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ABSTRACT

The present thesis consists of three chapters: synthesis and characterization of
ternary transition metal borides, superhard rhenium diboride (ReB;) and clathrate of
type-1. The first chapter describes the synthesis and characterization of ternary
transition metal borides within the systems of Ta-Co-B, Ta-Ni-B, Ta-Re-B, Nb-Re-B,
Hf-Ni-B, Ta-La-B and Re-Ni-B. The employed preparation technique was the solid
state high temperate reactions performed in a home-made arc melting furnace.
Characterization and identification of the obtained phases was done by X-ray powder
diffraction. In case of Nb-Re-B system, niobium successfully substituted the tantalum
atoms of TazRe;Bs and a novel ternary compound was synthesized with the
composition of NbsRe;Bs. Except for the Re-Ni-B system, all products were phase
mixtures of ternaries with already well-known binaries. A novel ternary compound was
isolated with the nominal composition Re:Ni:B = 1:1:1. Optical micrographs confirmed
that new “phase” comprised two different ternary borides, the shiny one being Re and
the dark one Ni-rich, respectively. The analysis of the rhenium rich phase was
performed with WDXS yielding an approximate composition of Re;oNi;B;. Based on
this, the empirical formula of the Ni-rich dark phase was calculated to ReNig¢7Ba4.
Re:Ni:B = 1:1:1 could also be synthesized using the lead flux method.

The second part of the study is dedicated to rhenium diboride, the second
hardest material known after diamond. The preparation was done for the first time in a
lead flux at 1073 K which is the lowest synthesis temperature recorded for ReB,, yet. In
addition, both the reaction time (from 12 h to 5 h) and the molar ratios of the reactants
(from Re/B/Flux Metal = 1:2:50 to 1:2:10) could be reduced dramatically. Excess lead
was removed in boiling HCI solution. Characterizations of the products were performed
using X-ray powder diffraction method and ICP-OES. Lead free inhesion of final
product was audited with ICP-OES and EDXS yielding the chemical composition
1:1.98 which deviates only marginally from the ideal 1:2 ratio. The thermal stability of
the compound was investigated up to 1373 K by DTA. The average crystallite size of



the synthesized powder was measured as 933 nm by the Hall-Williamson method and
could successfully be reduced to 344 nm by ball-milling. The second synthesis
technique employed on ReB, was microwave induced plasma. In this case the elements
were exposed to hydrogen plasma (1200 W) for 30 minutes, resulting in formation of
ReB; and a foreign phase. To exclude that the formation of the foreign phase was
initialized by the contaminations in the used amorphous B, boron powder free of Mg
was employed. Experiments showed that the formation of the byproduct is “intrinsic”
and not affected by the impurities. DTA measurements confirmed that foreign phase
decomposes at 948 K to ReB, and elemental boron. Annealing process and high
temperatures inhibited the formation of the unknown phase indicating that its formation
under microwave conditions is the result of the moderate temperatures governing in the
hydrogen plasma. Synthesis of ReB, from stoichiometric mixture of the elements by arc
melting is the most common preparation technique. In the present study, it could be
proved that the start from the stoichiometric amounts of elements was not a successful
route, effecting the final composition of the product due to the evaporation of
amorphous boron during the arc melting process. Our results reveal that starting from
molar ratios of Re:B = 1:4 to 1:7 yield the best result with respect to phase purity of
ReB;

In the last part of the thesis, Clathrate-I compound, KgGess was prepared via
two novel methods: synthesis in liquid ammonia and by microwave induced plasma. In
both cases, the formation of the final product was accompanied by the presence of
elemental germanium. Hydrogen plasma was the “method of choice” giving the highest
yield of clathrate compound and the lowest value for the byproduct elemental

germanium.



Ozet

Bu yiiksek lisans ¢aligmasi ticlii metal boriirleri, asir1 sert (superhard) renyum
diboriir ve tip-I klatratlarinin sentez ve karakterizasyonu olmak iizere ii¢c bolimden
olusmaktadir. Bu ¢alismanin ilk béliimiinde {i¢clii metal boriirlerin, Ta-Co-B, Ta-Ni-B,
Ta-Re-B, Nb-Re-B, Hf-Ni-B, Ta-La-B ve Re-Ni-B, ark eritme teknigi ile sentez ve
karakterizasyonlar1 ¢alisilmistir. Biitiin fazlarin karakterizasyonu X-1smi1 toz kirinim
metodu ile yapilmistir. TasResBs fazi baz almarak tantalum atomlari niobium ile
degistirilmis ve NbsRe;Bs ‘yeni’ tiglii bilesigi elde edilmistir. Re-Ni-B ticlii faz1 harig,
biitliin fazlarda yeni {li¢lii metal boriir olusumu bilindik ikili faz olusumu ile birlikte
gozlenmistir. Yeni ii¢li metal boriir olusumu Re/Ni/B un 1:1:1 oraninda bilesimi ile
elde edilmistir. Optik mikrograf Olctimleri iki tane ii¢li faz oldugunu ve EDXS
Olgtimleri de bir fazin renyum zengin digerinin ise nikel zengin oldugunu gdstermistir.
WDXS ile renyum zengin fazdan yapilan kuantifikasyon Ol¢iimleri ReyoNizBy;
kompozisyonunu vermistir. Bu bilgi kullanilarak nikel zengin fazmn kompozisyonu
ReNig ¢7B4 olarak belirlenmistir. Ayn1 bilesik kursun erigi icerisinde Re:Ni:B = 1:1:1
olarak da sentezlenmistir.

Bu ¢alismanin ikinci béliimde asir1 sert (superhard) renyum diboriiriin sentezi ve
karakterizasyonu incelenmistir. Yapilan calismada, ReB, ilk defa kursun erigi igerisinde
1073 K de sentezlenmistir ve bu sicaklik literatiirde verilen ReB, sentez sicakliklarinin
en diistigiidiir. Ayn1 ¢alisma, benzer bir ¢alismaya kiyasla, sadece reaksiyon sicakligini
diistirmemis ayn1 zamanda reaksiyon siiresini (12 saatten 5 saate) ve reaksiyona giren
kimyasallarin mol oranlarin1 (Re/B/Eriyik (flux) Metali oranlar1 1:2:50 iken 1:2:10) da
dramatik 6lgiide azaltmistir. Elde edilen maddenin karakterizasyonu toz X-isin1 kirimin
(X-ray powder diffraction; XRPD) metodu ve indiiktif olarak ¢iftlesmis plazma/optik
emisyon spektroskopisi (ICP-OES) ile yapilmistir. ICP-OES sonuglarina gore
sentezlenen bilesigin kompozisyonu 1:1.98 dir ve bu ideal orandan, 1:2, ¢ok az bir

sapma gosterir. Sistemin herhangi bir kursun katkisini barindirmadigi ICP-OES ve



energy dagilimli X-1sm1 spektroskopisi (EDXS) ile kanitlanmistir. Elde edilen
maddenin 1373 K e kadar olan termal dayaniklilig1 diferansiyel termal analiz (DTA)
Olciimii sonucu bulunmustur. Sentezlenen maddenin kristalit boyutu Hall-Williamson
metodu ile 933 nm olarak tespit edilmistir. Bilyeli freze (Ball-milling) metodu ile bu
deger 344 nm ye cekilmistir. ReB, sentezi i¢in daha dnce literatiirde rastlanmamis bir
metot, mikrodalga indiiktif plazma, 6nerilmistir. Elementlerin direk bilesimi ve hidrojen
plazmasi (1200 W, 30 dakika) tercih edilmis ve ReB; olusumu ile birlikte yeni bir faz
tespit edilmistir. ReB, ve yeni fazin karakterizasyonu XRPD ile yapilmistir. Olusan
fazin kullanilan amorf bordaki safsizliktan gelmedigini kanitlamak icin elemental bor
iki farkli metot ile sentezlendi: Metallo-termal (Mg safsizlifl) ve diboran
dekompozisyonu. Iki farkli tiirde sentezlenen borla da aymi faz olusumu gdzlendi.
Diferansiyel termal analiz sonuclarina gore elde edilen yeni faz 948 K de ReB, ve
elementel bora dekompoze oluyor. Bu nedenle, yeni fazin sentezi sadece mikrodalga
indiiktif plazma gibi soguk sentez imkani ve yiiksek reaksiyon hizi saglayan bir sistem
ile miimkiin oldu. Daha onceki calismalarda ReB, sentezinin ark eritme metodu ile
yapilabildigi belirtilmis ancak atomik oranlar verilmemistir. Ark eritme sentezi
sirasinda buharlasan bor nedeni ile ReB,’1n ark eritme ile sentezi stokiyometrik degerler
ile miimkiin degildir. Bu nedenle, sistematik bir ¢aligma ile kullanilmas1 gereken atomik
oranlar tespit edilmistir. Re/B un 1:4 atomik oranindan baglayarak 1:7 ye kadar olan
alanda ReB; sentezlenebilmistir. Calismanin karakterizasyonu XRPD ile yapilmistir.

Bu caligmanin {igiincli bolimiinde, Klatrat-I bilesigi olan KgGess sentezi
K4Gey’dan baslayarak yeni iki metot ile gergeklestirilmistir: amonyak igerisinde ve
mikrodalga indiiktif plazma ile. Iki sentezde de elementel germanyum olusumu ile
birlikte gozlenmistir. Caligmada hidrojen plasma tercih edilmis ve en az elementel
germanyum ve en ¢ok klatrat olusumu 600 W gii¢c ve 40 dakika reaksiyon siiresinde

gozlenmistir.



ACKNOWLEDGEMENTS

I would like to thank Prof. Mehmet SOMER for his superior guidance. I was one of
the luckiest students to have the chance of working with him. I did not only learn a lot
of things from him in terms of chemistry but also learned how to live the day. He
believed in me and never stopped motivating me.

I don’t now how this thesis would be without Selcuk Acar. The jealousy that I feel
in his extraordinary working habits made me a hard working student. Many times with
his offbeat lab skills, we made the most impossible dreams come true.

I should also thank to Umut Aydemir, Dr. Michael Baitinger and Max Planck
Institute, Dresden. They supported me, educated me; moreover, they favored me with
many kinds of chemicals and analyses.

My sincere thanks to the angel of inorganic lab: Dr. Anna Maria Miko. All the time,
she made me feel important. Pmar and Merve made me feel like I am home. Thanks to
all of my colleagues in the laboratory: Ali, Ahmet, Gizem and Muharrem abi for
making those long years as enjoyable as they were.

I would like to thank every professor who helped me to improve myself. I thank to
Prof. Levent Demirel and Dr. Ozgiir Birer because they scared me at most and I worked
even much harder. I would like to thank to Dr. Ugur Unal because he always treated me
as a friend and more importantly, I would like to thank Prof. Yilgér and his wife
because they guided me in terms of how a good hearted person should be and should

not be.

I would like to thank my parents for their endless support and encouragement. They
trusted in me at every step I have taken so far. I am very lucky to be a part of such a
wonderful family. Last but not least I should thank to Azizoglu for holding my hand

despite every kind of moodiness I’ve made...



1) S e Y A 0011175111 5T 8

Table of Contents
ABSTRACT ...ttt e et e ettt e ettt e et eeenbeeesnneeeebeeeeas 3
O] 1F:1 0] ) S USSR PUUPUPRR 18
OVEIVIEW ..ttt ettt ettt ettt e e ettt e e e e bbbt e e e et e e e e sbbbeeeenasaee 18
Transition Metal BOTIdes ........ccooiiiiiiiiiiiiiiic e 18
O] 1 F:1 0] ) USRS PUUPUPRRN 27
2. Ternary Transition Metal Borides..........ccoeveviiiiiiiiiiieeeieeiiiieeeeeee e, 27
2.1 INErOAUCTION. ... e 27
2.2 Experimental Procedures for Ternary Transition Metal Borides............... 37
1)Arc Melting Synthesis.......ccoocviiiiiiieeeeeeiieee e 38
2)FIUX MEthOd ...ccoeeeieee e e 39
2.3 Results and Discussion on Ternary Transition Metal Borides .................. 44
2.3.1.Ta-Co-B and Ta-Ni-B Ternary Systems..........cccceeevevviiiiieeeeeeeenninnnnnen. 44
2.3.2.Ta-Re-B and Nb-Re-B Ternary Systems..........ccceevvevviiiiieeeeeeeenninnnnnen. 48
2.3.3. Hf=-Ni-B Ternary SYStem .........uuvviiiiieeiiiiiiiiiieeeeeeeeeiieieeeee e e e e 50
2.3.4.Ta-La-B Ternary SYSteM ..........cuveiieeeeiiiiiiiiiiieeeeeeeniiiiieeeeeeeeeeeeaneeeens 51
2.3.5.Re-Ni-B Ternary SYStem ..........uuveiieeeeiiiiiiiiiiieeeeeeeeiiiiieeeeeeeeeeeeeeeeees 53
O] 1F: 101 ) e USSR PUPPUPRRE 66
3 Rhenitum Diboride (R€B2) ..cciiieeiiiiiiiiiiieeeeeeeeee e 66



1) S e Y A 0011175111 5T 9

3.2 Experimental Procedure ..........cccceeiviiiiiiiiiiiieeeeeeee e 70
DMEal FIUX ..oiiiiiiiiiee et e e e e 70
T)ATC MEIINE ..o e e e e et e e e e e e e e neabaeeaaeeeeeas 73

_ii)Microwave Induced Plasma..........ccccceevviiiiiiiiiiiiiiiieee e 74
_iv)Ball Milling Study with ReBo .....cooviiiiiiiiiiiiee e 75

3.3 Results and Discussion on Rhenium Diboride (ReB3).......covvveeeeeenennnnnnn. 77
3.3.1.ReB; with FIux Synthesis ..........ccoovviiiiiiiiiiiiieieeeeeeeeeee e 77
3.3.2.Differential Thermal Analysis .........ccccuvviiiiiieeiiiiiiiiiiiee e, 79
3.3.3.Arc Melting Synthesis 0f ReBy.....cooovvviiiiiiiiiiiieeeee e, 83
3.3.4.Microwave Induced Plasma Synthesis 0f ReBy........ccoovvveviiiiiiiiininnnnn. 85

3.3.5Characterization of new phase obtained from microwave induced plasma87

3.3.6.Ball Milling Study with ReBy .......cooiiiiiiiiiiiiie 92

O] 1T 1 0] ) S USSP PUUPUPRR 99
4. Clathrate-1 Compound: KgGea6.....uuveeeeeeereiiiiiiiiieeeeeeieiiiieeeee e eeeeiiireeeee e 99
4.1 INErOAUCTION. ... 99

4.2  Experimental Procedure ..........ccceeviiiiiiiiiiiiiiiiieeee e 102
4.2.1.Synthesis of KgGess at Low Temperatures..........ooeeevvvveveeeeeeeeeecennnnen. 102
4.2.2.Synthesis of KgGes with Microwave Induced Plasma......................... 106

4.3 Results and Discussion on Clathrate-1 Compound: KsGese ......ccvveeeeeee. 108

4.3.1.Comparison of Synthesis of KsGess with Ammonia and Microwave
INAUCEd PIaSma.....ccooueiiiii e 108

[0 1F:1 0] ) e TP UU S PPPUUPUPRN 110



1) S e Y A 0011175111 5T 10

CONCLUSTON ...ttt ettt et e et e et e ettt e e sabeeesnbeeeenneeeenneeas 110
L0 0F: 10 ) A ¢ TP U PRSP UPUUPUPRN 114
EXPERIMENTAL METHODS and THEORETICAL CONCEPTS ..................... 114
6.1 Introductory Remarks.........ccccovviiiiiiiiiiieee e 114
1)Purification of Amorphous Boron...........ccccevveeiiiiiiiiiiiiiiieeeeceeeeeee 114

1) ATC Melting FUINaCE.......cooeiiiiiiiiiiee et 120

6.2  Materials and Chemicals Used, Sources and Quality .............cccvvveeeenen. 124
6.3 Experimental Methods ..........ccvvviiiiiiiiiiiec e, 126
6.3.1.GlOVE BOX ..ottt 126
6.3.2.A1C MEIING .....ovviiiiieieeeeeee e e e 127
6.3.3.Vacuum LINe.......coooiiiiiiiiiiiiiiii e 128
6.3.4.High Temperature Annealing in Sealed ampoules and Silica tubes..... 130

