows the eutectics after etching.

P — @

85 mm<

\

Figure 4.4 Investigated head part of the bulk glassy
(F836C036519_28i4,3Nb4)99,25CU0,75 aIon for homogenity.
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Figure 4.5 XRD pattern of the head part of bulk glassy

(Fe36C036819,28i4,8Nb4)99,25CU0.75 aIon shown in Figure 4.4,
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Figure 4.6 Back scattered electron image of dendrites (left) and eutectics (right) the

head part of bulk glassy (F836C036819,28i4,3Nb4)99,25CU0,75 aIon.

Figure 4.7 Secondary electron image of dendrites after etching of the head part of

bulk glassy (FessC03sB19.2Si48Nb4)gg 25CUg 75 alloy.
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Figure 4.8 Secondary electron image of eutectic like structures after etching of the

head part of bulk glassy (FezsC036B192Sis8Nb4)g9 25CUg 75 alloy.

In Figure 4.6, there is a white region in both images of dendrites and eutectics.
According to EDS results given in Appendix A, Figure 8, this region is almost
completely Nb. In EDS analysis, B content is not detected exactly because it is a
light element. Thus, when this results compared with the XRD results, this phase can
be BgNbs.

Thermal Analysis

The amorphous nature of the alloy was further confirmed by thermal analysis. DSC
trace of the specimen given in Figure 4.9 exhibits a typical glass transition followed
by three exothermic crystallization reactions. The glass transition temperature is
509 °C and consecutive exothermic peaks are attributed to the crystallization events
and denoted as Txi, Tx2 and Txs. This multistage crystallization process can yield
nanoscale crystalline particles distributed in the amorphous matrix. Table 4.1 shows

glass transition and exothermic crystallization temperatures values.
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Figure 4.9 DSC trace of the bulk glassy (Fe3sC03sB19.2Si4gNb4)gg 25CUg 75 alloy on
heating at 40 °C/min rate.

Table 4.1 Glass transition and crystallization temperatures of the bulk glassy
(Fe3sC036B10.2Si4.8Nb4)g9 25CUg 75 alloy obtained from DSC pattern.

Tg Txl Tx2 Tx3

509°C | 520°C | 645°C | 724 °C

DSC analyses conducted with two subsequent heating and cooling paths. The 1st
heating path gives information about the glass transition (Tg) and following
crystallization (Ty) of the bulk glassy alloy. The cooling region of 1st path can not
give exact results due to strong local order preserving even in the molten state thus,
2nd cooling path was used for determining several transition temperatures such as
liquidus; T, eutectic; Te, allotropic transformation; T,., and order-disorder transition;

Togt temperatures. Figures 4.10 shows these heating and cooling paths.
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Figure 4.10 Comparison of 1st (black) and 2nd (red) a) heating paths b) cooling

paths of bulk glassy (FessC03B19.2Si4.8Nb4)g9 25CUg 75 alloy at 40 °C/min.
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Transition temperatures obtained from DSC patterns of the bulk glassy

(FEgsCOgsBlg_zsi4,8Nb4)99,25CUO_75 aIon was shown in Table 4.2.

Table 4.2 Transition temperatures of the bulk glassy
(Fe36C036B19.2Si4.8Nb4)g9 25CUg 75 alloy obtained from DSC pattern at 40 °C/min.

Tg Tx Tm Todt T y-o Te TI

509°C | 520°C | 1030°C | 675°C | 851 °C | 1127 °C | 1176 °C

The solidification behavior of the (FessCo036B19.2SissNbs)gg25CUg 75 alloy shows a
near eutectic like solidification and T, and T, temperatures are too close. Following
the eutectic reaction, as the alloy is further cooled down, two exothermic reactions
occur in the alloy. The first one can be attributed to y- Fe(Co) — a-Fe(Co) allotropic
phase transformation. After y — o transformation, the disordered A2 phase is
expected to go through an A2— B2 order disorder transition with further cooling.
This transition occurs when alloy has same amount of Fe and Co. Fe and Co have
wide solubilities both in high temperature y (FCC) and low temperature o (BCC)
phases [92] and a is assumed to be a B2-type intermetallic compound. Allotropic
phase transformation y- Fe(Co) — a-Fe(Co) peak [92] shows the presence of a BCC
Fe(Co) phase and this phase is known to yield the highest saturation magnetization
of any material [92]. If these Fe(Co) crystals can be stabilized in nano-scale, the

alloy shows excellent soft magnetic properties.

Figure 4.10 also shows the comparison of 1st and 2nd heating paths and the
comparison of 1st and 2nd cooling paths.

48



Head part of the bulk glassy (Fe3sCo03sB192SisgNbs)gg25CUo75 rod alloy shown in
Figure 4.4 was also investigated by DSC. Figure 4.11 shows this DSC pattern.
According to XRD results of this part of the specimen, sample has crystalline
phases. Thus, DSC traces of the head part of the bulk glassy rod
(FessC036B19.2Si4.8Nb4)g9 25CUg 75 alloy have some differences from the DSC traces
of rod samples. While for rod samples 1st and 2nd paths have some differences, for
head part of the specimen these paths are almost same because this part of the alloy
has crystalline phases. 1st heating behavior of this part revealed no significant
information other than two-fold reactions which can be attributed to eutectic reaction
and primary phase precipitation. On the other hand, in rod samples, 1st heating path
has glass transition temperatures followed by three exothermic reactions. 2nd

heating path is same for both parts because alloy became fully crystalline structure.