6.4  Materials Characterization TeChnNiqUEeS...........ccevvevviviiieeeeeeriiiiiieeeeeeeen, 131
6.4.1.X-Ray Powder Diffraction Techniques...........ccccuvvvvieeeeeenisiiiiiieeeennn. 131
0.4, 2. TREOTY .cceeeeeeiieeeeee ettt e e e e e e et e e e e e e e e arrraaeeeeeens 131
6.4.3.Rietveld Method..........ooooiiiiiiiiiii e 134
6.4.3. 1. EXperimental ..........ccoooiiiiiiiiiiiieiiiieeee e 134

6.5 Energy/Wavelength Dispersive X-ray Fluorescence Analysis................ 135
0.5, L. TREOTY . ceeeeeeeieeeeee ettt e e e e e e e e e e e aaaeeeeeas 135

6.5. 2. EXPerimental..........cccoovriiiiiiiiiieieeeiiiieeee e 137

6.6  Thermal Analysis TeChNIQUES ..........ccccuviiiiiiieeiiiiiiieee e 138

0.0. 1. TREOTY . cceeeeeieeeeeee et e e e e e e e e e e aeeeeeeas 138



1) S e Y A 0011175111 5T 11

6.6.2.Experimental Method .............cooooviiiiiiiiiiiiiiiieee e 140

6.7  Hardness Measurements.........ccocuueeeeriiiieeenniiiieeeeiieeeeeiieee e e 141
6.7.1.Theory / MEaSUICIMENL..........ccereeeerriiiiiiieeeeeeeeeiiiiireeeeeeeeeenaaeeeeeeeeeens 141

6.8 MaSS SPECLTOSCOPY -evvvvrrreeeeeriiiiiiireeeeeeeeeiiirrreeeeeeeessssanrareeeeeeesenssnnreeees 142
0.8, L. TREOTY . ceeeeeeeeeeee et e et e e e e e e e aaaeeeeeas 142

6.9  Inductively Coupled Plasma..........ccccocuviiiiiiieeiiiiiiiiieee e, 145
0.9, I TREOTY ..eeiieeeeiiiieeeee et e e e e e e e et e e e e e e e e naaaaaaaeeeeens 145
6.9.2.Sample Preparation...............eeeeeeeeeeiiiiiiiiee e eeeeiiieeee e e e e e 146

L0 T30 ) S U UU PP UPUUPUPN 146
PN 0] 0153 114 5 ) QPR PPPRRRN 147
L3 10) § 107 a 21 o) 1) USSR 152



B A Y i I 1o) (= 12

List of Tables

Table 1.1 The electronic configurations of transition elements...............cccoovuieeennnnne 19

Table 1.2 The oxidation states of some transition metals used in the study. Common

oxidation states are ShOWN 1N Ted. .......ccooouuiiiiiiiiiiiiiiii e 20
Table 2.1Classification of transition metal borides............cceeeiriiiiiiniiiiiiiniiiieeee, 31
Table 2.2 WDXS quantification result for Re-Ni-B from ten different points............. 64
Table 3.1 Powder diffraction data: ReB,, Cu Ko, Nifilter........ccoooovvviiiiiiiiiiiiiienns 67
Table 3.2 Hall-Williamson values of ReB, treated with 1000 rpm.............cccceeeeeennnnn. 95
Table 3.3 Hall-Williamson plot values of ReB; treated with 300 rpm..............ccc........ 95

Table 4.1 Power values and different treatment times and their results are presented 107
Table 6.1 Optimization 0f ATC AMPETE ......ccevrevviiiiiieeeeeeeiiiiiiieeeeeeeeeereirrreeeeeeeennnens 122
Table 6.2 Specifications of commercially available amorphous boron (H.C Starck). 124
Table 6.3 Chemicals used and their specifications...........cccevvvveeeeeeeerriiiiiiiieeeeeeeeees 125
Table 6.4 Crystal systems with their resStriCtions............coeecvviiiieeeeeeriiiiiiieeee e e 132

Table 6.5 Common anode sources with suitable fIlters. .....cooveveevieeeeiieeeeeeeeeees 132



0 A e 13

List of Figures
Figure 1.1 The angular forms of the five d orbitals..........cccoccceeiiiiiniiis 21
Figure 1.2 Representation of manganese (II) oxide (MnO).........ccccceveeeeveiiiiiiiieennnnn. 22
Figure 1.3 The dependence of resistivity on x for TiCy single crystals........................ 23

Figure 1.4 Two dimensional boron arrangements according to the given Me / B ratios

................................................................................................................................... 25
Figure 1.5 Three dimensional boron units with the given Me / B ratios...................... 26
Figure 1.6 Metal atoms arrange themselves around boron in trigonal prismatic

COOTAINATION. .uitiitieiiiit ettt e ettt e e ettt e e ettt e e eabb e e e e esbbeeeeenbbeeeeeneeee 26
Figure 2.1 Derivatives of CaCus — type StrUCTUIE .........ceeeeeeeriiiiiiiiiieeeeeeeeciiieeeeee e 27
Figure 2.2 Zick-zag boron chains in MOALB.......coooiiiiii, 28
Figure 2.3 5- and 7- membered ring formation in ternary transition metal borides...... 30

Figure 2.4 Flow diagram of synthesis methods for ternary transition metal borides.... 38

Figure 2.5 Experimental setup for Metal Flux reaction a) argon gas inlet; b) gas purge;

¢) gas traps; d) Sulfuric acid BubDIET ..........ccovviiiiiiiiiiieeeeee e 43
Figure 2.6 Ternary phase diagram of Ta-Co-B system ............cccooiuiiiiiniiiiiinnienn. 45
Figure 2.7 Ternary phase diagram of Ta-Ni-B system..........cccccoviiiiiiiniiiiiiinnieenn. 46
Figure 2.8 X-ray powder diagrams of samples synthesized at 1373 K and 1773 K. .... 48
Figure 2.9 X-ray powder diagram compares Ta;Re;B4 and Nbs;Re; B4 with the

theoretical data ...........coouiiiiiiiiiiii e 49
Figure 2.10 Hf-Ni-B ternary systems with arc melting synthesis ...............ccccoccceenis 50
Figure 2.11 Studied ternary system of Ta-La-B by annealing at 1573 K.................... 52

Figure 2.12 X-ray powder diagram of Ta-La-B system ...........ccccoeuveeiiniiiiiinniinenn. 53



0 A e 14

Figure 2.13 Al3B¢Niy crystals obtained from Re-Ni-B synthesis in Aluminum flux
(20X MAGNTEICATIONS) . cevvvvereeeeeeeeeeiiiieeeeeeeeeessttatreeeeeeeessanaraareeeeeeeessnsnssanaeeeseesnnnnnes 54

Figure 2.14 The result of the EDX measurements of a Re-Ni-B sample synthesized in

1EAA FTUX . e e e 55
Figure 2.15 Comparison of the syntheses methods for the “Re-Ni-B compound” by arc

melting and 1ead fTUX .......cccuiiiiiiiiee e 56
Figure 2.16 SEM image of Re-Ni-B ing0t........ccccoiiviiiiiiiiiiiiiiiieee e 57
Figure 2.17 Rhenium and nickel distribution on Re-Ni-B ingot.........cccoccceeeiniiiin. 57
Figure 2.18 a) Optical microscope image of Re-Ni-B at 1 mm magnification............. 58

Figure 2.19 Back-scattered electron micrograph of “Re-Ni-B” which shows the
coexistence of two different Phases.........ceeeeeeeeiciiiiiiiieee e 61

Figure 2.20 EDXS measurement from rhenium rich phase (shiny), also showing the
NICKE] CONEITDULION. .....eiiiiiiiiiiiiiii et 61

Figure 2.21 EDXS measurement from nickel rich phase (dark) indicating Ni as the
MAJOTIEY COMMPOTNCIIE 1eereeeerriiirriereeeeeeeriaiitrraeeeeeeeesaaanrarreeeeeesesssssnnrsrreeeeesssmmnssseeeeeeeeees 62

Figure 2.22 WDXS measurement confirms the contribution of boron to the rhenium
TICH PRASE ..t ettt e e 63

Figure 2.23 Back-scattered electron micrograph of Re-Ni-B with the points on which
the measurements were performed..............eevveeeiiiiiiiiiiiieee e 64

Figure 2.24 Different ternaries and binaries and their phase mixtures in the ternary
phase diagram Re-Ni-B. .........cccooiiiiiiiiie e 65

Figure 3.1 Charge density of ReB, where Re-B and B-B exhibit high directionality... 67

Figure 3.2 Flow diagram of the preparation methods employed for the synthesis of
rthenium diboride, REBo. c....ueiiiiiiie e 70

Figure 3.3 Temporal profile of sample shrinkage ...........cccociieiiiiiiins 71

Figure 3.4 X-ray patterns of a) Starting powders, b) Sample at the beginning of
shrinkage, c) after the completion of Shrinkage .............coeveeiiiiiiiiieeiiiiiiiiieee e, 72

Figure 3.5 Comparison of two fluxes at different temperatures, 873 K and 1073 K.... 77



0 A e 15

Figure 3.6 EDXS measurement 0f ReBy .......coooiiiiiiiii, 78

Figure 3.7 Comparison of the DTA results of aluminum flux-grown ReB, (red dashed
line) and ReB; obtained from the solid state reaction (blue dashed line)...................... 79

Figure 3.8 DTA curve of lead flux-grown ReB, within the temperature range of to 278

T 1373 K ettt et e et e et e et e e e b e e eaeeeens 80
Figure 3.9 Phase diagram of rthenium and boron .............cccocoociis 81
Figure 3.10 DTA measurement of Grade I boron from H.C. Starck company............. 82

Figure 3.11 Phase-pure ReB; synthesized via arc melting using different rhenium/boron
ALOIIIIC TALIOS. 1 uvtieeniiieeiite ettt ettt ettt ettt e st e et e st e e et eeeaneeesaneeesanneeas 83

Figure 3.12 X-ray diagram of ReB, obtained from arc melting (black) in comparison
with the theoretical 0ne (T€A). .....vviiiiiieiiiiiiiiiee e 84

Figure 3.13 Comparison of the products obtained from ReB, preparation in argon and
hydrogen gas plasma. .......cc.uuviiiiiiieiiiiieeee e e e e e e e 85

Figure 3.14 Temperature values of argon and hydrogen plasma with respect to flow
Figure 3.15 Results of the syntheses performed in microwave induced plasma for
different Re/B ratios. .......ccooiiiiiiiiiiii e 87

Figure 3.16 Formation of the new rhenium boride phase in correlation with increasing
with increasing B/Re ratios. Significant peaks of the new phase are indicated............. 88

Figure 3.17 Powder patterns of the new phase synthesized using Mg-free and

conventional (Mg: 0.8-1%) amorphous bOTON. ..........ceeeveiiiiiiiiiiiiieeeeeeiiee e, 89
Figure 3.18 Theoretical mass spectrum of diboranes............ccccceeviiieeeiniiiiieinniieeennnns 90
Figure 3.19 Mass Spectrum 0f ReBg. ...uuvviiiiiiieiiiiiiiiieeeeeeeeeee e 91
Figure 3.20 DTA measurement of new phase of Reand B. ..............cccoooi, 92
Figure 3.21 Hall-Williamson plot of ReB; treated at 1000 rpm at various times......... 94

Figure 3.22 Hall-Williamson plot of ReB; treated at 300 rpm at various times............ 94



0 A e 16

Figure 3.23 Variation of crystallite size of 1000 rpm treated sample as a function of
MG TIMC ... e e e e e e e e e e et e e e eeeeesennsnnsaaneeeeeeens 96

Figure 3.24 Variation of strain of 1000 rpm treated sample as a function of milling time
................................................................................................................................... 96

Figure 3.25 Variation of crystallite size of 300 rpm treated sample as a function of
MIIINE TIMIE ...ttt e et e e et e e e e ebbreee e 97

Figure 3.26 Variation of strain of 300 rpm treated sample as a function of milling time
................................................................................................................................... 97

Figure 4.1 a) Building units of clathrate-I structure, the 20-atom pentagonal
dodecahedron [5'%] with 12 pentagonal faces and the tetrakaidecahedra [5'%6°] with 12
pentagonal and 2 hexagonal faces, b) Clathrate-I layer ¢) Polyhedral representation of
the clathrate-1 unit Cell..........oooiiiiiiii e 100

Figure 4.2 a) NHj3 inlet; b) Pyrex reaction tube was placed into liquid nitrogen-ethanol

TIUIXEUTE -ttt ettt e ettt e e ettt e e e e st bt e e e eabb b e e e e aabbe e e e e aabbbeeeeaabbbeeeeannaeeean 104
Figure 4.3 a) Gas Purge b) Mercury bubbler.............ccccceeeveiiiiiiiiiieeeeeeeee 104
Figure 4.4 a) Soxhlet; b) water outlet c¢) liquid ammonia d) water inlet .................... 105

Figure 4.5 Comparison of X-ray diagrams of the clathrate KsGess synthesized in liquid
ammonia and via microwave induced plasma ...........cccceeeviiiiiiiiiiieiiiiie e 108

Figure 6.1 Temperature optimization of Chlorine experiment (20 min, 1000 ml/min)

................................................................................................................................. 116
Figure 6.2 Gas Flow rate optimization (20 min, 923 K)........cccovvviiiireiiniiiiiiieeeenn, 116
Figure 6.3 Boron amount optimization (923 K, 20 min, 400 ml/min) ....................... 117
Figure 6.4 Time optimization (923 K, 400 ml/min, 5g) ......cccccevvrrreeeeeeeiiiinrireeeeeennn. 117

Figure 6.5 Chlorine treated sample and untreated sample were compared with MgB,
................................................................................................................................. 118

Figure 6.6 Centorr arc melting furnace placed into glove box. .......ccccceeveivviveeennnnnn. 120



0 A e 17

Figure 6.7 Home-made arc melting furnace a) copper hearth b) Vacuum oil-pump c)
water inlet pipe d) water outlet pipe e) argon gas inlet f) power supply g) pedal h)

tUNESTEN ClECITOMC. . oiiiiieiiiiiiieeee et e e e e e e e aeeeeeeas 121
Figure 6.8 X-ray diagrams of horizontal and tilted pellets..............ccccconiiiiiinnninen. 123
Figure 6.9 VAC-OMNI model glove box system ................cccccvvvieeeeeeeniiiiiiieeeeennn. 127
Figure 6.10 Centorr vacuum industries arc melting system............cccccceevvvivviveeeennnnn. 128
Figure 6.11 Vacuum lINe...........oooiiiiiiiiiiiiiiiiiii e 129
Figure 6.12 Sealed SOXhIEt .........cooiiiiiiiiiiiii e 130
Figure 6.13 Tantalum ampoule sealed into Silica tube and it was protected with glass

WOO!I from bOth SIAES. ..eeoiiiiiiiiiiiii e 131
Figure 6.14 Geometric representation of Bragg’s Law ............ccccoviiiiiiiiinnnnen. 133
Figure 6.15 Fluorescence SeNneration...........uueeeeririeeeaniiieeeeiiiieeeeniiieee et eeeeiieee s 136

Figure 6.16 Sample embedded into epoxy resin for WDXS or EDXS measurement. 137

Figure 6.17 Typical thermogravimetric CUrve .........ccocoueeeeeniiiieeiniiieeeeiieee e 139
Figure 6.18 Apparatus for conventional DTA ........cccooiiiiiiieen 140
Figure 6.19 Schematic illustration of DTA curve ..........cccoooviiiiiiniiiiiiieeen 140
Figure 6.20 Hardness of ReB, plotted as a function of applied load ......................... 142
Figure 6.21 Mass spectrometer block diagram ............cccceeeeviiiiiiiiiiiieeeeniiiieeeeee, 143
Figure 6.22 Quadrupole mass analyzZer............coovvviiiiiiiieeeeeiiiiiiieeee e 144

Figure 6.23 Schematic representation of inductively coupled plasma....................... 145



Chapter 1: Overview on Transition Metal Borides ................ccooiiiiiiiiiiiinn... 18

Chapter 1
Overview

Transition Metal Borides

The modern inorganic chemistry defines the transition elements according to the
filling of the 3d, 4d and 5d shells and in some cases that definition extends to include
lanthanides and actinides. Transition elements cover the components between groups 3
and 12 of the periodic table. It comprises three rows and the first row consists of the
elements from scandium to zinc, second row consists of the elements from yttrium to
cadmium and the third row consists of the elements from lanthanum to mercury. The
reason why they are called as transition elements is due to their transitional position
between the metallic elements of groups 1 and 2 and predominantly non-metallic
elements of groups 13 to 18. Since, they have typical metallic properties; they are also
called as transition metals. It is hard to address a single feature for all transition
elements; however, it can be said that all of them possess filled or partially filled
valence d orbitals in one or more of their oxidation states. First row transition elements
acquire the filling of the 3d, second row elements acquire the filling of the 4d and third
row elements acquire the filling of 5d orbitals. Their configuration is presented in Table

1L1[1].
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Table 1.1 The electronic configurations of transition elements

Scandium [Ar]3d'4s?
[Ar]3d24s?
Vanadium [Ar]3d34s2
Chromium [Ar]3d*4s!
Manganese [Ar]3d54s?

Titanium

Iron [Ar]3db4s?
Cobalt [Ar]3d"4s?
Nickel [Ar]3d34s?
Copper [Ar]3d'%4s!
Zinc [Ar]3d'%4s2

Yttrium [Kr]4d!5s?
Zirconium  [Kr]4d?5s2
Niobium [Kr]4d*5s!

Molybdenum [Kr]4d55s!
Technetium [Kr]4d55s?

Ruthenium [Kr]4d75s!
Rhodium  [Kr]4d®5s!
Palladium  [Kr] 4d'05s°
Silver [Kr]4d'95s!
Cadmium  [Kr]4d'05s2

Lanthanum [Xe]5d!6s2

Hafnium
Tantalum
Tungsten
Rhenium
Osmium
Iridium
Platinum
Gold
Mercury

[Xel4f145d2652
[Xel4f145d%652
[Xe]4f145d4652
[Xel4f145d565
[Xe]4145d5652
[Xel4f145d7652
[Xe]4145d%:s!
[Xe]4/145d1%6s!
[Xe]4145410652

Transition elements display interesting properties such as variable oxidation

states including zero or negative oxidation states. Metal ions which belong to group 1 or

2 have a single valence state and the other ones usually possess two; however, all

transition metals exhibit a wide range of valencies. Paramagnetism in transition

elements is a result of unpaired electrons in d orbitals and diamagnetism is characteristic

to the compounds where all the electrons are paired in d orbitals. Oxidation states of the

transition metals used in the study are presented in the table 1.2 [2].
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Table 1.2 The oxidation states of some transition metals used in the study. Common
oxidation states are shown in red.

Re Ni Ta Co Nb Hf Fe
-1 v v ol v v
0 v
R A v
2 N N N NN A
< T A
L
5 N v oo
6
7 v

Transition metal compounds are as much interesting as the transition metal
elements. In order to understand the reason lies beneath, their electronic configuration
should be studied in detail. Cursory examination on Table 1.1 leads to the presence of d
orbitals in every element’s configuration and their influence on bonding should not be
underestimated. In fact, a mutual relation is offered between the d orbitals and bonding
electrons, in which d orbitals are affected by the bonding electrons and also, bonding
electrons are affected by the orbitals. Therefore, transition-metal chemistry investigates
that proposed mutual relation in terms of two theories: Crystal Field Theory (CFT) and
Ligand Field Theory (LFT).

Crystal Field theory proposes that outer or non-core electrons are exposed to
three main energetic restrains a) kinetic energy b) attraction of the nucleus and c)
repulsion of one another. Besides those, there will be a non-spherical electric field that
comes from the surrounding ions. That electric field is called as the ‘crystalline field’,

in short ‘crystal field’. Theory is developed by considering the energy changes in
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degenerate d orbitals and Figure 1.1 shows the angular forms of five degenerate d

orbitals [1].

dyz dyy

d\2-,2

Figure 1.1 The angular forms of the five d orbitals

According to the theory, charges are situated at the main axes, X,y and z, and d.,
and dx,.y» orbitals ; however dyy, dy, and dy, are situated in between the main axes. Each
electron in orbitals assumed energetically equivalent. Electrons’ of an approaching
ligand will be closer to some of the d orbitals of the metal. The repulsion between the
electrons of the ligand and the electrons in the d orbitals of metal increases the energy
of those orbitals. Since dyy, dx, and dy, lie between the ligand ions, they will be less
affected by that repulsion and d., and dx,.y» orbitals will be raised energetically. This is
called as splitting of d orbitals and many properties of transition metals are coming
from splitting, relative energies. Orbital splitting diagram is a good way to learn about a

compound’s magnetic properties such as a compound with an unpaired electron in its
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splitting diagram will be paramagnetic and it will be attracted by magnetic fields. On
the other hand, a compound with a paired electron in its orbital splitting diagram will be
diamagnetic [1,4].

Manganese oxide is a good example to illustrate the theory. Figure 1.2 shows
that 3d., and 3dy,.,» orbitals of Mn>* ion point directly to the six O ions; however dxy,
dy, and d, lie between the O” ions, so they are less repelled by the ligand electrons [5].

0

|:|:'--\.._\_\_\_ | 2+_|:|"'
|:|—L.-"'-| —

L_I
O

Figure 1.2 Representation of manganese (II) oxide (MnO).

Crystal Field theory does not give information about bonding; therefore,
researchers come up with another theory which is called Ligand Field. Ligand Field
theory treats metal and ligand interaction as a covalent bonding interaction and suggests
that even though crystal-field splitting is too small as in the case of 3d orbitals, still
there will be a significant energy splitting due to Coulombic interaction of the d block
elements with the non-spherical environment. If the energy of the ligand orbital is
compatible with the energy of the metal orbital, then they form a net interaction. That
interaction forms new sets of orbitals such as bonding and antibonding and each orbital
has different energy level. Since ligand field theory considers the bonding in terms
energy splitting, it is considered as extended version of crystal field theory. Although
crystal field and ligand field have different approaches, both of them underlines
importance of d orbitals [1,6].

Transition metal compounds are as much interesting as the transition elements.
Beyond their magnetic properties, they also possess superconductivity, superhardness
and ultraincompressibility etc. Especially transition metal carbides, nitrides and borides

are good candidates for forming unique and desirable properties in terms of industrial
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usage such as high hardness at room temperature, high melting point, low diffusion
coefficients and electric conductivity. Monocarbides and mononitrides of transition
metals crystallize in non stoichiometric NaCl type of structure. Since the metal ions are
almost twice of the size of non-metal, those can go into the interstitial holes in the metal
structure; therefore, it is appropriate to call them as interstitial compounds. In case of
transition metal carbides, carbon atoms go into the interstitial positions of face centered
cubic structure; however, sometimes they do not occupy every interstitial position.
Therefore the structure contains vacancies which are randomly arranged. That random
arrangement develops powerful scattering centers for electrons and phonons. Therefore,
higher values of vacancies are assumed to be the reason for extreme electrical resistivity
of mentioned compounds at room temperatures. In figure 1.2, resistivity values of

titanium carbide (TiC) at different carbon ratios are given [7].
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Figure 1.3 The dependence of resistivity on x for TiCy single crystals
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It was shown experimentally that the concentration of the vacancies increases
with decreasing carbon content. These vacancies are also directly proportional for the
point-defect scattering centers for conducting electrons and their number can be defined
as ~ (1 - x). Figure 1.3 denotes that with increasing number of vacancies, the resistivity
increases as well. After a certain point as x decreases, resistivity is not increases but
saturates and reaches the maximum value with a carbon content of 0.75 and 0.85 in
TiC.

Temperature dependence of resistivity is also examined on vanadium carbide. At
high temperatures vanadium carbide goes into an ordered structure and because
vacancies are distorted, electrons cannot scatter anymore. This trend decreases
resistivity dramatically. Transition metal nitrides have similar tendency in electrical
conductivity with carbides; however, borides differ dramatically from the nitrides and
carbides [7].

Electron ‘deficient’ configuration of boron with three valence electrons provides
interesting bonding properties, such as binding with almost all of the elements in any
proportion. Especially with transition metals, they form industrially desired compounds,
such as conductor terminals, evaporation chambers, molten metal atomization nozzles,
fuel combustion systems, etc [8,9]. Borides of transition metals have high melting
points which make them suitable refractory materials. The high melting point is usually
accompanied by great hardness and some of them yield superhardness and ultra —
incompressibility. Therefore, they have good wear resistance and used as cutting tools
and wear-resistant coatings, as well. Since high-speed machining exceeds 1000 °C,
required coating should have high oxidation resistance and borides are stable at high
temperatures. Most of the transition metal borides carry good electrical and thermal
conductivity which is a desirable property on the agenda of modern electronic device
construction [10].

Some properties that make borides more interesting than carbides and nitrides
are due to the details of microstructure, defects, crystal structure as a consequence of

those the chemical composition. However, their impact degree has not solved yet.
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Borides can be classified in three ways, according to the a) occurrence of short boron—
boron contacts b) the trigonal prismatic environment of boron and c) transitions from

close—packed to open structures.
a) Short boron—boron contacts

Structure formation strongly depends on metal to boron ratio (Me/B). Therefore,
boron rich samples form short boron-boron contacts (1.7-1.9 A) in two dimensions.
One example is MeB,, this type of composition belongs to the category a); however, it
is more emphasized in MesB; and MesB, type of structures. The possible boron
networks and boron arrangements within the crystal lattice are given by figure 1.4 with

the Me/B ratio [10]. Ternary compounds may also contain other boron phases.

TIEREIERE

=40 243, Jip e e o, Jie &3 WS 203, 42, 215, HA7S
Figure 1.4 Two dimensional boron arrangements according to the given Me / B ratios
Some of the three dimensional boron units were observed with a metal to boron

ratio smaller or equal to 0.25. The possible arrangement of boron in the crystal lattice is

shown by figure 1.5 [10].

i
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Figure 1.5 Three dimensional boron units with the given Me / B ratios

Trigonal prismatic environment of boron occurs in compounds with a more
metal rich composition than MeB4. Metal atoms distribute themselves at corners and
they may also go on to the faces of prism. Carbides and nitrides prefer octahedral
symmetry and some exceptional borides such as PtB and RhsB4 also prefer octahedral

coordination.

Figure 1.6 Metal atoms arrange themselves around boron in trigonal prismatic
coordination.

¢) Transitions from close—packed to open structures

Transition from close—packed to open structures occurs when the boron content
of the boride increases. This leads to the formation of more boron—boron contacts and
also increases the directionality of the boron—boron bonds. As a result, open structures
form with low space—filling. This trend is shown on the example of the two compound
with different boron content, 73 % space—filling parameter is given for Nd,Fe;4B

whereas 40 % is given for YBge [10].

Up to that point, general properties of transition metal borides have been
presented. However, the main focus of this study is to investigate the syntheses of

ternary  transition  metal borides  with  different  syntheses = method
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Chapter 2

2. Ternary Transition Metal Borides

2.1 Introduction

Many technological processes require the improvement on the lifetimes of the
materials used. Therefore, hard materials, wear-resistant and thermally stable
compounds are highly desired. Ternary transition metal borides are highly promising
like binary transition metal borides because usually a ternary compound is a derivative
of a binary. Moreover, a binary transition metal boride may be synthesized at high
temperatures; however, when it is turned into a ternary, the compound can be
synthesized at low temperatures. Figure 2.1 shows the ternary compounds which are

derivatives of CeCos[11].
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Figure 2.1 Derivatives of CaCus — type structure

Unfortunately, there is only few studies available on ternary transition metal

borides’ structures. As discussed before, ternary transition metal borides also form
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boron-boron chains and network structures. Figure 2.2 shows the boron-boron chain

formation in the ternaries of Mn,AlB, and MoAIB.

MoAL B

Figure 2.2 Zick-zag boron chains in MoAlLB,

Boron networks usually observed as 5-, 6- or 7- membered rings; however

higher values of rings are also probable as in the case of CeCr,Bs which has 14-
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membered rings of boron. Figure 2.3 illustrates Y,ReBs compound which has all 5-, 6-

and 7- membered rings.
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Figure 2.3 5- and 7- membered ring formation in ternary transition metal borides
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Ternary transition metal borides can be classified in terms of binaries that

represent their structure. Nowotny classified the known ternary transition metal borides

in terms of structure types, possible formula and representative binary boride .

Table 2.1Classification of transition metal borides

Structure  Possible Representativ  Representative of Note Structural
type Formula e of binary ternary borides elements
borides
Filled (M,l\/[’)5B1_X - MO~4.5R6~15.5B~2.2 - Metal
3-Mn MsM,B1 x framework
CI‘23C6 (M,M’)23B6 - CezNileﬁ Ord. ="
Feio-10.5Ir13.75Bs ~ p.ord.

W9CO3C3 M9M’4B - Hf9M04B Ord. "
Mn3NiZSi (M3B)M’2 -- RG3A12B Ord. "

(T1zN1)
Filled M3M’B1_X -- Ni3Il’1B0.5 Ord. 2"
CuszAu

WeFes (n) MeM’/B -- Hifo 45Al0.5Bo.05 Ord. "

MgCu, M(MB), -- [Ni, Be] [Be, B], -- "

Filled MsM’;B - TasGesBi« Ord. Isolated
MnsSis boron
W5Si3 M5(M’B)3 - CI‘~4.5P2B - ="
Ti3CO5B2 (M,M’) 4B - Ti3C05B2 Ord. "

RG3B M3B RG3B -= "

Filled M3BXCy - CI‘3B0.2C0.8 p.OI‘d. ="

RG3B
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T13P (M,M’) 3B - M00.4F62.6B - "

FC3C =" CO3B Fez.zh‘o.gB - "

Mn;C, M;C, PdsB, -- -- -"-

Fe,P MM’B -- NbFeB Ord. "

Ni,Si1 -- MoCoB Ord. "

NbCoB -- TaCoB Ord. 2"

CuAl, (MM’),B  Ta,B Vo.95.0.63R€1.05- - "

Mg:>Bo s 137B

(BaAl) (M,M’);B, -- LaCo,B, Ord. "

Al,

(Re,Co) (MM’);Bs -- (Re, Co)7B4 -- Isolated

7B4 boron
atom

Th7Fe3 M7B3 RU7B3 - "

CaCus M(M’B) s - CeCo3B; etc. Ord. ="

and family

NiAs MB RhB; ; -- "

ThS1, MB,_« IrBy ; -- Boron ="

deficiency

WC MB IrB;x(h) - "

IrB; (1) =" IrB; (1) -- "

CI‘5B3 (M, M’) 5B3 CI‘5B3 Cr1.8W3,2B3 - Boron
pairs+ isol.
B-atoms

U3Si2 (M, M’) 3B2 V3B2 MOZFCBZ Ord. Boron

Wi 7sFe125B; p.ord. pairs
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WzCOBz " - WzNiBz Ord. "
HfCO3B2 M(M3’B2) - ZI‘CO3B2 Ord. "
related to
CaCu5
CCCO4B4 (M,M’) 5B4 - CCCO4B4 Ord. "
W3;CoBs (M\M’)4B;  -- W;NiB; Ord. Bs groups
Mo,IrB; (M,M’) 3B> == Mo,IrB; Ord. B4 groups
FeB MB CoB Cro670s0 33Br -- Boron-
chain
MoB - MoB(l) ResCrBay -- -
CrB " MOB(h) Hfo.QWO.gB - "
MoAIB (M,M”),B -- TaNiB Ord. "
m-Ni4B3 M4B3 m-Ni4B3 - ="
anAle (M,M’) 3B2 - FezAle Ord. "
MOZBC MZBC - MOQBC Ord. "
0-NiuB3s.x  MyB;« 0-NisB3.x -- Boron
chains+
1sol. B-
atoms
Ru;1Bg M;1Bg Ru;1Bg --
YBC MBC -- GdBC Ord. Branched
chains
UBC " -- UBC Ord. 2"
Walr;Be .« (M,M’) sBe -- Walr;Bs Ord. 2-D
Mo, 5Ir; sBs p.ord. Networks

starting
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from
double
chain
formation

CI‘3A1B4 (M,M’) 4B4 - CI‘3A1B4 Ord. Boron
double
chains

Ta3B4 (M,M’) 3B4 V3B4 MOF62B4 Ord. 2"

V5B6 (M,M’) 5B6 V5B6 CI‘zNi3B6 - Boron
double
chains+
boron
chains

V2B3 (M,M’) 2B3 V2B3 VCOB3 Ord. Boron

CI‘1.5Nio.5B3 - triple
chains

CeCr,Bg¢ (M,M")B; - CeCr,Bg¢ Ord. Starting
network
formation

II‘B1.35 MBZ-X II‘B1.35 - Two
dimens.
Boron
network

YcrBy (M,M")B; -- CeCrBy4 Ord. Boron or
(B-C)
networks

SCB2C2 MB2C2 - SCB2C2 Ord. -

related to

YcrBy

YB,C, =" - GdB,C, Ord. "