The cooling curve of the 2nd path of rod sample shows that the alloy approached the
eutectic composition since T, and T, became observable and close to each other;
indicating that the composition is near eutectic. The peak in between these two
points might have occurred due to several reasons like; a peritectic reaction is
followed by a eutectic reaction upon cooling, or a separate unknown phase like
Fe,3Bg precipitates in between. On the contrary, for 2nd cooling path of the head
part of the sample T, and T, are far from each other and when 1st cooling paths are

compared, they showed different patterns.
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Figure 4.11 Comparison of 1st (black) and 2nd (red) a)heating paths b)cooling paths

of head part of the bulk glassy (FezsC036B19.2Si48Nb4)gg.25CUg 75 alloy at 40 °C/min.
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Magnetic Measurements

The soft magnetic performances of the alloys are important for their promising uses
in different areas. The desired properties for a soft magnet can be described as a
saturation induction (Bs) above 1 T and coercivity (Hc) below 1000 A/m (~13 Oe).
The room temperature (RT) saturation magnetization and coercivity of
(Fe3sC036B10.2Si4.8NbD4)g9 25CUp 75 BMG were measured as 1.10 T and 3.214 Oe
(1 Oe =79.58 A/m) respectively and hysteresis (B-H) loop was given in Figure 4.12,
proving that this alloy is a good soft magnet. The inset shows the region of B-H loop
near zero field strength, clarifies the low coercivity. Magnetic properties of the
current (FessC036B19.2Si48NbD4)g9 25CUo7s BMG produced by suction casting are
much better than the similar ones reported in the original work [93] in which;
e.g., Bs was reported as 0.84 T.

Electrical Resistivity Measurements

Electrical resistivity of (Fe3sC036B19.2Sis8Nb4)g9 25CUy 75 BMG was measured by four
point probe method. The desired values for good electrical resistivity is between 10
and 1.5x10° Qm. The room temperature electrical resistivity and conductivity of
(Fe3sC036B102Si45ND4)gg 25CUo.75 BMG were measured as p=1.88x10° Qm and
6=5.32x10° S/m respectively and related graphs were given in Figure 4.13, proving

that this alloy has a high electrical resistivity.

According to magnetic and electrical resistivity measurements, it can be said that it
is a good candidate for transformators. In transformators, sources of energy loss are
Eddy current and Hysteresis. For eliminating these losses, materials which have high
resistivity and low coercivity must be used. Materials with high resistivity oppose
Eddy current, so dissipation of energy as heat can be minimized and low coercivity

provides low Hysteresis loss.
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Figure 4.12 Hysteresis loop of the bulk glassy (Fe3sC03sB19.2Si4gNb4)gg 25CU0 75

alloy. Inset shows the region around zero field strength.
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Figure 4.13 R vs I and V vs | graphs for obtaining electrical resistivity value of the
bulk glassy (FeszsC036B19.2Si4.8Nb4)geg 25CUg 75 alloy. Inset shows the region of change

of R where is close to zero.
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4.2 CRYSTALLIZATION KINETICS OF THE BULK GLASSY ALLOYS

The thermo-analytical techniques are generally used to observe crystallization
behaviour of alloy systems. There are two approaches when using thermal analysis,
one is the isothermal heating at a temperature below the crystallization temperature

and the other is non-isothermal heating by applying different heating rates.
4.2.1 Isochronal DSC Analyses

The non-isothermal experiments are highly advantageous since they allow for the
observation of many of the phase transformations occurring in short time durations
which otherwise can not be detected. For this reason, non-isothermal DSC
experiments was conducted using different heating rates. The heating rates were
chosen as 10, 20, 30, 40, 50, 60 and 80 °C/min and all analyses were done with a
constant heating rate from 30 °C to 1400 °C waiting there in molten state for 200
seconds and cooling the melt to 30 °C with the same heating rate. According to the
resultant DSC scans given in Figures 4.14- 4.19, the height and area of the peaks get
smaller and peaks shift to lower temperatures as the heating rate was decreased.
These shifts in the peak temperature were taken into account in calculation of
activation energy (E.) for Ty, Tx and peak temperatures of first (Tp1), second (Tp2)
and third (Tp3) exothermic reactions. Some of the heating rate curves did not follow
this shifting trends, thus these rates were not taken into account. Calculations were
done for 10,20 and 40 °C/min and the high correlation coefficients were obtained.

For calculation of the activation energies, two analytical methods called Kissinger

and Ozawa methods defined by equation 2.19 and 2.20 respectively, were used. In

these methods, Kissinger (InT—E2 vs 1/T,) and Ozawa (Inp vs 1/T,) graphs are plotted

and activation energies (E,) of them are obtained from slopes of linear plots of these
graphs.
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Figure 4.20 shows the Kissinger plots for the glass transition and three
crystallization reactions. The activation energies of first, second and third
crystallization exotherms denoted as Eg;, Es» and Egz are found as 447.18, 1141.33
and 551.12 kJ respectively. Also, the activation energy for glass transition, Eq, was
determined to be 288.06 kJ/mol, which is lower than the activation energies of all
crystallization reactions. When the activation energies of exothermic transitions are
compared, activation energies of Ty; and Ty are higher than the others. This means
that for other peaks crystallization is easier. Activation energy shows the stability of
the alloy because it indicates the energy barrier that atoms should overcome to
change their present structures. The highest energy barrier between two stable parts
is almost a constant during crystallization process and includes atom migration

energy and Gibbs free energy difference between parent and product phases.

Figure 4.20 also shows Ozawa graphs of glass transition and three crystallization
reactions and activation energy values of them were given in Table 4.3. When
Kissinger and Ozawa methods are compared, it can be observed that the activation
energies estimated by two methods were very close to each other especially the glass
transition activation energy which is almost the same. The agreement between these
two approaches showed that calculated activation energy values were consistent.

As in the alloy cobalt atoms replace iron atoms to form BCC FeCo solid solution,
the BCC structure becomes instable when cobalt dominates in lattice. Transforming
the instable phase to stable phase requires less energy. Thus, the activation energy
for first exothermic peak is lower than second and third exothermic peaks.
Meanwhile, Co atoms are more difficult to separate from BCC FeCo solid solution,
so the activation energy of second exothermic reaction is larger, and is mainly
determined by the energy that Co atoms start to migrate from BCC FeCo phase.
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Figure 4.14 1st heating paths of bulk glassy (FezsC036B19.2Si4.8Nb4)g9 25CUg 75 alloy
at different heating rates.
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Figure 4.15 Comparison of low temperature regions of 1st heating paths of bulk

glassy (FessC036B19.2Si4.8Nb4)99 25CUg 75 alloy at different heating rates.
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Figure 4.16 Comparison of high temperature regions of 1st heating paths of bulk

glassy (FessC03sB19.2Si4.8ND4)g9 25CUg 75 alloy at different heating rates.
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Figure 4.17 1st cooling paths of bulk glassy (FessC03sB19.2Sis.8Nb4)g9.25CU 75 alloy
at different heating rates.
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Figure 4.18 2nd heating paths of bulk glassy (FessC03sB19.2S14.8ND4)g9.25CUg 75 alloy
at different heating rates.
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Figure 4.19 2nd cooling paths of bulk glassy (Fe3sC03B19.2Si48Nb4)gg 25CUg 75 alloy
at different heating rates.
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Figure 4.20 a) Kissinger b) Ozawa plots of bulk glassy
(F836C036819,28i4,3Nb4)99,25CU0,75 aIon for 10, 20, 40 °C/min.
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Table 4.3 Calculated E, values of the bulk glassy (FessC036B19.2Si4.8Nb4)g9.25CUg 75
alloy obtained from Kissinger and Ozawa plots for 10,20,40 °C/min.

Kissinger E, R? Ozawa E, R’
Tyg 288.06 kJ - 0.99834 286.12 kJ - 0.99849
Ty 1062.496 kJ - 0.99972 1022.85 kJ - 0.99973
Tp1 447.18 kJ - 0.99985 438.07 kJ - 0.99985
Tp2 1141.33 kJ -0.92772 1099.97 kJ - 0.92943
Tp3 551.12 kJ - 0.99992 540.02 kJ - 0.99993

In order to design new alloys and investigate whether these alloys can form glass,
glass forming ability (GFA) criteria is important. Thus, some glass forming ability
criterias were calculated. For doing this calculations, necessary transition
temperatures were obtained from isochronal DSC experiments and calculated by
using SETARAM thermal analysis software. These temperatures were given in
Tables 4.4 - 4.7. Enthalpies (AH) of the related peaks were also shown in these
tables. Enthalpy values were calculated by SETARAM thermal analysis software by

using linear fit.

According to calculated GFA parameters shown in Table 4.8, while some of the
calculated parameters show that the alloy has good GFA other parameters may not
because some of the parameters are not as powerful as the authors adduced and do
not show high correlation with related parameters. These GFA parameters were
stated in Chapter 2 Theory. For example; the reduced glass transition temperature
Ty is considered in general, the alloy do not show a good GFA since the alloys with
Ty greater than 0.67 are considered to be good glass formers. On the other hand, the
width of the supercooled liquid region ATy is large. Thus, while ATy can be
respectable indicators of high GFA, T,y can not be very suitable in comparing the
relative glass forming abilities obtained in this study. y parameter larger than 0.362
can be considered as good glass formers. The y values presented in Table 4.8

showed that the alloy can form a good glass.
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Table 4.5 Transition temperatures of 1st cooling paths of the bulk glassy

(Fe36C036B19.2Si4.8Nb4)g9 25CUg 75 alloy obtained from isochronal DSC analysis at

different heating rates.

Heating rate Toat T,I;.g, T cman Terys Ta T.2 Ta
cQ cq () ¢ C) ¢ C) ¢C) Q)
10° C/min. 751834 873827 1091.556 1144 808 | 1182.625 | 1246.097
20° C/min. 728585 833572 1080317 1125343 1163.603 | 1235868
30°C/min. 732.815 826.859 1064.457 Separated peak: 1171343
40° C/min. 736.68 832781 1036.257 1064196 1092.153 Separated peak:
1173875
50°C/min. 712712 793.111 1020.542 1049 545 1097.067 Separated peak:
1124 585
60° C/min. 719.73 793 446 984 438 1033.625 107042 Separated peak:
113891
80° C/min. 695614 774145 10100027 Separated peak: 1089409
Heating rate Tpndt T,px»a Tpsmall Tp:r}'s Tpsl Tps’! Tps.'!
¢C) cqQ cq cq cq) cq cq
10° C/min. 759309 88933 1094.249 1159911 1203.503 | 1251.808
207 C/min. 742969 853241 1085.406 1139123 1186876 | 1241597
30° C/min. 760.41 85696 1072794 Separated peak: 1200489
40°C/min. | 7356.851 853.108 | 1042998 | 1074596 | 1110.93% Separated peak:
1197.093
50 ° C/min. 738.618 831324 1026.585 | 1062252 1109.994 Separated peak:
1185461
60 C/min. 740.148 821404 1000314 1047.92 1080.602 Separated peak:
1166.56
80° C/min. 730.777 802.879 1029.154 Separated peak: 1125.165

65




Table 4.6 Enthalpy values of 1st cooling paths of the bulk glassy
(FessC036B19.2Si4.8ND4) 99 25CUg 75 alloy obtained from isochronal DSC analysis at
different heating rates.