YBZC MBZC - DszC Ord. "

Y2R6B6 (M,M’)Bz - Y2R6B6 Ord. -
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AlB; " YB; -- "

ReB; " ReB; (W, Ir)B; -- "

RuB; -"- OsB, - "

W2Bs (M,M’),Bsx  W»Bs - -"-

Ru;B;3 -- Network +

isol. B-
atoms

Mo,Bs " W>Bs Wi37Pdo.63Bs -

Moy B3 M,M’)osB; WjsBs -- Network +

(MozB.9)

SmyBs M,B; SmyBs -- Boron
framework

YB4 MBy ThB4 -- "

MBy -"- MBy -- -

CrB4 " CrB4 -- "

MnB, " MnB, -- "

CaBg MBg YBs -- "

UB; MB, ZrBj; -- "

MgAIBis  (M,M’),Bis - MgAIB4 "

ZnB > MB 2040 ZnB -- -

REB-190  MB.i00 YB.¢6 -- "

B Boron




Chapter 2: Ternary Transition Metal Borides .............ccooiiiiiiiiiiiiiiiii e 36

p.ord. = partially ordered
ord. = ordered

In this thesis, ternary transition metal borides of Ta-Co-B, Ta-Ni-B, Ta-Re-B,
Nb-Re-B, Hf-Ni-B, Ta-La-B and Re-Ni-B were studied with different stoichiometries.
Two different methods were applied and experimental details were given in

experimental procedures.
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2.2 Experimental Procedures for Ternary Transition Metal
Borides

The syntheses methods that were used for binary transition metal borides could
be adopted for the syntheses of ternary transition metal borides. There are eight

common syntheses types for the binary borides which are given as [2]:

1) Direct Combination of the Elements :
Cr+nB — CrB, at 1150 °C
1) Reaction of the element in molten salts or metals (flux)
V + 1B (Al flux) — VB, at 1500 °C
Mg + 2B (molten salt) — MgB, at 600 °C [12]
111) Reduction of metal oxide with amorphous elemental boron:
Sc,03 + 6B — 2ScB; + B,0; at 1800 °C
1v) Volatile mixed halides are co-reduced with H; gas in a metal filament, hot
tube or plasma torch:
2TiCly + 4BCl; + 10H, — 2TiB; + 20 HCI at 1300 °C
V) BX3 (X = Halogen) is reduced with a metal or metal/H, gas mixture
nBX;+ (x + 1) M — MB,, + xMX3,,/«
BCl; + W — WB + Cl, + HCI at 1200 °C with H,
Vi) Reduction of oxides with carbon at high temperatures (= 2000 °C)
V,0s + B,0;3 + 8C — 2VB + 8CO at 1500 °C
vil)  Metal oxides are reduced with boron carbide
Eu,05 + 3B4C — 2EuB6 + 3CO at 1600 °C
7Ti+ B,Os3 + 3B4C — 7TiB, + 3CO
viil)  Mixed oxides are co-reduced with metals in a thermite-type reaction

TiO,; + B,O3 — TiB; in a molten Na
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In this thesis mainly direct syntheses from elements were performed and two
main syntheses methods were preferred. Figure 2.4 illustrates the flow diagram of the

methods used.

Synthesis Methods

v A

Arc Melting Arc Melting + Flux Metal Flux

Figure 2.4 Flow diagram of synthesis methods for ternary transition metal borides

1) Arc Melting Synthesis

Syntheses of transition metal borides usually performed at high temperatures
(1700 K<) by annealing for long hours. Instead of annealing for long hours, arc melting
synthesis could be performed. Arc melting furnace goes up to high temperatures (3000
K<) within a few seconds and cools fast. Due to the reaction conditions, it is hard to
obtain single phase. However, if the stability of the compound is high, then, arc melting
synthesis saves time and energy. For instance, TaB is synthesized by annealing at 1150
°C for 150 hours [13,14]. However, arc melting takes only few seconds and that is the
reason why arc melting is most employed synthesis tool for a huge number of transition
metal borides.

In the present study, the synthesis of the metal borides was accomplished using a
home-made arc furnace device (Fig 6.7). The preparation of the metal borides by arc
melting process consists of three steps. In the first one, the stoichiometric amounts of
powders of the starting elements were measured and placed in an agate mortar. The

mixture was grinded for at least 5 minutes until a fine powder was obtained. The sample
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was then transferred in a press form of 13mm diameter and pressed to pellet. In a
typical reaction batch, a total of 0.5 g of sample was used and 10 kN pressure applied.
Lower pressure values resulted in breakage of the pellets. These procedures - i.e.
thoroughly grinding of and pressing the powder to a pellet - are helpful to obtain
homogenous mixtures and enhance the mutual diffusion of the atoms located at
boundary grains so that the solid state reaction can start and proceed fast.

In the last step, the sample pellet is placed onto the copper holder of the arc
melting device. The orientation of the pellet occurred in the way as reported for Co,B,
according to which the vertical or tilted positioned pellets yielded better crystallization
than the horizontal ones. After placement, the reaction chamber was evacuated to 2-
510" mbar and refilled with argon. This procedure is repeated several times in order to
minimize the contamination by air and moisture.

The inverter welder value was optimized to 50 ampere while the reaction took
approximately 20 to 30 seconds to the completion. This procedure was repeated for
minimum of three times to achieve an overall homogenization of the products. In order
to avoid oxidation, the system was evacuated until the copper plate - i.e. the sample -
cooled down to room temperature. Detailed experimental setup of home made arc

melting is given in chapter 6.

2) Flux Method

An alternative route for performing high temperature reactions at more moderate
temperatures is the flux method. Metal flux preparation technique is based on usage of a
low melting and high boiling “non-reactive” metal as solvent for chemical reactions.
One of the major barriers in solid state synthesis is the mutual diffusion of the atoms
located at boundary grains so that a reaction can start. High temperatures are not always
an appropriate tool to overcome this problem and very often specimens must be grinded
repeatedly to fine powders to produce “fresh grain surfaces” for reaction to occur. In

order to enhance the diffusion process in solids, molten salts or metals (i.e. fluxes) can
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be utilized as solvents. This technique is known for more than 100 years in which the
liquid may act both as solvent and reactant for intermediate species which may enhance
the formation of the final product.

There are four key criteria which must be met by a metal to be employed as flux for
reaction chemistry [15]:

1) The metal should form a melt at acceptable low temperatures so that conventional
heating equipments and crucible materials can be used,

2) The metal should reveal a broad liquid range (i.e. large difference between its
melting and boiling point)

3) The flux metal is expected to be easily removable from the final product by
dissolution, filtration etc. and/or by physical methods (e.g. mechanical separation)

4) The metal flux should not form highly stable binary phases with any of the starting
components.

The most commonly employed metal fluxes and their uses are [15]:

1) Tin Flux 1s used for binary and ternary phosphides and polyphosphides of
rare—earth and transition metals, borides, silicides and further pnictides,
binary and ternary stannides.

1) Lead Flux is used for metal rich phosphides and arsenides.

111) Aluminium Flux i1s used in the synthesis of borides, binary and ternary
aluminides and quaternary compounds.

1v) Gallium Flux is used in the synthesis of transition metal gallides.

V) Indium Flux is used in the synthesis of binary transition metal indium
compounds and rare — earth metal transition metal indides.

Vi) Lithium and Sodium Fluxes are used in the synthesis of industrially
important nitrides.

vil)  Zinc Flux is used in the synthesis of binary stannides.
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In this thesis, lead flux was applied for the first time ever for the systematic
synthesis of binary and ternary metal borides. Compared to other metal fluxes, molten
lead technique had only a limited use in the preparation of intermetallic phases, yet. The
few examples are the synthesis of polyphosphides, (e.g. MPbP14; M = Zn, Cd, Hg) and
some silicides (e.g. REMn,S1;; RE =Y, Tb, Lu). The most common synthesis route for
the transition metal containing borides is the reaction in aluminum flux with which
several binary phases, such as V,B3, Cr;B4, Cr,B3, CrB,, TasBg, TazBa, TaB,, LaBe and
LuB;4 could have successfully been prepared and characterized until now. An important
detail is, that no ternary boride has ever been isolated from molten aluminum, yet,
except for those containing Al in their chemical composition, i.e. LuAlB4, TmAIB4, etc
[15]. Thus, the introduction of lead flux into the preparation tools of - flux-free - binary
and ternary borides fills an important gap in the series of those metal fluxes with a high
potential to be used universally for the synthesis of all kinds of intermetallic
compounds.

The experimental steps followed for the metal flux syntheses are practically the
same for each composition. For this purpose, stoichiometric amounts of reacting
chemicals were grinded with an agate mortar to a fine powder. In the present study, the
metal flux method was used for two purposes: synthesis of new compounds and
obtaining qualitatively better crystals or single crystals. For both cases, the experimental
steps are practically the same. The powders of the single components or as-prepared
binary/ternary compounds were mixed with the most promising metal to form a flux.
Usually the ratio of sample to metal varies depending on the class of compound and
reaction parameters. For the metal borides in the present work, the value was optimized
to 1:10. Alumina was chosen as the most appropriate container material because other
crucible materials such as tantalum, niobium etc. might incorporate into the final
products and contaminate them. The mixture was placed into the alumina container and
the selected flux metal on the top. To minimize the interaction with air, the container
was closed with an alumina cap. The closed container was then placed into a silica tube

and subsequently transferred into a tube furnace. The reaction was performed under
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argon flow. Since the reaction temperature strongly depends on the melting temperature
of the metal flux used, the heating treatment had to be optimized for each compound. In
a typical reaction batch, the sample was heated up to 1073 K, annealed for 5h and
rapidly cooled down to room temperature. When the reaction was done, the alumina
crucible with its content was boiled in 70% hydrochloric acid (HCI) until no bubbles
were observed. The remaining powder - i.e. the final product - was washed several
times with hot distilled water for the complete removal of PbCl,. The reaction taking

place is as follows:

Pb (s) + 2HCI (aq) — PbCl, (s) + Hz (g)

Lead (II) chloride is very good soluble in hot hydrochloric acid and water. The in
HClone insoluble final product - binary or ternary metal boride of gray or metallic color
- 1s not sensitive to air and moisture. The experimental setup for metal flux reaction is

illustrated in Figure 2.5.
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Figure 2.5 Experimental setup for Metal Flux reaction a) argon gas inlet; b) gas purge;
¢) gas traps; d) Sulfuric acid bubbler
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2.3 Results and Discussion on Ternary Transition Metal
Borides

Formation of new materials is based on interaction of the chemical components.
In this sense, phase diagrams are universal source of information about multicomponent
systems. This holds for a great number of binaries, among other also borides, while the
respective ternary phase diagrams are only poorly studied. Main reason might be that
their formation requires very high temperatures. Although arc melting is the method of
choice for many of the high temperature syntheses, its application implicates some
difficulties in terms of temperature control and reaction time. Furthermore, a good
crystallization usually requires annealing, slow cooling etc. in order to achieve the
thermodynamic equilibrium. In many cases, reactions from stoichiometric ratios are not
feasible, because of the evaporation loses of some elements due to extreme high
temperatures that are formed during the arc melting process.

In this thesis, ternary systems of Ta-Co-B, Ta-Ni-B, Ta-Re-B, Nb-Re-B, Hf-Ni-
B, Ta-La-B and Re-Ni-B were studied using the arc melting technique. Except for the
Re-Ni-B system, all products were phase mixtures of ternaries with already well-known

binaries. Therefore, Re-Ni-B system was further investigated with flux method, too.

2.3.1. Ta-Co-B and Ta-Ni-B Ternary Systems

According to Inorganic Crystals Structural Database (ICSD), the only known
compound within the system of Ta-Co-B is Ta;Co,Bs. The phase was synthesized by
annealing of the as-prepared ingot - from arc melting process - for long hours.
Similarly, the only existing ternary in the Ta-Ni-B system is reported to be TaNiB,
which was obtained via annealing at high temperature (~1673 K) [17]. In the present

study, Ta-Co-B and Ta-Ni-B systems were reinvestigated by using the arc melting
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method. Figure 2.6 displays the studied stoichiometric mixtures within the ternary Ta-

Co-B system.

TaCoB 0,0
TaCo2B
TaCoB2
TaCo4B4
Ta2CoB
TaCo2B2

1,00 TaB, Co,B, Phase III

TaB, Phase 1

Ta,Co, TaB, Phase II

Co,B, Phase II, Phase III < /

TaB, Phase 1 <
TaB, Phase ] <« 0’75‘/

e, s L Y N0,00
0,00 0,25 0,50 0,75 1,00
Tantalum (Ta)

Figure 2.6 Ternary phase diagram of Ta-Co-B system

The synthesis attempts for a new Ta containing ternary boride ended up with
formation of TaB and a new phase. While tantalum excesses initialized the formation of
tantalum binaries, cobalt and boron surpluses counteracted the formation of TaB, but
yielded Co,B and a foreign phase. However, reported Ta,Co,;B¢ or a new single phase
could not be detected

Ta-Ni-B system culminated in two new phase mixtures consisting of one or
more binaries. Figure 2.7 presents the different stoichiometric ratios of the studied
samples within the Ta-Ni-B system. As for the ternary Ta-Co-B, tantalum excess
resulted in the formation of TaB with Ta surplus. Nickel excess increased the formation

of Phase I; however, boron excess ended up with formation of several binaries and
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Phase II. Nickel and boron excess resulted in TaB, Ni,B and formation of Phase II,

while a new single phase or the reported TaNiB, could not be detected.
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Figure 2.7 Ternary phase diagram of Ta-Ni-B system

Thus, the synthesis in both ternary systems failed to yield any single phased
product ever. Arc melting synthesis is a suitable method for high temperature syntheses
binaries. On the other hand, preparations aiming a ternary compound are often
accompanied by formation of highly stable binaries. Phase diagrams of possible binary
compounds were given in appendix A.3, A4 and AS. Arc melting synthesis exceeds
4000 K and in case of Ta-Co-B and Ta-Ni-B systems, upon cooling TaB is the first
compound formed (~3363 K) being a highly stable binary. Hence, both ternary systems
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nestle TaB in almost each synthesis. Different strategies were followed in order to
prevent the TaB formation in preference of a single ternary phase. Ta powder was
dissolved in NiB binary; however, the final product did not differ from the direct
reaction from the elements. In a different experiment, Tantalum wire in combination
with binary NiB was used instead of Ta powder in order to minimize its reactivity.
Formation of ternary phase was expected on the wire; however, it again ended up with
the binary TaB. To eliminate the unpleasant presence of binaries in favor of a single
ternary phase, annealing is a highly recommended tool. The tempering process will help
to achieve a better diffusion and enhance the dissolution of an additional element in the
formed binary compound so that a ternary can be generated.

The result of the arc melting studies showed that Ni and B excess supports the
formation of a new phase. On account of this information, TaNyB4 system was studied
with annealing as well at two different T, values. The lower one at 1373 K ended up
with Ni3B binary and unidentified phase, while tempering at 1773 K resulted in a single
ternary phase. Figure 2.8 compares the X-ray diagrams at 1373 K and 1773 K.
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Figure 2.8 X-ray powder diagrams of samples synthesized at 1373 K and 1773 K.

Unfortunately, due to the lack of suitable single crystals the crystal structure of

the compound could not be solved, yet.