Hating rate AHEHit AHx—a AI:E[small AHtrp A]'Isl mﬁ AHSS
@ (J9) g @2 @2 g @
10 ° C/min. -6.247 -22152 -26.657 -16.925 -33.839 -6.577
20°C/min. | -21.373 -21.207 -32.639 -13.686 -50.939 -8.764
30°C/min. | -17.484 -13.419 -62.384 Separated peak: -61.141
40°C/min. | -14.695 -6.804 0.784 -41.226 -3.248 Separated peak:
-36.63
50 °C/min. | 27557 -9.229 0.248 -70.315 -1.255 Separated peak:
-50.635
60 * C/min. -11.17 -3.649 2.077 -58.061 -0.469 Separated peak:
-46.912
80 °C/min. | -38.967 -2.418 -68.01 Separated peak: -31.411

For the calculation of the GFA values transition temperatures of the 2nd cooling
paths were used. As it was stated before, the cooling region of 1st path can not give
exact results due to strong local order preserving even in the molten state. This
situation can be seen clearly from Figure 4.21. When 1st and 2nd cooling paths were

compared, it was seen that 2nd cooling path has clearer peaks than 1st cooling paths.
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Table 4.8 Calculated GFA parameters of the bulk glassy
(FessC036B19.2Si4.8ND4) 99 25CUg 75 alloy obtained from isochronal DSC analysis at
different heating rates.

Heating | T

Rate rg ATy a B new f§ 0.9 ¥m
10 10494 | 27 | 0511 | 1.529 | 1.056 | 0342 | 0529
C/min.

.20 10504 | 20 | 0517 | 1530 | 1.119 | 0344 | 0531
C/min.

.30 1os18| 18 | 0530 | 1.542 | 1.247 | 0349 | 0542
C/min.

.40 10539 | 11 | 0547 | 1554 | 1.440 | 0355 | 0.555
C/min.

.50 o518 20 | 0531 | 1.544 | 1252 | 0350 | 0.545
C/min.

, 60 o505 | 39 | 0553 | 1.578 | 1.451 | 0362 | 0580
C/min.

.80 loss1| 15 | 0562 | 1572 | 1.616 | 0.363 | 0.574
C/min.

Heating

Rate 0 Kg| ([) Trx ()] S Xc
.10 11009 [0051| 0306 | 0511 | 0.305 | 0.622 | 0.546
C/min.

_ 20 11043 |0.039| 0299 | 0517 | 0.304 | 0592 | 0.544
C/min.

.30 11101 [0035| 0303 | 0530 | 0.295 | 0537 | 0.554
C/min.

.40 11189 [0021| 0203 | 0547 | 0.285 | 0.380 | 0.562
C/min.

50 11102 [0039] 0307 | 0531 | 0.202 | 0.732 | 0.558
C/min.

.60 11164 [0077| 0345 | 0553 | 0.261 | 1.266 | 0.608
C/min.

. 80 11251 |0031| 0317 | 0562 | 0.269 | 0.657 | 0.585
C/min.
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Critical Cooling Rate Calculations:

Barandiaran-Colmenero [64] approach was used to estimate the critical cooling rate
experimentally. Calculations were done for 10, 20 and 40 °C/min. The critical
cooling rate (R.) was calculated from the linear plot of InR vs (T, — Ty,)* where R is
the cooling rate, T, is the offset temperature of fusion and T, is the onset
temperature of solidification upon cooling at a rate R. According to this plot shown
in Figure 4.21, the intersection point of the line with InR axis gave the logarithm of
the critical cooling rate. R, was calculated as 0.17 K/s which is extremely low when
the case was Fe based bulk amorphous alloys. This low R. showed that
(Fe3sC036B10.2Si4.8Nb4)99 25CUg 75 alloy can form glass easily because low critical

cooling rates are required for production of the bulk metallic glasses.

Figure 4.21 has one more plots of InR vs (T, — Ty)> In this plot, Ty values were
obtained from first cooling path of isochronal DSC experiments. R, was calculated
as 0.15 K/s which is extremely low again. Figure 4.22 shows the difference between
plots which includes Ty values obtained from first and second cooling paths.

(Fe3sC036B10.2SisgNb4)gg 25CUg 75 alloy was produced by rapid solidification
technique. Non-equilibrium structures can be reached with this technique that led to
synthesis of bulk metallic glasses. In the rapid solidification processing, a molten
metal or alloy is solidified very rapidly at rates of about 10° K/s, but at least at about
10* K/s [24]. In the light of these informations, another approach was attempted for
the calculation of R. because Barandiaran and Colmenero approach was not
consistent with these rates. Apart from Barandiaran and Colmenero approach,
Liu [35] et al. enhanced yn, parameter and found a linear relationship between yn, and
Rc such as logioRe =14.99-19.441y,. They calculated correlation factor as
R? =0.931. By using calculated ym parameters shown in Table 4.8 for the
(Fe3sC036B19.2Sia8Nb4)g9 25CUp 75 alloy, R. values of the alloy were calculated
according to approach of Liu et al. and results were shown in table 4.10. Calculated
R¢ vs ym results were plotted and shown in Figure 4.23. R values obtained from Liu

et al. approach are more consistent with rates of the rapid solidification processing.
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Figure 4.21 Barandiaran-Colmenero plots of the bulk glassy
(FessC036B19.2Si4.8ND4) g9 25CUg 75 alloy for 10, 20, 40 °C/min. Ty values obtained

from a) second and b) first cooling paths.
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Figure 4.22 Comparison of Barandiaran-Colmenero plots for first and second
cooling paths of the bulk glassy (Fe3sC03B19.2Si4.8Nb4)g9.25CUg 75 alloy
for 10, 20 and 40 °C/min.

Table 4.9 T, and Ty values of the bulk glassy (Fe3sC03B19.2Si48Nb4)g9 25CUg 75 alloy

obtained from isochronal DSC analysis at different heating rates.

2nd cooling 1st cooling
Heating rate T¢ (K) Ty (K) Te (K) Ty (K)
10 °C/min 1343.691 1538.504 1343.691 1519.097
20 °C/min 1373.722 1526.665 1373.722 1508.868
40 °C/min 1368.788 1449.401 1368.788 1446.875
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Table 4.10 vy, and R values of the bulk glassy (Fe3sC036B19.2Si4,8Nb4)ge9 25CUp 75
alloy at different heating rates. R. was calculated by Liu et al. approach.

Heating rate Ym R¢ (K/s)
10 °C/min 0.528597 51706.57
20 °C/min 0.530615 47240.42
30 °C/min 0.542451 27810.58
40 °C/min 0.554655 16104.68
50 °C/min 0.544748 25093.09
60 °C/min 0.580341 5100.24
80 °C/min 0.573799 6835.553
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Figure 4.23 R calculated by Liu et al. approach vs yn, plots of the bulk glassy

(FessC036B19.2Si4.8ND4) g9 25CUg 75 alloy for different heating rates.
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4.2.2 Isothermal DSC Analyses

In order to investigate the crystallized phases of the (FessC03B19.2Si4.8ND4)g9925CU0 75
amorphous alloy and obtain an interpretation of the observed peaks in DSC traces of

the amorphous samples, the isothermal annealing experiments were performed.

Two representative parts of the amorphous rod samples numbered as 1 and 10
shown in Figure 4.1 were heated by using Setaram DSC131 under argon atmosphere
with a constant heating rate 100 °C/min from 25 °C to selected temperature waiting
there for a different holding time and cooling the melt to 25 °C with the same
heating rate. The two selected temperatures are 535 °C and 585 °C chosen above the
first crystallization temperature and holding time was changed like 5, 15, 30, 60,
120, 240 and 480 min.

Results of the DSC scans were given in Figure 4.24. According to DSC results,
5 min annealing at 585 °C shows an exothermic peak while for all other holding
times no exothermic peaks were appeared for both 535 °C and 585 °C. Therefore, the
JMAK analysis could not be performed on these selected temperatures since the
crystallization peaks could not be detected at all holding times. This may be

attributed to the high stability of the alloy against crystallization.

For applying JIMAK method, DSC procedures with higher temperatures should be
applied and investigated whether crystallization peaks can be observed or not in this
high temperatures. The further works can be made for clarification of the behaviour

of the (F635C035819_28i4_8Nb4)99_25CUO_75 amorphous 3.”0y.
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Figure 4.24 Isothermal DSC traces of the bulk amorphous
(Fe3sC036B10.2Si4.8Nb4)g9 25CUg 75 alloy at 535 °C and 585 °C for all holding times.
5 min annealing at 585 °C shows an exothermic peak but for all other holding times

no exothermic peaks were appeared for both 535 °C and 585 °C.

XRD patterns of the alloys for different holding times were given in Figure 4.25 and
Figure 4.26. From XRD results, a-(Fe,Co) peaks can be seen for both temperatures.
The sizes of the BCC a-(Fe,Co) crystallites were estimated by Scherrer formula and
results were given in Table 4.11. It can be seen from the table, sizes of the BCC
a-(Fe,Co) crystallites are highly small and do not show regular increase as holding
time increases due to the nonhomogeneous structure of the alloy. For clarity,
changes of crystallite sizes with respect to time were plotted for both temperatures

and shown in Figure 4.27.
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Figure 4.25 XRD patterns of the bulk glassy (Fe3sC03B19.2Si4.8Nb4)g9 25CUg 75 alloy
at 535 °C for different holding times.
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Figu re 4.26 XRD patterns of the bulk glassy (F936C035819,25i4,3Nb4)99,25CUO,75 aIon
at 585 °C for different holding times.
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Table 4.11 o-(Fe,Co) crystallite sizes estimated by Scherrer formula for annealed

bulk glassy (FessC036B192Si48Nb4)g9 25CUg 75 alloy at different holding times.

a-(Fe,Co) Crystallite Size (nm)
Time (min) 535°C 585 °C
5 27.89 12.81
15 19.73 21.43
30 48.13 26.02
60 15.70 25.28
120 22.68 26.36
240 40.15 27.86
480 22.46 33.33

535 “C Crystallite Size {(nm)
(wu)azis a1ljeIsAid D, 58S

LA

0 100 200 300 400
time (min)

Figure 4.27 Changes of crystalite size vs time graph of the bulk glassy
(FE36C036819,28i4,8Nb4)9g,25CU0,75 aIon at 535 °C and 585 °C.
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After 480 min annealing, the resultant microstructures were investigated by SEM to
observe o-(Fe,Co) crystalline phases. The backscattered electrons micrographs of
the as-polished annealed samples at 535 °C and 585 °C were given in Figure 4.28.
As it can be seen from the SEM micrographs of the alloys, there is no precipitation
of any phases. Since annealed samples show featureless matrix, the exact
identification of the crystallization products could not be achieved by SEM. The
further studies by using transmission electron microscopy, exact nature and sizes of
the crystallized phases may be revealed.

Spm
METE-METU

Figure 4.28 Back scattered electrons images of the bulk amorphous
(F835C035819,23i4,8Nb4)99,25CUo,75 aIon at 535 °C (Ieft) and 585 °C (right).

Apart from back scattered electrons, secondary electrons images of the annealed
samples were obtained after etching. In this way, dendritic structures can be seen for
both samples annealed at 535 °C and 585 °C. Formation of these dendrites are
related to solidification. For supporting this, EDS analyses were done for both
annealed samples and given in Appendix A, Figures 9 - 12. According to EDS
results, both denrites and their surroundings have approximately same atomic
percentages of the constituent elements. This also shows the compositional
homogeneity of the alloys. SEM images of the dendrites and mapping micrographs
of them were given in Figure 4.29 and Appendix D.
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Figure 4.29 SEM images and mapping micrographs of the annealed
(F936C036819_28i4,8Nb4)gg,25CUo_75 aIon at a) 535 °C and b) 585 °C.
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Magnetic Measurements

When Cu modified and Cu free alloys are compared, due to the heterogeneous
nucleation effect of Cu clusters formed by structural relaxation of the as cast
amorphous alloy during annealing [94] Cu modification provides lower Ty value
which means lower supercooling necessary for primary crystallization of the
amorphous phase. This primary phase is a-(Fe,Co) phase which is
thermodynamically favored at lower temperatures. The two phase metastable
microstructure consisting of a-(Fe,Co) nanocrystals dispersed in an amorphous
matrix provides very good soft magnetic properties like high saturation

magnetization and low coercive force [95, 96].