2.3.2. Ta-Re-B and Nb-Re-B Ternary Systems

In 1971, the first ternary compound, Tas;Re;B4, was synthesized via annealing at
1673 K. It crystallizes in the tetragonal system and is a derivative of U;Si,, in which Si

is replaced by B and half of the U positions are statistically occupied by Ta and Re each
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[18]. In this thesis, instead of annealing for long hours, arc melting was the synthesis
method of choice. The formation TazRe;Bs was accompanied by a new phase. Thanks
to our systematic investigations, a new monophase compound could be obtained.
Tantalum and niobium have the same atomic radii of 1.45 A and similar
electronegativity values. Hence, one can expect, that these two elements may substitute
each other easily. Based on the given informations, the novel ternary compound should
the derivative of the ternary Ta boride with the composition NbsRe;B4. As in the case of
Tas;ResB4, it is accompanied by formation of a new foreign compound. Figure 2.9

compares the two compounds with the theoretical data.
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Figure 2.9 X-ray powder diagram compares TazRe;B4 and Nbs;Re; B4 with the
theoretical data
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2.3.3. Hf-Ni-B Ternary System

Hf-Ni-B system was first investigated in 1972 by annealing at 1673 K; however,
no results on the existence of any ternaries have been available up to now [19]. For this
purpose, Hf-Ni-B system was reinvestigated using the arc melting as preparative tool
again. Formation of a new phase was observed on the hafnium excess regions of the
phase diagram; however, a pure single phase product could not be isolated yet. Figure
2.10 depicts the constructed phase diagram for Hf-Ni-B and the compounds detected

within the ternary system.
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Figure 2.10 Hf-Ni-B ternary systems with arc melting synthesis
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HfB, formation reaches its maximum when the molar ratio of Hf/Ni/B = 1:1:1.
Even the slightest deviation from this composition resulted in formation of HfB, which
is in good accordance with its high thermodynamic stability. To obtain a ternary phase,
hatnium excess regions should be re-investigated. Also, annealing may improve the
diffusion rates and enhances the thermodynamic equilibrium. The respective X-ray

powder diagrams are represented in appendix A.7.

2.3.4. Ta-La-B Ternary System

LaBg is an air stable compound with a formation temperature of 2988 K. Phase-
pure LaBs was commercially purchased and its solid state reaction with tantalum was
investigated using the annealing method. Two different annealing programs were
performed with tempering time of 72 h at 1173 K and 1573 K, each. 1173 K was
obviously not sufficient enough for the initiation of the reaction; however, for 1573 K
the powder diagram shows the clear evidence for the formation of a new phase. Figure

2.11 displays the relevant stoichiometric mixtures and the detected compounds.
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Figure 2.11 Studied ternary system of Ta-La-B by annealing at 1573 K

Figure 2.12 displays the X-ray powder diagrams of the compounds and it is clear
that by increasing the tantalum concentration, the formation of the new phase increases
dramatically, too. Major peaks from the new phase were assigned and indicated on the
diagram. For further studies, tantalum excess regions of the phase diagram should be

investigated with the aim of the isolation of the new ternary as single phase.
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Figure 2.12 X-ray powder diagram of Ta-La-B system

2.3.5. Re-Ni-B Ternary System

Especially after the discovery of the property of superhardness for ReB,, Re
containing borides moved to the center of interest even though the abundance of this
element in nature is limited and the price high. Rhenium is known to change the
performance of the materials significantly. Ternary systems of rhenium and nickel with
other transition metals are known [20]. However, their reaction with boron has not been

investigated, yet.

In this thesis, the ternary Re-Ni-B system was studied both by employing arc
melting and flux as synthesis routes. Prior to use of lead flux, aluminum flux was also

applied. The latter resulted in formation of Al;B¢Niyy while rhenium remained
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unreacted. Figure 2.13 displays the “wonderful” crystals obtained from aluminum flux
synthesis. Although the product was obtained by accident, the method is well suitable
for the aimed synthesis Al;BgNiy.

Figure 2.13 Al;B¢Niy crystals obtained from Re-Ni-B synthesis in Aluminum flux
(20x magnifications)

Successful preparation of Re-Ni-B ternary phase was achieved with lead flux.
To exclude any contamination from lead, EDX and ICP-OES measurements were

performed. The results confirm the absence of lead in the samples (Figure 2.14).
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Figure 2.14 The result of the EDX measurements of a Re-Ni-B sample synthesized in
lead flux

Boron is difficult to detect by EDX; therefore, WDX measurements were
performed in order to calculate the approximate composition of the ternary compound.
Aluminum contribution in the EDX measurements results from the device.

Arc melting and flux syntheses yield both the same final product. Since arc
melting is less preferable for the single crystal growth, arc melting and flux techniques
were combined. The as-prepared samples from arc melting were powdered and
re-crystallized in lead flux. However, this procedure did not effect the crystallization,
markedly. Most probably, the obtained compound was already in equilibrium. Arc

melted and flux-grown samples were compared in figure 2.15.
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Figure 2.15 Comparison of the syntheses methods for the “Re-Ni-B compound” by arc

melting and lead flux

SEM images were collected from the arc melted sample. Nickel and rhenium
distributions were studied. Figure 2.16 displays 2000 pm magnification and figure 2.17

displays the nickel and rhenium distribution on the sample.

85
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Figure 2.16 SEM image of Re-Ni-B ingot
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Figure 2.17 Rhenium and nickel distribution on Re-Ni-B ingot

The Fig. 2.17 shows that the distribution of rthenium and nickel (figure 2.17) on
Re-Ni-B ingot is not homogeneous. Microstructure analyses help to interpret
inhomogeneity. These were performed with a polished sample embedded into an epoxy

resin. Optical microscope images and back-scattered electron micrographs were
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collected. Figure 2.18a, b, c display optical microscope images at different

magnifications of I mm, 100 um and 50 pm, respectively.

1mm

Figure 2.18 a) Optical microscope image of Re-Ni-B at 1 mm magnification

Polished sample is embedded into epoxy resin. Brown region belongs to epoxy

resin and shiny part belongs to Re-Ni-B compound.
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100um

Figure 2.18 b) Optical microscope image of Re-Ni-B at 100 um
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50um

Figure 2.18 c) Optical Microscope image of Re-Ni-B sample at 50 um

Grains are visible in figure 2.18 c. But, the coexistence of different phases could
be better investigated by back-scattered electron micrographs. With this technique two
different phases were detected; the one being shiny and the other one of dark color.
Figure 2.19 illustrates the optical images from those two different phases. EDXS
measurements were performed to investigate the contribution of each element to the
two phases. According to the results, the shiny phase turned out to be rhenium and dark
phase nickel rich, respectively. Figure 2.20 and figure 2.21 displays the EDXS

measurements from rhenium and nickel rich phases.
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Figure 2.19 Back-scattered electron micrograph of “Re-Ni-B” which shows the
coexistence of two different phases
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Figure 2.20 EDXS measurement from rhenium rich phase (shiny), also showing the
nickel contribution
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Figure 2.21 EDXS measurement from nickel rich phase (dark) indicating Ni as the
majority component

Rhenium rich phase was further explored with WDXS measurements. Boron is a
light weight element; therefore it is hard to detect with EDXS measurements. However,
WDXS is a good method for detecting light weight elements. Boron contribution was
confirmed with WDXS analysis from the rhenium rich phase. Figure 2.22 displays the
WDXS result for boron.
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Figure 2.22 WDXS measurement confirms the contribution of boron to the rhenium
rich phase

The composition of the compound was calculated by WDXS measurements
from ten different points and figure 2.23 shows the points where measurements have
been performed. The averaged values of the WDXS measurements were tabulated. It
should be underlined that the results give only a rough estimation and not the exact

composition of the respective sample. Table 2.2 exhibits the WDXS results from ten
different points.
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Figure 2.23 Back-scattered electron micrograph of Re-Ni-B with the points on which
the measurements were performed

Table 2.2 WDXS quantification result for Re-Ni-B from ten different points

Average Weight % NormWeight% Atomic % Dev_Wt
B 3.04 2.99 32.51 0.28
Ni 4.48 4.40 8.83 0.61
Re 94.21 92.61 58.66 0.25

From the result of the WDXS analyses showed that the rhenium rich phase has
the approximate composition of Re;oNi3B;. Based on this, the empirical formula of the
Ni-rich dark phase was calculated to ReNi ¢7Ba.

Figure 2.24 depicts the different ternary phases and their phase mixtures with binaries

within the Re-Ni-B system.



Results and Discussion on Ternary Transition Metal Borides ........................... 65

ReNiB Phase II
Re,NiB
ReSONi97BSQ
Re,NiB .,
ReNi B,
ReNiB ,
ReNi B

Re,Ni, B

200 11

ReNi B.,

ReB,, Ni,B, Phase I

Ni,B,, Phase [ <

» Phase I

ReB,, unidentified peaks <

ReB,, unidentified peaks < 0/
1o " >0,00

0,00 025 0,50 0,75 1,00 '
Rhenium (Re)

Ni,B, Re

Phase I

Phase I

Figure 2.24 Different ternaries and binaries and their phase mixtures in the ternary
phase diagram Re-Ni-B.

As future work, a systematic phase analytical study will be started aiming the
isolation of the Re and Ni rich compounds as mono-phased products. The final goal is
the determination of both the exact chemical compositions and the crystal structures of
the two target phases either by application of the Rietveld Method to X-ray powder

patterns or -when single crystals are available - by Single Crystal X-ray diffraction.
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Chapter 3

3. Rhenium Diboride (ReB,)

3.1 Introduction

The technology of today requires the usage of enduring materials, and
carbides, borides or nitrides of transition metals are highly promising solids for these
purposes. The conventional hard materials fulfill the expectations only up to a certain
limit making the syntheses of superhard and ultra-incompressible materials to an
interesting challenge for all preparative working material scientists. The mentioned
properties were first observed for the cubic diamond (70-100 GPa) which is the hardest
and most incompressible single-phase material known up to now. Conventoinally, any
material with Vickers hardness higher than 40 GPa is defined as superhard material.
After the discovery of synthetic diamond, cubic boron nitride (c-BN) yielded 45-50 GPa
and took its place as second hardest material. However, both of those materials have
some complications in industrial application. First of all, diamond is not appropriate for
high temperature (>800 °C) utilizations, turning into graphite [21,22]. Also, boron
nitride is not a good choice for iron containing materials due to the chemical dissolution
of boron in iron. Furthermore, machines which operate at high speed may even exceed
1000 °C and this requires an oxidation resistance over that value. Recently published
[Ref] refractory compound, rhenium diboride (ReB,), is a “new” promising material
which may help to overcome those problems. It has a melting temperature of 2400 °C
and is ultra-incompressible, superhard material with Vickers hardness of 55.5 GPa [23].

Ultra incompressibility of ReB; is explained by two parameters which are high
valence electron density and bond covalency. Among the transition metals, osmium has
the highest valence electron density (0.572 electrons/A’ ) and rhenium is the second with
a slightly lower value of 0.476 electrons/A>. When a boron atom migrates into the

interstitial positions, it results in shortest metal-metal bond among the known transition
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metal diborides and also the boron atoms form powerful covalent bonds. Bonding
between rhenium and boron atoms is highly directional. It is known that highly
directional covalent bonds resist elastic and plastic deformations; they suppress the
formation and movement of dislocations and makes ReB; both incompressible and
superhard. Figure 3.1 illustrates the charge density for ReB, where (Re—B) and (B—B)
bonds exhibit high directionality [24,25].

Figure 3.1 Charge density of ReB, where Re-B and B-B exhibit high directionality.

The synthesis of ReB, was inspired by the discovery of Re;B upon which the
Re-B system was reinvestigated by Placa et al. and a new tetragonal ReB, phase was
isolated. The compound was prepared by induction heating (~ 1500 ° C) of rhenium
powder with amorphous boron in helium vitrified alumina crucible whose powder

diffraction data is presented in table 3.1 [26].
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Table 3.1 Powder diffraction data: ReB,, Cu Ka, Ni filter

/1, d (A) Hkl
65 2.74 002
30 2.51 100
100 2.38 101
20 2.08 102
11 1.868 004
40 1.768 103
7 1.499 104
14 1.449 110
15 1.351 112
9 1.284 105
3 1.255 200
2 1.246 006
9 1.238 201
3 1.190 202
9 1.145 114
7 1.121 203
2 1.116 106

ReB; is also accessible via arc melting (>3000 °C) [27] and zone floating (=
1800 °C) [28]. After the discovery of the potential usage of rhenium diboride in
industry, different synthesis methods were applied to reduce the reaction temperature
and the annealing time. Recently, Levine [29] introduced the aluminum flux method in
which aluminum was employed as a solvent. For this synthesis, the reaction
temperature and the molar ratio of the reactants Re/B/Al were set as 1400 °C and
1:2:50. Compared to the two conventional methods, the reaction temperature could
significantly be reduced while the annealing time was reported to be approximately 10
hours. The main disadvantage of the flux technique in this case was the incorporation of
some the molten aluminum metal into the final product resulting in a change of its

chemical composition: ReAlyo11B1.55[29].
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In this thesis, ReB, was investigated with three different methods that make the
synthesis more feasible for industrial production. Experimental methods and reaction

optimizations were presented in ‘experimental procedures’.
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3.2 Experimental Procedure

The synthesis conditions for ReB, have been investigated using the flux method,
arc melting and microwave induced plasma. Although rhenium diboride is a well
characterized material there are still preparative problems regarding the phase purity of
the final product. The conventional preparation technique prefers the reaction at high
temperatures followed by annealing for long hours, which is energy and time
consuming.

In the presents study, two alternative synthesis methods - lead flux and microwave
induced plasma - were successfully applied both yielding phase pure ReB,. In addition,
the conditions for conventional arc melting synthesis for ReB2 were optimized with
respect to the molar ratio of the starting elements. All three preparation methods are

summarized in Figure 3.2.

Synthesis Methods

v v

Metal Flux Arc Melting Microwave Plasma

Figure 3.2 Flow diagram of the preparation methods employed for the synthesis of
rhenium diboride, ReB..

i) Metal Flux

The synthesis studies on superhard ReB, were motivated by the recently
published work entitled ‘Preparation and Properties of Metallic, Superhard Rhenium
Diboride Crystals’ [29] describing the isolation of single crystals from an aluminum

flux after annealing of the starting elements Re/B/Al (molar ratio = 1/2/50) for 10 hours
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at 1673 K. In the present study, ReB, was synthesized by using lead (Pb) flux at 1073 K

and a molar ratio Re/B/Pb: 1/2/10. The annealing time was 5 hours.

Reaction Temperature Determination

First attempt for the determination of the reaction temperature of Re and B was a
zone melting experiment in B,O3 (flux) in which the mixture was sintered at 2073 K
[28]. In 2009, a sample shrinkage (6) experiment was performed under applied 20MPa
mechanical pressure. At 963 K, sample shrinkage reveals a steep increase within a short

time (Figure 3.3) which was interpreted as the temperature of reaction.
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Figure 3.3 Temporal profile of sample shrinkage
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Based on these results, the phase transformation from Re;B;3 to ReB; occurred at
973 K which corresponds to sudden increase in shrinkage values. Powders of starting

mixtures and sample from the beginning and after the completion of shrinkage are

compared in Figure 3.4 [30].
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Figure 3.4 X-ray patterns of a) Starting powders, b) Sample at the beginning of
shrinkage, c) after the completion of shrinkage

At the proposed temperature the conversion of the starting elements to ReB, and
ResB; was registered. Comparison of figure b and c indicates that at the end of the
shrinkage, Re;B; transforms to ReB;; but not completely. The final product contains
always traces of Re;Bs.

These two experiments were performed under applied pressure but ended with
an incomplete conversion; i.e. with contaminated ReB,. Based on these findings, an
educated guess was made for the detection of reaction temperature in this thesis. Lowest
reaction temperature that can be tried was the melting point of lead which is 596 K.

After that temperature, flux starts to form. Two different temperatures were chosen: 873
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and 1073 K. Since one of the aims of the present study is the reduction of the reaction
temperature to modest values, 873 K was tried first, with the result that the powders did
not react at all. Therefore, the sample mixture was heated to 1073 K which surprisingly
ended in formation of single phase ReB,. X-ray diagrams of two different reaction
temperatures were presented and discussed in ‘results and discussion part’. The
temperature for the neat crystallization of ReB, obtained at 1073 K was used as
reference for further experiments. Prior to employment of Pb flux, Sn and NaCl fluxes
were also used, but the experiments ended without mentionable success.

Flux synthesis is a very useful method for performing high temperature syntheses at low
temperatures. However, there may be contaminations of flux metal in the final
compound which may alter its chemical and physical properties such as hardness,
resistance to corrosion etc. Therefore, ICP-AES and EDX measurements were
performed to prove that the final product is lead-free.