For verifying that the primary crystallization product of the bulk amorphous
(Fe3sC036B19.2Sis.8Nb4)gg 25CUg 75 alloy is a-(Fe,Co), as cast samples numbered as 1
and 10 were annealed at 535 °C and 585 °C respectively for different holding times.
The magnetic properties of the alloys were investigated by VSM and results of the
analysis were presented in Figure 4.30 and Figure 4.32 showing the hysteresis loops

of the as cast and annealed samples for both temperatures.

After 535 °C annealing of the sample at different holding times, it can be seen that
when the holding time increases saturation magnetization (Bs) also increases but this
increase are very slowly. However, after annealing the alloy at 585 °C for 5 min and
obtaining an a-(Fe,Co) phase dispersed in the amorphous matrix in sample, extreme
improvements in saturation induction are observed as shown in B-H loops traced in
Figure 4.34. After 5 min annealing at 585 °C, for other holding times until 480 min,
there was a slightly decrease in Bs value. The slightly altered decrease can be
attributed to demagnetization effects due to samples being in bulk forms and is
observed in previously reported bulk nanocrystalline soft magnets [97, 98].
However, after 480 min annealing at 585 °C, it will reach the same value at the

5 min annealing.
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In conclusion, as cast sample has 1.1 T saturation magnetization but after annealing
at 585 °C for 5 min, it has observable change of saturation magnetization such as
1.2 T due to precipitation of a-(Fe,Co) phase in the amorphous matrix. Moreover,
coercive force, H; decreases from 3.214 to 2.12 Oe. Table 4.12 and Table 4.13 gives
the values of saturation and remanent magnetizations and coercivities of the
annealed samples at 535 °C and 585 °C respectively. For clarity, changes of Bs and
H. with respect to holding time graphs were plotted for both temperatures and
shown in Figure 4.31 and Figure 4.33.

Nanocrystalline and amorphous Fe based alloys have been used widely in
applications of high frequency transformers, inductors, motors and electrical energy
managements. These applications requires good soft magnetic properties that show
high permeability, low hysteresis loss, high saturation and low remanent
magnetizations, and high Curie temperature. According to VSM results of
(Fe3sC036B19.2Sia.8Nb4)g9 25CUg 75 alloy, it can be said that it is a good candidate for

these applications.
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(F636C035819_28i4_8Nb4)gg_25CUo_75 alloys at 535 °C for different h0|d|ﬂg times. While

upper inset shows change of Bs, below inset shows the region around zero field

1.5

0,5

-0,5

-1,5

20

1,14
1,09 ]
] P
1,04 | ,f""'-_
] ] as cast
0,99 4
] ——535°C5 min.
] 535°C 15 min.
0,94 ) r . _
0 5 10 15 20 —535 C 30 min.
——535°C 60 min.
535°C 120 min.
535 °C 240 min.
535 °C 480 min.
1T T T 17T nrrrryorrorryrrioriua T Trrr1rrrrrirororrgynrrorid
-40 -15 -10 -5 0 5 10 15
0,001
| 0,0005
]
_—l-"'f_..-é:
E—_— -0,0005 -
-0,001
H (kOe)

Figure 4.30 B-H loops of the as cast alloy and annealed

strength.
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Table 4.12 H., Bsand By values of annealed (FezsC036B192Si4.8Nb4)g9 25CUg 75 alloys
at 535 °C for different holding times.

Holding time H. (Oe) Bs (T) Br (T)
as cast 1.936 1.0794 0.000632
5 min 3.155 1.1046 0.000993
15 min 2.863 1.0993 0.000888
30 min 2.819 1.1213 0.000884
60 min 2.754 1.1280 0.000879
120 min 3.708 1.1062 0.001182
240 min 3.641 1.1197 0.001128
480 min 3.714 1.1193 0.001170
8,3 1,13
73 —y 1,12
- 1,11
6,3 -
- 1,1
U 53 W
o] wn
Ty - 1,09 I
I '
4,3
- 1,08
.
3,3 -
- 1,07
2,3 =#=Hc(De] | 1,06
L J
—B—Bs(T)
1,3 - . - T - T - . . 1,05
0 100 200 300 400
time (min.)

Figure 4.31 Changes of H. and Bs vs time graph of the annealed

(F636C036819_25i4_8Nb4)99_25CUo_75 aIon at 535 °C.
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Figure 4.32 B-H loops of the as cast alloy and annealed
(Fe3sC036B19.2Si4.8Nb4)g9 25CUg 75 alloys at 585 °C for different holding times. While
upper inset shows change of B, below inset shows the region around zero field

strength.
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Table 4.13 H., Bsand B values of annealed (FezsC036B192Si4.8Nb4)g9 25CUg 75 alloys
at 585 °C for different holding times.

Holding time H. (Oe) Bs (T) Br (T)
as cast 3.214 1.1003 0.000947
5 min 2.12 1.2032 0.000639
15 min 2.141 1.1629 0.000625
30 min 1.919 1.1871 0.000562
60 min 2.466 1.1849 0.000731
120 min 2.556 1.1640 0.000739
240 min 2.838 1.1798 0.000823
480 min 2.46 1.2041 0.00073
6,5
1,2
55 4
- 1,15
ﬁ 4,5 - E
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Figure 4.33 Changes of H. and B vs time graph of the annealed
(F936C036819_25i4_8Nb4)99_25CUo_75 aIon at 585 °C.
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Figure 4.34 B-H loops of the as cast alloy and annealed
(Fe36C036B19.2Si4.8Nb4)g9 25CUg 75 alloy at 585 °C for 5 min. Inset shows the region

around zero field strength.
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Microhardness Measurements

Fe based bulk metallic glasses have good mechanical properties and they are
characterized by a much higher value of microhardness than the equivalent
crystalline counterparts. As it can be seen from the Figure 4.35, the average
microhardness value for Fe based BMGs is in between 900 to 1300 HV whereas that

for their crystalline counterparts is below 600 HV.

On the basis of these informations, the microhardness measurements of the
(FessC036B19.2Si4.8Nb4)g9 25CUg 75 alloy were obtained by using Vickers method with
the load of 9.8 N and pressure time of 10 seconds. The pattern of the measurements
was shown in Figure 4.36 and results of the measurements for both as cast alloy and
annealed alloys at 535 °C and 585 °C after 480 min holding time were given in
Table 4.14. According to the obtained results, annealed alloys have higher

microhardness values than as cast alloys due to the nanocrystalline structures.

1500 /.r
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/
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/
21000 r s
g Vi
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2 d
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strength steel
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Figure 4.35 Vickers hardness and Young's modulus for some

bulk metallic glasses [1].
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Figure 4.36 Followed pattern of (FessC036B19.2Sis.8Nb4)g9 25CUg 75 alloy for

Vickers microhardness measurements.

Table 4.14 Vickers microhardness values of the as cast and annealed

(Fe36C036B19.2Sia 8ND4)gg 25CUg 75 alloys.

Vickers microhardness (HV) | Vickers microhardness (HV)

for alloy numbered as (1) for alloy numbered as (10)

Pattern as cast at 535 °C as cast at 585 °C
1 1005 1090 993 1086
2 1111 1198 963 1213
3 1107 1152 994 1194
4 1038 1062 996 1192
5 1195 1098 963 1178
6 1166 1074 996 1191
7 1142 1052 939 1139
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All results shown in Table 4.14 are between 900 and 1300 HV. Thus, results are
consistent with the values obtained from Figure 4.35 Vickers hardness vs Young's
modulus graphs for Fe based bulk metallic glasses. For observing changing of
Vickers hardness of the alloys with respect to followed pattern, graph shown in

Figure 4.37 was plotted.

at 585 °C

1200

1100
as cast (1)

at 535 °C

1000

as cast (10)

Vickers Microhardness (HV)

900 . . - .

Pattern

Figure 4.37 Vickers microhardness vs followed pattern graph

for (Fe360036519,28i4,3N b4)9g,25CU0,75 all oy.
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CHAPTER 5

CONCLUSIONS

In this study, the non-equilibrium cooling conditions were supplied by arc melting
and suction casting devices and bulk glassy (Fe3sC03B19.2SisgNb4)g925CUg 75 rod
which has a good soft magnetic property and high electrical resistivity was produced
successfully. By isochronal and isothermal DSC analyses, crystallization kinetics of

the alloy was also investigated.

In the first part of the study, after characterizations of the as cast bulk glassy
(Fe3sC036B19.2Si48Nb4)g9 25CU 75 rod, isochronal DSC experiments were done.
Activation energies of glass transition and crystallization events were calculated by
the Kissinger and Ozawa methods. When these methods are compared, activation
energies estimated by two methods were very close to each other especially the glass
transition activation energy which is almost the same. This agreement between two

approaches showed that calculated activation energy values were consistent.

Numerous glass forming ability parameters such as Ty, AT, and y were estimated
for the all samples obtained from isochronal DSC analyses. High majority of them

showed that the alloy is a good bulk glass former.

The critical cooling rate (R;) of the alloy was estimated by using two approaches.
First of all, Barandiaran-Colmenero approach was used and R. was calculated for
both onset temperatures of solidification (Ty) obtained from first and second
cooling paths of the DSC traces. Values of R¢are 0.17 K/s and 0.15 K/s for first and

second Ty respectively. This low values show that the alloy can form glass easily.
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However, for rapid solidification cooling rate is about 10° K/s, but at least at about
10* K/s [24]. Thus, Liu et al. approach was also used for calculation of R, and it can
be seen that results are more consistent with rates of the rapid solidification

processing.

In the second part of the study, isothermal DSC experiments were done at
temperatures which are above the first crystallization temperature. There were no
crystallization signals detected in the isothermal section of the DSC scans except for
585 °C at 5 min holding. Although SEM showed featureless matrix, a-(FeCo)
crystallites were distinguished in the XRD pattern and size of these crystallites was

estimated by Scherrer equation.

The magnetic and mechanical properties of the as cast and annealed alloys were
compared. According to the obtained results, annealed alloys have higher saturation
magnetization, low coercive force and high microhardness values than as cast alloys

due to the nanocrystalline structures.
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APPENDICES

APPENDIX A

EDS ANALYSES

1:

Fe Fe

Co
Cu
T .
1.00 2.00 3.00 4.00 5.00 & .00 T.00 8.00 kaT
Elemant We % At % K-Ratio 7 A F
fiK 3.57 7.25 0.0163 1.1257 0.4055 1.0022
HblL B.22 5.05 0.0534 0.9196 0.7067 1.0000
Fak 43,35 44.31 0.4337 1.0104 0.9891 1.0009
CoK 43.91 42.53 0.4334 0.9911 0.9947 1.0013
Cuk 0.95 0.86 0.0084 0.9807 0.8992 1. 0000

Total 100.00 1nn:on

Figure A.1 EDS analysis of bulk amorphous
(Fe3sC036B19.2Si48ND4)g9 25CUg 75 alloy.
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Element Wt & At & K-Ratio I A F
Fak E7.2T BB.5B 0.5764 1.0082 0. 9984 1.0000
Cok 41.73 41.42 0.4233 O0.988% 1.0017 1.0000
Total 100.00 100.00
Element Met Inte. Bkgd Imte. Inte. Error BB
Fok 178,67 1,585 0,67 £0.39
Caok 111.26 2.93 1.11 17.96