Experimental setup in figure 2.5 was used. A stoichiometric amount of rhenium
was mixed with amorphous boron in an agate mortar. Lead pieces were added onto the
mixture so that the final molar ratio of the components was Re:B:Pb = 1:2:10. Synthesis
was performed in an alumina crucible under argon gas. The sample was heated up to
1073 K and dwelled at this temperature for 5 h. Pb was removed by boiling with 70%

hydrochloric acid. Final product was a black colored powder, stable to air and moisture.

ii) Arc Melting

According to ‘Synthesis of Ultra-Incompressible Superhard Rhenium Diboride
at Ambient Pressure’, phase-pure ReB, synthesis is also possible with arc melting.
However, boron excess values were not given. In this study, we try to synthesize the

phase pure ReB; by optimizing the boron excess.
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Different atomic ratios of 0.5000 g of samples were prepared and mixed
thoroughly. 0.13 mm diameter pellets prepared with 10 kN force and arc melted for
minimum of 5 times for homogeneity. . In order to avoid any oxidation, the system was
evacuated until the sample was cooled down. Final product was shiny and air/moisture
stable. Characterizations of the compounds were performed with X-ray powder

diagram.

iii) Microwave Induced Plasma

Plasma refers to the fourth state of matter in which - similar to gas - a certain
portion of the particles are ionized [31]. Arc is also a type of plasma which can be
considered as thermal plasma. It operates over a wide range of pressures (0.1-100 atm)
and currents (5-2000 A) with an electron density of approximately 10"°-10"® cm™ [32].
In case of microwave induced plasmas, microwave power, electromagnetic radiation in
the frequency range of 300 MHz to 10 GHz was used. Pressure values were less than
0.1Pa to a few atmospheres and power values vary between a few W to several
hundreds of kW. Ionization degree was less than arcs which represents the non-
equilibrium plasma with high electron temperature and low gas temperature. Thus,
microwave induced plasma systems create high concentrations of chemically active
species keeping the bulk temperature as low as possible. Therefore, they allow
stimulation of chemical reactions which are not possible by conventional methods [31].

In this study and for the first time ever, the synthesis of ReB, was accomplished
by the microwave induced plasma technique. Varying molar ratios of the starting
elements were employed and hereby an unexpected phase was discovered. Two
different plasma gases were used: argon and hydrogen, but only hydrogen plasma
resulted in the successful formation of ReB,. The efficiency of these two plasma gases

in the respective reactions is discussed in ‘results and discussion part’.
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In a typical reaction batch, a total of 0.25g of the powdered mixtures of Re and
amorphous boron B (molar ratios: 1:1, 1:2, 1:4, 1:7 and 1:10) were homogenized and
pressed to pellets (p = 10 kN) and transferred into an alumina crucible. The crucible
was then placed into a silica reaction tube equipped with a gas inlet and outlet. After
evacuation to p ~ 10” mbar, the system was purged with hydrogen gas and the plasma
ignited. When the reaction was done, the silica reaction vessel was disconnected from
the vacuum pump and filled with hydrogen gas. The sample chamber was not opened
before the system was cooled down to room temperature.

The experiments were performed employing a gas flow rate of 100 sccm and
power of 1200 W for 30 min. Different power values (800 W, 900 W and 1000 W) and
reaction times (1.30 h and 1 h) were also tried, but the experiments performed at 1200

W (30 min) gave the highest yield.

iv) Ball Milling Study with ReB,

The synthesis of ReB, by ball milling has already been reported, in which the
strong exothermic reaction enthalpy of the metallothermic mixture of ReO,, B,O; and
Mg was used as the driving force [33]. Our attempts to reproduce the results failed,
however, yielding only contaminated ReB, as final product. In the present study, ball-
milling experiments were performed exclusively for the particle size reduction of the
ReB, crystallites. At the end of the ball-milling experiments, the particle size of
superhard ReB; could successfully be reduced from 1pum to 300 nm. As expected, none
of the milled samples showed any indication of thermal decomposition. The
investigations were performed with ReB, obtained from lead flux. Unmilled sample’s
particle size distribution was detected with dynamic light scattering and using Hall-

Williamson plot as well. DLS measurements and Hall-Williamson plot calculation
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resulted in similar values of 1pm and 933 nm, respectively, indicating that particle and

grain sizes are compatible.
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3.3Results and Discussion on Rhenium Diboride (ReB,)

3.3.1. ReB; with Flux Synthesis

ReB, was successfully synthesized in lead flux at 1073 K (dwell time 5 h).
Attempts at 873 K failed, very likely due to the lower solubility of elements in molten
lead with respect to liquid metal fluxes such as tin and aluminum. Figure 3.5 shows the

powder diagrams of the reactions products obtained from lead flux at 873 K and
1073 K.
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Figure 3.5 Comparison of two fluxes at different temperatures, 873 K and 1073 K
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As a future work, reaction temperatures between 873 K and 1073 K should be
performed. Lower reaction temperatures are probable for ReB; synthesis.

Flux method is really good in terms of performing high temperature synthesis at
low temperatures; however, there may be contaminations of flux metal in the final
compound which may alter its chemical and physical properties such as hardness,
resistance to corrosion etc. Therefore, ICP-OES and EDXS measurements were
performed to prove that the final product is lead-free. Based on the results of
ICP-OES measurements, the sample composition corresponds to ReBjos. The
difference of 0.02 percent is within the standard limits. Furthermore, no lead could be
detected in any of the specimens. A further confirmation came from EDXS

measurements performed for lead whose results are displayed in Figure 3.6.

keV

Figure 3.6 EDXS measurement of ReB,
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Both ICP-OES and EDXS are very sensitive analytical methods, particularly for
lead and Re. The results allow to conclude that phase-pure ReB; could be synthesized

using a lead flux for the first time and the without any contribution from lead.

3.3.2. Differential Thermal Analysis

ReB; is also an important refractory material whose thermal properties are of
general interest. Therefore, differential thermal analyses were performed to investigate
its resistance to thermal degradation. DTA measurements (Fig. 3.7) showed that
aluminum flux-grown ReB, was more resistant to thermal degradation than the one

synthesized via solid state reaction from the neat elements [29].
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Figure 3.7 Comparison of the DTA results of aluminum flux-grown ReB, (red dashed
line) and ReB; obtained from the solid state reaction (blue dashed line)
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ReB, synthesized from the straight forward reaction of the elements reveals an
exothermic peak at 873 K, while the flux-grown samples do not form any thermal
effect. In order to compare these data with our samples, differential thermal analysis of
ReB, synthesized in lead flux was performed in the temperature range of 298K to 1373
K under synthetic air. The applied heating and cooling rates were 278 K/min and figure

3.8 illustrates the result of the DTA measurement.
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Figure 3.8 DTA curve of lead flux-grown ReB; within the temperature range of to 278
to 1373 K.

DTA measurement verifies that the synthesized ReB,; is stable until 1373 K.
According to Levine et al., exothermic effect in the sample from direct synthesis results
from formation of metal oxides. However, in case of flux-grown ReB,, a part of boron
atoms are replaced by those of the flux metal. The free boron migrates to the surface of
the crystallites and form a preventive layer of B,Os protecting the compound from
thermal degradation [29]. But this explanation is not plausible, since the direct synthesis
of ReB, by arc melting requires always certain excess of boron for balancing the losses
due to evaporation. Phase diagram confirms also that surplus of boron favors the

formation ReB; (figure 3.9).
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Figure 3.9 Phase diagram of rhenium and boron

More probable origin of the exothermic effect might be the combustion of the
excess boron in the solid-state synthesized ReB,. For clarification, DTA measurements
were performed, to investigate the combustion behavior of Grade I boron (> 95%, H.C.

Starck) under atmospheric conditions (Fig. 3.10).
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Figure 3.10 DTA measurement of Grade I boron from H.C. Starck company

As can be seen from the TG curve, there is an exothermic peak at 950 K coupled
by a gain of mass. Regarding that the combustion of amorphous boron occurs
approximately at 950 K, the observed peak and the reported effect in the solid-state
synthesized ReB; are not compatible. Very likely, the thermal effect in the latter one is
caused by the contaminations in the used amorphous boron. Since, the purity grade of
the boron employed in [29] is not specified; further substantive comments are not

possible.

The results allow the conclusion that for the element synthesis via solid-state
reaction, the impurity level of boron will directly effect the final composition of the
target compound. In addition, the high temperatures enhance loss of boron due to
evaporation so that excess boron is needed for the completion of reaction. However, in
the flux method, most of the impurities are leached out by the molten metal. Therefore,
the flux method seems to be the most preferable route for preparation of pure binary and

ternary transition metal borides.
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3.3.3. Arc Melting Synthesis of ReB,

As stated before, arc melting synthesis of phase pure ReB; 1s only possible when
surplus of boron is employed. Until now no clear information was known about how
much surplus should be applied. Several experiments were performed to optimize the

boron excess. The results are illustrated in Fig. 3.11 and 3.12.
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Figure 3.11 Phase-pure ReB; synthesized via arc melting using different rhenium/boron
atomic ratios.
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Figure 3.12 X-ray diagram of ReB, obtained from arc melting (black) in comparison
with the theoretical one (red).

From Fig. 3.12, one can easily see that mixtures with molar ratios Re:B = 1:2
and 1:3 did not yield ReB,. In contrast, the samples with molar ratios of Re/B = 1:4 to
1:7 clearly indicate the formation of ReB,, probably in coexistence with excess
amorphous boron. Unfortunately, the latter, is not detectable by X-ray diffraction, so
that the exact amount of unreacted boron could not be determined. Regarding that
temperatures during arc melting process may exceed 3723 K, it is very likely that most

of the excess boron was evaporated.
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3.3.4. Microwave Induced Plasma Synthesis of ReB,

Argon and hydrogen gas plasma experiments were performed with a flow rate of
100 sccm and power of 1200 W for 30 minutes. Unfortunately, all synthesis attempts in
which argon gas plasma was used failed while experiments with hydrogen plasma

yielded ReB; and a foreign phase (Fig. 3.13).
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Figure 3.13 Comparison of the products obtained from ReB, preparation in argon and
hydrogen gas plasma.

For a deeper understanding of the question why hydrogen gas plasma was more

successful, reaction parameters were reinvestigated. The first observation was that
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plasma temperatures for the two gases differed dramatically. The temperature values
were measured in correlation with flow rate of the plasma gases using a thermocouple

placed into the plasma setup (Fig. 3.14).
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Figure 3.14 Temperature values of argon and hydrogen plasma with respect to flow
rate

The maximum temperatures obtained with hydrogen and argon plasma were ~
900 K and 700 K, respectively. It is important to note that these values are more or less
rough estimations, but they are useful and meaningful when considered that the data

represent two comparative experiments performed under equal conditions.
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3.3.5. Characterization of new phase obtained from microwave
induced plasma

According to the binary phase diagram of ReB,, boron excess should favor the
formation of rhenium diboride. However, during the microwave induced plasma
synthesis, a new phase emerged, particularly when the samples were boron rich. For
clarification, a series of specimens with excess boron were prepared and the results are
analyzed in context with those of “rhenium rich” ones. Figure 3.15 and 3.16 display the

phases investigated and the corresponding X-ray patterns, respectively.
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Figure 3.15 Results of the syntheses performed in microwave induced plasma for
different Re/B ratios.
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Figure 3.16 Formation of the new rhenium boride phase in correlation with increasing
with increasing B/Re ratios. Significant peaks of the new phase are indicated.

There are two plausible explanations for the formation of the new phase. The
first one could be the magnesium impurity present in the conventional amorphous
boron. The other reason might be due to the high reaction rates generated in the
microwave induced plasma. In the arc melting synthesis, magnesium impurities were
not a serious problem because of the extreme high operation temperatures. Magnesium
is a very volatile metal and one can assume that at 2500 K and more, no trace of
magnesium would be left in the sample. In order to verify that new phase was a binary

comprising only rhenium and boron and to exclude any Mg incorporation, the previous
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syntheses were repeated, but using amorphous boron free of magnesium instead. The

latter was prepared in our laboratories via thermal decomposition of diborane, B,He.
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Figure 3.17 Powder patterns of the new phase synthesized using Mg-free and
conventional (Mg: 0.8-1%) amorphous boron.

The results in Fig. 3.17 clearly reveal that the new phase forms with the
magnesium free amorphous boron, as well. The only difference is that specimens
prepared with Mg-free boron crystallize better. This findings are compatible with the
higher reactivity of the magnesium free boron powder, connected with comparatively
small particle size (ca. 200 nm) and the spherical morphology. The results confirm that
the new phase is a boron rich pure binary consisting of Re and B only and the formation

is not affected by the impurities contributed by the starting elements.
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Still, there is one concern left related with hydrogen plasma source as a possible
candidate enhancing the formation of the foreign phase in the microwave. To exclude
this hypothesis further investigation were necessary, for which mass spectroscopy and
DTA were used. Fig. 3.18 depicts the theoretical mass spectrum of diborane, B,Hsg,

while that of ReBg is shown in Fig. 3.18.
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Figure 3.18 Theoretical mass spectrum of diboranes
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Figure 3.19 Mass Spectrum of ReB;q.

In case of any hydrogen incorporation, the sample should decompose before
1373 K yielding hydrogen and/or diborane or higher boranes. No single effect was
detected in the mass spectrum. DTA measurement performed up to 1373 K with a
heating rate of 278 K/min, revealed an interesting and unexpected property of the new
phase. The compound is thermal stable only up to 948 K, above which a decomposition

reaction takes place yielding rhenium diboride and boron (Fig. 3.20).
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Figure 3.20 DTA measurement of new phase of Re and B.

The results explain, why the new phase has never been observed in conventional
solid state reactions. Because at low temperatures, rhenium and boron do not react at all
while at elevated temperatures the decomposition to ReB, and boron is favored. The
microwave induced plasma technique allows syntheses by maintaining the bulk
temperature as low as possible while the sample is heated gradually from inside to
outside. As a result, higher diffusion and reaction rates are obtained. X-ray diagrams

showing the thermal decomposition of new phase are presented in appendix A.1.

3.3.6. Ball Milling Study with ReB,

During the last decade nano materials moved more and more into the center of
interest due to their unique electrical, magnetic and optical properties revealing

significant differences compared to their bulk analogues. Therefore, ball milling was
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applied on ReB; powders with the purpose of reducing the grain size from micrometer

to nanoscale.

Ball milling studies introduces a considerable stress as changing their particle
sizes. Scherrer equation offers rather simple relationship between the crystallite size and
peak broadening. Size and strain broadening show different 6 dependence; therefore,
Hall-Williamson proposes more sophisticated method for separating size and strain
broadening. Equation 4.4 illustrates the Scherrer equation and equation 4.5 displays
Hall-Williamson equation. Using Hall-Williamson equation it is possible to develop a

plot which gives the size and microstrain effect [35].

B(20)= K~ Eq4.4
LcosO

where B is peak width in radians, K is the dimensionless shape factor usually 1, A is the

wavelength, 1.5405 nm for CuKa radiation, and L is the crystallite size.

FI(S)xcos(0) = 2

—~ + 4x Strainxsin(6) Eq 4.5
Size

where FW is the full width at half maximum and normally referred as FWHM. For this
study, for the sharper peaks, Lorentzian distribution is applied for peak fitting and
FWHM values were calculated according to those data. FWHM x Cos0 values were
plotted with respect to Sinf. Linear fit and standard deviation calculations are
performed with MATLAB and the programming details were given in appendix 4.7
Slope gives ‘4 x Strain’ and y-intercept gives ‘(K x A) / size’. Figure 3.21 and figure
3.22 displays Hall-Williamson plot of ReB, treated with 1000 rpm and 300 rpm at

different times, respectively.
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Figure 3.21 Hall-Williamson plot of ReB; treated at 1000 rpm at various times.
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Figure 3.22 Hall-Williamson plot of ReB; treated at 300 rpm at various times.
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Equation for each linear fit is defined as y = A*x + B where A is slope and B is
y-intercept. Calculations were performed for 1000 rpm and 300 rpm and the resulting

values were given in table 3.2 and table 3.3, respectively.

Table 3.2 Hall-Williamson values of ReB, treated with 1000 rpm.

Treatment time (min) A (slope) B (intercept) Standard Deviation
Unmilled 0.00078 0.00165 0.00023
10 0.00167 0.00374 0.00011
20 0.00210 0.00378 0.00014
30 0.00289 0.00380 0.00019
40 0.00408 0.00386 0.00027
50 0.00433 0.00423 0.00036
60 0.00487 0.00447 0.00033

Table 3.3 Hall-Williamson plot values of ReB, treated with 300 rpm.

Treatment time (min) A (slope) B (intercept) Standard Deviation
Unmilled 0.00078 0.00165 0.00023
10 0.00167 0.00378 0.00011
20 0.00282 0.00391 0.00018
30 0.00296 0.00395 0.00018
40 0.00382 0.00401 0.00024
50 0.00383 0.00406 0.00019
60 0.00468 0.00433 0.00031

Figure 3.23-24 and figure 3.25-26 show the effects of milling time on size and
strain of 1000 rpm milled sample and 300 rpm milled sample, respectively. Ball milling
process induces some strain in the specimens and increasing the milling time increases

the microstrain. On the other hand, the decrease of the particle size is associated with an
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increase of the dislocation density. Since the microstrain generally follows the features

of dislocation density, it increases as the grain size decreases.
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Figure 3.23 Variation of crystallite size of 1000 rpm treated sample as a function of
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Figure 3.24 Variation of strain of 1000 rpm treated sample as a function of milling time
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Figure 3.26 Variation of strain of 300 rpm treated sample as a function of milling time
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Particle size did not vary markedly for samples treated with 1000 rpm and 300
rpm. Smallest particle sizes obtained were 344 and 355 nm, respectively. However,
microstrain values yielded higher values when 1000 rpm was employed. It can be
concluded that 300 rpm is preferable for reducing the particle size of superhard ReB;
from 1um to 355 nm. In this study zirconium oxide ball milling equipments were used;
since the sample material is significantly harder than ZrO,, the size reduction is
expected to result primarily from the friction of ReB, particles among each other. As a
future work, different milling equipments (such as tungsten carbide) will be applied

aiming to improve the obtained particle size values of ReB,.
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Chapter 4

4. Clathrate-I Compound: KgGeyq

4.1 Introduction

Dictionary definition of clathrate means a solid compound containing molecules
enclosed within the crystal structure of the other component [36]. Clathrates are ‘cage’
compounds in which atoms or molecules are trapped into the structure of the bigger
molecule. Here, the trapped atom or molecule is called as guest and the other molecule
is called as host [37]. First published clathrate compound was a gas hydrate with the
suggested formula of CL(H,0);o [38,39]. However, after hundred years the formula
corrected as (Cl)s(H2O)46 and named as ice clathrates [40]. After a decade later, Si
clathrate was discovered with the compound of NagSise and that discovery pulled the
attention on the other group 14 elements such as C, Ge, Sn and Pb. As a consequence,
in 1969, germanium and tin clathrates were synthesized from the fusion of pure
elements with the formula of KgsGess and KsSnye respectively [41,42].

There are two types of clathrate compounds with the general formulas MgX4e
and M4Xye referred to as type-I and type-II, respectively. Here, M stands for the guest
atom and X stands for the host. Type-I clathrate compounds crystallize in a simple
cubic lattice with space group Pm3n and their structure is shown in Figure 4.1 with the

representations of building blocks, layers and unit cell [43].
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Figure 4.1 a) Building units of clathrate-I structure, the 20-atom pentagonal
dodecahedron [5'%] with 12 pentagonal faces and the tetrakaidecahedra [5'%6°] with 12
pentagonal and 2 hexagonal faces, b) Clathrate-I layer ¢) Polyhedral representation of
the clathrate-I unit cell

In recent years, there has been a growing interest for the synthesis and
characterization of new clathrate compounds due to the discovery of their
superconducting and thermoelectric properties. They nestle high thermoelectricity low
thermal conductivity which can be used for the industrial applications. Clathrate
compounds are small and they are good candidates for miniaturized semiconducting
devices [44]. Their synthesis 1S usually carried out at
650 °C and 10 mm Hg pressure over a period of one to three weeks. Such a synthesis
method is expensive and time taking for industrial scale production. In this study, we
propose a method to synthesize the type-I clathrate KgGess at low temperatures (235 K)
without any pressure application. Synthesis starts with the precursor K4Gey and liquid

ammonia is used as a solvent. K4Gey was prepared within 5 hours and the complete
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synthesis of clathrate compound took one day. Characterization of the final product was
done by X-ray powder diffraction.

In the second part of the study, microwave induced plasma technique was
applied for the synthesis of the clathrate compound with K4Gey as precursor. Clathrate
formation is confirmed together with elemental germanium as byproduct. Proposed
preparation method reduces the reaction time to 20 minutes and larger scale synthesis

seems to be possible.



Experimental Procedures for Clathrate - Compound: KgGesg ....ovvvvvvnvnnnnnn... 102

4.2 Experimental Procedure

4.2.1. Synthesis of KgGey at Low Temperatures

The motivation for this study came from the report ‘Oxidation of M,Sis (M =
Na, K) to Clathrates by HC| or H>O’. im which the well-known intermetallic
compounds NasSi; and K4Sis were oxidized by protic agents (i.e. water vapor and HCI
(g)) at 673 K to yield surprisingly the clathrate MgSiss (M = Na, K), as described in

equation 4.1.
11.5 M4Siy + 38 HCI — M;gSise + 38 MC1+ 19 H, Eq 4.1

In the present study, the experiment was modified by using K4Go and NH4Cl as
precursor and protic agent, respectively. In addition liquid ammonia introduced as
solvent which helped to reduce the reaction temperature markedly. The chemical

reaction which is expected to take place is:

46 K4Gey (sol) + 108 NH4Cl (sol) — 9 KgGeys (s) + 108 KCl1 (sol) + 54 H, (g) + 108
NH; (g) Eq4.2

The precursor, K4Gey, was synthesized from stoichiometric amounts of
elemental K and finely ground powder of Ge in welded tantalum ampoules. To exclude
any air and moisture penetration, the tantalum ampoules were placed into an outer silica
ampoule and sealed under vacuum. The sample was heated up to 750 °C within 5 h and
annealed for additional 5 h and followed by slow cooling to room temperature (25°C).
The black to dark red colored final product K4Gey is very sensitive to air and moisture

and must be handled under inert conditions, i.e. Glove box; Ar, H;O < lppm, O; <

Ippm.
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The solvent liquid ammonia is commercially available as ammonia gas containing 1-3%
water. Due to the extreme moisture sensitivity of the precursor, ammonia gas was
condensed onto metallic sodium and freshly distilled prior to use.

For the main reaction, a total of ca. 1g of the precursor and the oxidizing agent NH4Cl
were mixed in molar ratio of 1:2 and placed into a pyrex tube equipped with a vacuum
valve on top. The tube was then attached to the vacuum line and evacuated with an oil
pump until p~10> mbar. Dry ammonia gas was condensed onto (ca. 20 mL) by using
liquid nitrogen as cooling bath. The solid mixture was transferred into another dewar
vessel containing an ethanol-liquid nitrogen bath as cooling medium. The reaction tube
was connected to the vacuum line and then to the overpressure manometer consisting of
an U-tube filled with mercury. The dewar vessel with the reaction mixture was allowed
to warm up. After liquefaction at ca. -78 °C, a dark red solution was formed. The color
faded away with the start of the redox reaction at ca. - 38 °C. Hydrogen and gaseous
ammonia which evolved during the reaction were removed via mercury overpressure
manometer. After one day of total reaction time, a gray product was obtained
insensitive to air and moisture. The identification of the final product was done by X-
ray powder diffraction, indicating the coexistence of the target phase KgGess and

elemental Ge, in addition to KCl as main component.
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Figure 4.2 a) NH; inlet; b) Pyrex reaction tube was placed into liquid nitrogen-ethanol
mixture

Figure 4.3 a) Gas Purge b) Mercury bubbler
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The final product was extracted with ammonia. Contrary to K4Geo, KsGess was
not soluble in ammonia. So, the clathrate compound remained on the sintered glass and
residue was collected with ammonia at the bottom. Bottom part cut by torch and the

clean powder collected for characterization.

Figure 4.4 a) Soxhlet; b) water outlet c¢) liquid ammonia d) water inlet

The main experiment was repeated but starting from different molar ratios of the
reactants. In all cases the reaction product turned out to be a mixture of clathrate and Ge

(Fig. 4.5).
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Figure 4.5 X-ray powder diagram of the product from reaction in liquid ammonia in

comparison with calculated ones for KsGess and Ge.

4.2.2. Synthesis of KgGeys with Microwave Induced Plasma

Due to contamination by elemental Ge, the synthesis attempts for phase pure
KsGess at low temperatures was only partially successful. Since all conventional wet
and dry chemical preparation methods were already applied, an unusual synthesis route
should be favored yielding KgsGess free of Ge. The method of choice was the microwave
induced plasma technique with K4Gey as precursor, and hydrogen plasma serving as

protic agent, i.e. “H" supplier”. The results are astounding, showing a dramatic decrease
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in the formation of the byproduct germanium with respect to the target compound
KsGess. The plasma conditions applied in the syntheses and the resulting products are

summarized in Table 4.1.

Table 4.1 Power values and different treatment times and their results are presented

Power Values (W) Time (Min) Results

600 W 20 Clathrate & Germanium
600 W 40 Clathrate 1 & Germanium |
900 W 40 Clathrate & Germanium 1
1200 W 40 Only Germanium

1200 W 20 Only Germanium

According to these findings, the amount of Ge as byproduct is minimized when
a power output of 600 W was employed for 40 min. Higher power values, such as 1200
W results in a complete decomposition of the target compound KsGess. Therefore, a
reaction series was started maintaining a constant output of 600 W but varying the

reaction time until the formation of elemental germanium was minimized.

In a typical reaction batch, 0.250 g of K4Geg was placed into an alumina crucible
and transferred into a reaction tube of silica. After evacuation to p ~ 10” mbar, the
hydrogen gas purge was started (flow rate 100 sccm) and the plasma ignited using
different power outputs. The final product(s) - KsGess and Ge - are air and moisture
insensitive, can be handled under atmospheric conditions. The X-ray powder diagrams
representing the products from both K8Ge46 syntheses — i.e. via reaction in liquid

ammonia and microwave plasma - are comparatively depicted in Fig. 4.6.
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4.3 Results and Discussion on Clathrate- Compound:
KsGeys

4.3.1. Comparison of Synthesis of KgGeys with Ammonia and
Microwave Induced Plasma

The X-ray powder diagrams representing the products from both K8Ge46
syntheses — 1i.e. via reaction in liquid ammonia and microwave plasma - are

comparatively depicted in Fig. 4.6.
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Figure 4.5 Comparison of X-ray diagrams of the clathrate KsGess synthesized in
liquid ammonia and via microwave induced plasma
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The comparison of the two methods reveal, that the microwave induced plasma
technique is a much less demanding and comfortable synthesis tool allowing an easy
control on both the reactions parameters, as well as the rate of formation of the
products. Also the reaction time is very short. The only disadvantage is that the present
microwave induced plasma system is only employable for gram scales, meaning that

further studies are necessary so that its industrial application is possible.
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Chapter 5

CONCLUSION

Amorphous boron was the common component in almost all investigated
systems so that the use of high purity boron was of first priority. For this purpose, the
commercially purchased amorphous boron (85.6 wt%) containing a magnesium
impurity of 12% was exposed to chlorine gas at elevated temperatures (1073 K). At the
end of this treatment the purity value of boron could be increased up to 97.6% while the
magnesium content was reduced below 0.8 %. This product served as the boron source
in all experiments.

The main thesis consists of three separated parts. The first one is focused on
synthesis and characterization of transition metal borides in the ternary Ta-Co-B, Ta-
Ni-B, Ta-Re-B, Nb-Re-B, Hf-Ni-B, Ta-La-B and Re-Ni-B. The employed preparation
technique was the solid state high temperate reactions performed in a home-made arc
melting furnace. Characterization and identification of the obtained phases was done by
X-ray powder diffraction and chemical analyses. In case of Nb-Re-B system, niobium
successfully substituted the tantalum atoms of TazRe;B4 and a novel ternary compound
was synthesized with the composition of NbsRe;B4. Except for the Re-Ni-B system, all
products were phase mixtures of ternaries with already well-known binaries. A novel
ternary compound was isolated with the nominal composition Re:Ni:B = 1:1:1. Optical
micrographs confirmed that new “phase” comprised two different ternary borides, the
shiny one being Re and the dark one Ni-rich, respectively. The analysis of the rhenium
rich phase was performed with WDXS vyielding an approximate composition of
ReyoN13B;;. Based on this, the empirical formula of the Ni-rich dark phase was
calculated to ReNig¢7B4. Re:Ni:B = 1:1:1 could also be synthesized using the lead flux

method explained below.
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Technology requires the usage of enduring materials and ReB; is one of them,
due to its superhardness - second hardest compound after diamond - and refractory
properties. There are only few works published on the syntheses of ReB, and they are
usually performed via solid state reaction of the elements at high temperatures and/or
pressure coupled by long annealing time.

In this thesis, ReB, was prepared using two novel synthesis routes: from reaction
of the elements in molten metal (flux) and via microwave induced plasma method. The
application of metal flux as medium for chemical reactions is quite old. The classical
examples are molten aluminum and tin while the use of lead as flux was restricted
exclusively to growth of single crystals, up to now. The synthesis of rhenium diboride
in the present study is the first time ever, in which lead flux is applied as preparative
tool. For this purpose the stoichiometric mixture of the starting elements were annealed
in molten lead (molar ratio Re:B:flux Metal = 1:2:10; alumina crucible) for 5h at 1073
K, which is the lowest reaction temperature recorded for ReB,, yet. Molten aluminum
(1673 K, dwell time: 12h) has previously been employed as flux for the same purpose,
but yielding only the ternary ReAlyo;1B1ss. Beside the quite moderate reaction
temperatures, synthesis in lead flux has the advantage of having comparatively short
reaction time and most of all the obtained product is phase pure, free of lead. The latter
was verified by a series of ICP-OES and EDXS measurements clearly proving that no
lead was incorporated into target compound ReB,. Based on the results from ICP-OES
and wet chemical analyses, the empirical formula was calculated to ReB; 9s. The minor
deviation with respect to the theoretical composition (ReB,) is tolerable and lies within
the range of standard errors.

The microwave induced plasma technique is the second novel preparative
method introduced in this study to investigate the formation of ReB, under
unconventional conditions, which is the plasma state. For the main reaction, a
homogenous mixture of the educts (molar ratio Re:B = 1:2) was exposed to two
different plasma gases - argon and hydrogen — at different flow rates and power output.

The approximate temperature of the plasma gas was measured with a thermocouple
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inserted the silica reaction chamber. The maximum temperatures detected for the
hydrogen and argon plasma were 990 K and 700 K, respectively. The significant
differences in the plasma temperatures are in good accordance with the experimental
results indicating the successful formation of ReB; took place only in hydrogen plasma,
while the educts in Ar plasma remained unreacted. The maxiumum yield was achieved
when hydrogen plasma with a power value of 1200 W and the reaction time of 30 min
were employed. The phase analysis of the final products was performed by the X-ray
powder diffraction method revealing that the formation of ReB, was accompanied by a
foreign phase. Mass spectroscopic measurements exclude hydrogen as possible
contamination source. The results of the resynthesis experiments but using amorphous
boron free of Mg, proved that the formation of the new phase was due to an “intrinsic”
reaction between rhenium and boron and not initialized by the impurities in the used
amorphous B, containing 0.8% Mg as main impurity. DTA measurements confirmed
that foreign phase is boron-rich decomposing surprisingly at 948 K to yield ReB, and
elemental boron. The latter findings give also a plausible explanation why the new
phase has never been mentioned in previous reports. Very likely, annealing process and
high temperatures are responsible for the complete thermal decomposition while the
conditions in the plasma - i.e. reactive hydrogen species and moderate temperatures -
favored the unexpected formation of the foreign compound.