Figure A.2 EDS analysis of dendrites stated as dark for the head part of the bulk

amorphous (F635C036819_28i4_8N b4)99_25CUO_75 al |0y
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EiK 13.20 6.17 4.68 214

NE:L 27.65 H.87 2.98 1.12

Pk 158,24 4.27 1.00 7,06

Cok 138 .81 3.4 1.06 36,

Figure A.3 EDS analysis of dendrites stated as light for the head part of the bulk

amorphous (FezsC03B19.2Sis.8ND4)g9.25CUg 75 alloy.
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Cuk 4.09 2.48 B.74 1.65

Figure A.4 EDS analysis of dendrites stated as gray for the head part of the bulk

amorphous (F635C036819_28i4_8N b4)99_25CUO_75 al |0y
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Cok 157.32 4.63 0n.79 33.495

Figure A.5 EDS analysis of eutectics stated as dark for the head part of the bulk

amorphous (Fe35C035 819,25i4,8N b4)gg,25CUo,75 al on.
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NbL 259.02 10. 688 0.79 23.81
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Cok 116.79 5.77 1.19 20.24

Figure A.6 EDS analysis of eutectics stated as light for the head part of the bulk

amorphous (F635C036819_28i4_8N b4)99_25CUO_75 al |Oy
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Figure A.7 EDS analysis of eutectics stated as gray for the head part of the bulk

amorphous (Fe35C035 819,25i4,8N b4)gg,25CUo,75 al on.
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Nb Al
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Element We % At ¥ K-Ratio 4 A F
ALK 0.30 1.04 0.0021 1.1672 0.5674 1.0189
NbL 99.70 98.96 0.9946 0.9992 0.9984 1.0000
Total 100.00 100.00

Element  Net Inte. Bkgd Inte. Inte. Error P/B

ALK 2.83 11.37 15.76 0.25
NbL 505.34 10.76 0.40 46.98

Figure A.8 EDS analysis of white region in both dendrites and eutectics for the head

part of the bulk amorphous (FezsC036B19.2Sis.8Nb4)gg 25CUg 75 alloy.
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Figure A.9 EDS analysis of the dendrites for (Fe3sC03sB19.2Si4.8Nb4)g9.25CUg 75 alloy
annealed isothermally at 535 °C.
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Figure A.10 EDS analysis of the surroundings of the dendrites for
(Fe3sC036B19.2Si4.8Nb4)g9 25CUg 75 alloy annealed isothermally at 535 °C.
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Figure A.11 EDS analysis of the dendrites for (Fe3sC036B19.2Si4.8Nb4)g9 25CUg 75

alloy annealed isothermally at 585 °C.
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Figure A.12 EDS analysis of the surroundings of the dendrites for
(Fe3sC036B19.2Si4.8Nb4)g9 25CUg 75 alloy annealed isothermally at 585 °C.
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APPENDIX B

PHASE DIAGRAMS
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Figure B.1 Co-Fe Phase Diagram [99].
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Figure B.2 Fe-Si Phase Diagram [99].
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Figure B.3 Fe-B Phase Diagram [100].
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Figure B.4 Nb-Si Phase Diagram [99].
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APPENDIX C

OPTICAL MICROSCOPE IMAGES

Figure C.1 Optic microscope image of the (Fe3sC035B19.2Si4.8Nb4)g9.25CUg 75 alloy

annealed isothermally at 535 °C.
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Figure C.2 Optic microscope image of the (Fe3sC035B19.2Si4.8Nb4)g9 25CUg 75 alloy

annealed isothermally at 585 °C.
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APPENDIX D

SEM IMAGES AND MAPPING MICROGRAPHS

HV HFW vac mode
V 174.6 ym| High vacuum

 e—1 111

METE-METU

Figure D.1 SEM images and mapping micrographs of the annealed

(F636C036819_28i4,8N b4)99,25CUO_75 alloy at 535 °C.
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10 ym
METE-METU

5pm
METE-METU

Figure D.2 SEM images and mapping micrographs of the annealed
(F636C035819_28i4,8N b4)gg,25CUo_75 alloy at 535 °C.
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Figure D.3 SEM images and mapping micrographs of the annealed

(F936C036819,28i4_3Nb4)gg_25CUO,75 aIon at 535 °C.
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METE-METU

5pm

METE-METU

Figure D.4 SEM images and mapping micrographs of the annealed
(F636C036519,28i4,3N b4)99,25CU0,75 aIon at 535 °C.
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m
METE-METU

Figure D.5 SEM images and mapping micrographs of the annealed
(F636C036819_25i4,8Nb4)99,25CUO.75 aIon at 535 °C.

& WD mag HV ‘ HFW vac mode ——5ym ——
| 7.8 mm [12 000 x| 20.0 kV |24.9 pm|High vacuum METE-METU

0k " METE-METU LIS (X 14

Figure D.6 SEM images and mapping micrographs of the annealed

(FG35CO35519,28i4,3N b4)99,25CU0.75 aIon at 585 °C.
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Figure D.7 SEM images and mapping micrographs of the annealed
(F635C035519,28i4,8N b4)99,25CU0,75 aIon at 585 °C.
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Figure D.8 SEM images and mapping micrographs of the annealed
(Fe3GCO3eBlg,25i4,8Nb4)99,25CU0,75 aIon at 585 °C.
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Figure D.9 SEM images and mapping micrographs of the annealed
(F836C035819_25i4,8Nb4)gg,25CUo,75 aIon at 585 °C.
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5.4 mm | 13 000 x | 20.0 kV [23.0 um |High vacuum

vac mode
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Figure D.10 SEM images and mapping micrographs of the annealed
(FEgeCOseBlngi4_3Nb4)99,25CUO,75 alloy at 585 °C.
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Figure D.11 SEM images and mapping micrographs of the annealed
(F635CO3sBlg_zsi4lgN b4)gg.25CUo.75 aIon at 585 °C.
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