The conventional synthesis method for most of the binary and ternary transition
metal borides - including ReB, - is the high temperature solid state reaction in arc
melting furnace followed by long annealing time. However, there has been no report
available yet, mentioning the effect the initial molar ratios of the reactants and
particularly that of boron on the phase purity of the target product. That is interesting,
since it is known that almost all conventional prepared ReB, samples are contaminated
by at least one foreign phase of unknown composition. For this purpose, a systematic
phase analytical study was started in which the correlation between boron excess and

the chemical composition of ReB; was investigated. The results show that starting from
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molar ratios of Re:B = 1:4 to 1:7 yield the best output with respect to phase purity of
ReB;

The clathrates are known for more than 100 years. The discovery of their
unusual superconducting and thermoelectric properties in the last decade, however,
moved this class of compounds in center of growing industrial interest. Their synthesis
usually occurs at high temperatures connected with long annealing time which is not
feasible for large scale industrial production. For this purpose two new preparative
routes were worked out and applied on the model clathrate-1 compound KsGess. The
low temperature method implies the mild oxidation of the well-known precursor K4Gey
with NH4ClI in liquid ammonia as solvent at -38 °C. and ammonia condensation. In the
alternative microwave induced plasma technique, KisGey was again employed as
precursor while hydrogen plasma acted as protic agent. In both cases, the formation of
the final product was accompanied by the presence of elemental germanium. Hydrogen
plasma was the “method of choice” giving the highest yield of clathrate compound and

the lowest value for the byproduct elemental germanium.
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Chapter 6

EXPERIMENTAL METHODS and THEORETICAL
CONCEPTS

6.1 Introductory Remarks

The studied systems were sensitive to impurities in amorphous boron; therefore, a
systematic study was performed to purify the purchased amorphous boron which was
synthesized with metallo-thermal reaction (Mg impurity). Magnesium impurity was
removed by treating with chlorine. Moreover, for the arc melting synthesis home-made
arc melting furnace was built and optimized. Those two things are really important in

this thesis; therefore, they were studied thoroughly.

i) Purification of Amorphous Boron

There are several ways for synthesizing the elemental boron such as reduction of
boron halides with hydrogen, pyrolysis of boron halides and hydrides etc. However,
metallo-thermal method (Moissan) is the main commercial production technique. Boron
used in this thesis was supplied from H.C. Starck and Pavezyum Company. H.C. Starck
boron is used for the comparison, but mainly boron from Pavezyum is used in the
syntheses. Boron was synthesized according to Moissan method. Boron-oxygen
compounds reduced with magnesium powder or turnings. For the complete conversion
to borates, excess B,O3; was required. Reactions are given in equation 6.1.

B,0; + 3Mg —> 2B + 3MgO
2B,0s5 + 3Mg —> 2B + Mg3(BO3)2

4B,0; + 3Mg — 2B + 3Mg(BO,), Eq 6.1
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Borates and oxides are removed with acid treatment. However, MgB,, MgB4
and MgB, remained in the final product and MgB,O, is also reported as the main
impurity sideproduct [47].

Boron with 86 % purity was supplied from Pavezyum. From the X-ray powder
diagram, MgB, was determined as the main purity. However, since MgB,Oy, is
amorphous, there is no information about its contamination. Boron and magnesium
contents were analyzed with titration method. Boron was dissolved in dilute (10 %)
nitric acid and heated up to 353 K until a clear solution is obtained. Boron is converted
to boric acid and titrated with 0.1 M NaOH. Optimization of titration methods were
performed with boric acid solution with the known concentration. According to those
optimizations, the pH value should be 6.5 and mannitol should be used to convert the
weak acid into strong acid for better end point detection. Magnesium was titrated with
EDTA. Boron content determined as 85.6%, afterwards, it was treated with chlorine gas
in order to remove magnesium from the system. 85.6 % boron was placed into tube
furnace within aluminum oxide crucible. Argon gas purged until the system heated up
to the desired temperature. When the aimed temperature was obtained, argon gas purge
stopped and chlorine gas purged for a specified time. Until system cools down to room
temperature, argon gas purge was carried. Product was washed with 10% HCI acid.
System was heated up to 373 K because anhydrous magnesium chloride dissolves better
when heated. The procedure has been described in US3001855.However, optimization
results were not given. We performed several experiments to optimize the system.

Optimization results are given in Figure 6.1.
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Figure 6.3 Boron amount optimization (923 K, 20 min, 400 ml/min)

100
98
%
94

92

Boron (%)

90

88 []

Time (min)

Figure 6.4 Time optimization (923 K, 400 ml/min, 5g)

The best result for boron content of 5 g sample was obtained at 923 K with a

flow rate of 400 ml/min and 20 minute reaction time. X-ray diagram in figure 6.5
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compares the 86% amorphous boron with MgB;, and it also illustrates the boron after

chlorine treatment. For the rest of the experiments, purified boron was used.
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Figure 6.5 Chlorine treated sample and untreated sample were compared with MgB,

During the arc melting synthesis and microwave induced plasma synthesis, new
phases were detected. In order to be sure of new phases are not coming from boron
impurity (magnesium), amorphous boron was cleaned as much as possible.
Furthermore, amorphous boron was synthesized with another method which does not
yield magnesium impurity and obtained new phases checked again.

In the second method, amorphous boron was obtained with the pyrolysis of

diborane which was reported as a good method for the synthesis of high purity
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amorphous boron. It is a promising method for the synthesis of 99% purity boron.
However, at low temperatures (~523 K) yield of those reactions are decreased with the
formation of higher boranes [48]. Equation 6.2 gives the higher boranes formed during

the synthesis .

BH; + B,Hg <> B3;Ho

BH; + BsHy <> 2B,Hg

2B;3;Hgy <> 3B,Hg

BsHy — B3;H; + H;

BH; + BsH; «> B4Hj

B,Hs+ BsH7 <> BH; + B4H;p <> BsH;; + H; Eq6.2
First, diborane was synthesized with ball milling. Afterwards, it was

decomposed to diborane at 353 K and successively to amorphous boron at 1123 K.

Equation 6.3 gives the reactions [49].

ZnCl, + 2NaBH4 — Zn(BH4), + NaCl
ZI’I(BH4)2 — BoHg + Zn + H,
B2H6 —> 2B + 3H2 Eq 6.3

With the proposed method, amorphous boron was synthesized without
magnesium impurity. Syntheses performed with microwave induced plasma and arc

melting were compared by using both types of amorphous boron.
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ii) Arc Melting Furnace

Centorr vacuum industries 55A/38042-A arc melting furnace motivated the
design of home-made arc melting furnace. Centorr arc melting furnace consists of a
resistor box, a power supply and a set of water cooled power cables to bring power and
water to the furnace. Its operating temperature is greater than 3723 K [50]. Figure 6.6
demonstrates the Centorr arc melting furnace placed into glove box in Max-Planck

institute, Dresden.

Figure 6.6 Centorr arc melting furnace placed into glove box.

Following the Centorr arc melting furnace, simple system was built. This
furnace contains a silica cover which allows the observation of process, a power supply,
a copper hearth and water cooling system. Figure 6.7 displays the home-made arc

melting furnace.
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Figure 6.7 Home-made arc melting furnace a) copper hearth b) Vacuum oil-pump c)
water inlet pipe d) water outlet pipe ¢) argon gas inlet f) power supply g) pedal h)
tungsten electrode

Copper hearth was placed onto a stand which was connected to water cooling
pipes. Water cooling pipes were made from teflon which stands until 600 K. Copper
hearth was cooled during the reaction to prevent any damage on the copper and
improving the cooling of the system. Sample was pressed into pellets at 10 kN and
placed onto the copper hearth. Silica top was sealed with a ring and sealing was further
improved with vacuum oil. Silica top part was equipped with a swivel ball in which

carries the tungsten electrode. This allows angular movement. Since the system could
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not be placed into the glove box, air and moisture were eliminated from the system by
purging with an oil pump. It was vacuumed to 10™ mbar and then filled with argon gas.

Arc ampere was detected by several experiments.

Table 6.1 Optimization of Arc ampere

Arc ampere Observation

60 A Tungsten electrode starts melting
50 A Arc generates without any problem
40 A Hard to generate arc

According to the studies of Ponomarev, stability of the growth process strongly
depends on the geometric positions of the ingot. Any deviation from axial symmetry or
from horizontal position enhances the crystallization rate during arc melting processing.
Crystallization growth rate can be detected by attaching a video camera and calculating
the velocity of crystallization or it can also be detected by investigating the X-ray
diagrams of same samples which were synthesized at two different positions, horizontal
and tilted. Co,B pellets were prepared and one of them was placed horizontally onto the
copper hearth and the other one was placed as tilted onto the copper hearth. Figure 6.8

displays the X-ray diagram of horizontal and tilted samples.
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Figure 6.8 X-ray diagrams of horizontal and tilted pellets

Crystallization value was determined by comparing the intensity differences.
Simply by looking at the peak at 20 value of 32.887°, it can be concluded that the
sample better crystallized at the tilted position. The peak intensities of horizontal and
tilted ones are 6244 and 6637, respectively. For a better investigation, Lorentzian
distributions were performed for both of the X-ray diagrams for estimating the full
width at half maximum (FWHM). FWHM values of horizontal and tilted samples were
0.11897 and 0.09626, respectively. Those results are compatible with the expected
results because as the peak intensity increases without any peak broadening, FWHM

values decreases. Same experiments repeated several times and similar results obtained.
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For the further arc melting syntheses, 50 A as arc ampere and tilted pellet

position were adopted.

Syntheses of transition metal borides and clathrate compounds are very susceptible
and they need a special care during the syntheses. The chemicals should be of high
purity and the composition should be exact. For the clathrate compounds, any oxygen or
moisture contact or contamination may lead to another compound or decomposition of
them. Therefore, in order to eliminate moisture each and every glass container and
preparatory apparatus (such as valves, stoppers etc) were dried in a hot air sterilizer
laboratory oven which is at 393 K for minimum of 2 hours. Oxygen and moisture were
reduced by antechamber operation. All the equipment and chemicals were evacuated for
minimum of 30 minutes before transferring them into the glove box. The oxygen and
water level of the glove box were controlled by monitoring the oxygen and water level
in parts per million with minimum threshold set at < 0.1 ppm for both O, and H,O.
Argon gas was used to obtain inert atmosphere in the box and its excess pressure was

set to 2 mbar.

6.2 Materials and Chemicals Used, Sources and Quality

All educts, except boron, were highly pure chemicals and commercially purchased.
There are only a few companies who produce boron with high purity (such as H.C.
Starck) and due to the preparation of amorphous boron, final product is accompanied

with magnesium impurity. Their specifications are given in table 6.2.

Table 6.2 Specifications of commercially available amorphous boron (H.C Starck)

Amorphous Boron Magnesium
Grade 1 > =95 wt% <=0.80 %
Grade 11 > =90 wt% <=6.0%

Grade II1 >=86 wt % <=12.0%
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For this study, 85.6 wt% pure amorphous boron is purchased from Pavezyum
Company in Turkey. Impurity of amorphous boron comes from MgB, and from the
sub-oxides of boron such as B¢O, B;0. Purchased boron is treated with chlorine gas and
its purity is raised to 97.6 % and magnesium impurity is lowered to 0.8 %. Remaining
impurity belongs to sub-oxides. Details of experimental procedure are given in section

6.1. Reaction takes place is given in equation 6.4.

MgB; (s) + 2 Cl(g) A > MgCl, (s) + B (s) Eq6.4

For Ta-Ni-B ternary system Tantalum wires with 0.8 mm in diameter were used.
Every annealing in the study was performed in Ta ampoules with 8mm in diameter. For
hafnium ternary system, hafnium purchased in sponge form and was grinded with
tungsten carbide mortar. Table 6.3 gives an overview of the chemicals utilized in the

study, including their sources and purity grades.

Table 6.3 Chemicals used and their specifications

Elements Atomic  Melting Physical Company Purity
Weight Point State %
(g/mol) °O)

Tantalum 180.9478 2996 powder ChemPur 99.9
(Ta) Ampoule Chempur
Nickel 58.693 1453 powder Alfa 99.9
(Ni) Aesar
Cobalt 58.9332 1495 Powder ChemPur Alfa
(Co) Aesar
Rhenium 186.207 3186 Powder ChemPur 99.9
(Re)

Niobium 92.9064 2477 Powder ChemPur 99.9
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(Nb)
Hafnium 178.4900 2233 Powder =~ ChemPur 99.9
(Hf)
Boron 10.8110 2076 Pavezyum 86

(B)

COMPOUNDS

Lanthanum hexaboride 203.7800 2210 ChemPur 99.9
(LaBe)

Calcium hexaboride 104.9400 2235 ChemPur 99.9
(CaBy)

6.3 Experimental Methods

6.3.1. Glove Box

Clathrate part of this study is highly sensitive to air and moisture and therefore, it
requires a consistent and reliable inert atmosphere for the proper results. For those
purposes, glove boxes are the most suitable devices. Those are sealed containers that
provide the desired inert atmosphere. They have a transparent shield that one can see
inside and two gloves are mounted onto that shield, so one can work placing their hands
into it without causing any air interruption. Interference of oxygen and moisture during
the transfer of used equipment and chemicals are controlled by at least one evocable
antechamber. The proper evacuation requires minimum of 30 minutes. After
evacuation, for an appropriate transfer the chamber is filled with an inert gas such as
Argon or Nitrogen. Gas circulation is maintained by standard inert gas system
(MBRAUN) and the inert gas continuously circulates between the glove box and the
gas purification chamber. The free air at 283K contains 209000 ppm of oxygen and
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12100 ppm of moisture and in a glove box, the standard values reported for both
oxygen and moisture are less than 1 ppm. Glove boxes are equipped with an automatic
regeneration system that keeps up the capabilities of the oxygen and moisture filters. A
finely divided metal in our case an amorphous copper is used for the oxygen removal.
While the column is heated, hydrogen/ argon mixture or hydrogen/nitrogen mixture is
passed through the column and the excess oxygen is removed through that operation.
Since a molecular sieve may absorb water up to 22 % of its own weight, they are used
as well for removal of water through absorption.

For the experiments performed at Ko¢ University, VAC OMNI-LAB glove box
with a high purity of nitrogen atmosphere was used. For the experiments performed at
Max Planck Institute in Dresden, MBRAUN glove box with a high purity of argon

atmosphere was used. Figure 6.9 shows a standard glove box system [50].

antechamber

Figure 6.9 VAC-OMNI model glove box system

6.3.2. Arc Melting

Arc melting furnace was used for the syntheses of many high temperature transition
metal borides and as well as for sealing of Ta ampoules that are used as a container for
the reacting materials. Centorr vacuum industries SSA/38042-A [51]arc melting device

is placed into the glove box which has a cooling system with copper hearts of various
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sizes and tungsten electrodes. The furnace chamber can be evacuated and it is also filled
with argon gas during the synthesis. Even though compact matter is preferred for the
syntheses by pressing into pallets at various pressures, many of the syntheses still
require high temperatures. For that purpose, arc melting system gives the opportunity
that many commercial furnaces cannot and it can even exceed its operating temperature
to 3773 K. Figure 6.10 shows the arc melting system in Max Plack institute. However,
here in Kog¢ University, we built up a new arc melting system which was discussed in

section 6.1.

Figure 6.10 Centorr vacuum industries arc melting system

6.3.3. Vacuum Line

A part of the study requires a clean and inert system. Vacuum line is a glassware
equipment which supplies the reduced atmosphere. System has several ports and two
lines. It is also equipped with an oil vacuum pump and a cold trap. ‘Trap’ was cooled
down with liquid nitrogen and it helped to protect the pump from aggressive gases and
liquids. Oil pump with the trap drew pressure down to 10™ mbar. It was also connected

to a mercury bubbler for gas release.
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Vacuum line was used for the Type-I clathrate compound synthesis and sealing
of the soxhlets. Liquid ammonia was condensed onto the mixture and whole reaction
took place at the vacuum line which was described with details in Experimental 3.10.

For sealing of the soxhlets, the required pressure was between 6x107-2x107
mbar which took approximately half an hour. After the evacuation of the vacuum line,
soxhlet was connected to the vacuum line through one of the valves. In order to prevent
the recrystallization of glass/quartz neck of the soxhlet, it was wiped with ethanol or

acetone. Propane gas torch was used for sealing of the soxhlets.

Figure 6.11 Vacuum line
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Figure 6.12 Sealed Soxhlet

6.3.4. High Temperature Annealing in Sealed ampoules and
Silica tubes

Clathrate compounds were further protected from the air contamination by
sealing the tantalum containers into silica tubes with a diameter of 40 mm, a length of
500 mm and a wall thickness of 1.5 mm. Figure 6.13 shows the prepared ampoules.

Afterwards, reaction tubes were placed into vertical ovens for proper heat treatment.
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Figure 6.13 Tantalum ampoule sealed into Silica tube and it was protected with glass
wool from both sides.

After the reaction completed, sealed ampoules were transferred into the glove
box and opened by breaking the silica. Then tantalum ampoule cut into pieces and

sample was collected.

6.4 Materials Characterization Techniques

6.4.1. X-Ray Powder Diffraction Techniques

6.4.2. Theory

X-ray crystallography dates back to 1912, to the discovery of the diffraction of
X-rays by crystals. With that discovery experimental determination of crystal structure
became possible. X-ray techniques can be divided into two classes: single crystal and
powder. For a good crystal structure determination, well formed single crystals should
be used. Powder diffraction is not preferable for structure determination because it only
gives limited amount of reflections. However, if the structure is not too complex or it is
not possible to obtain single crystals, then powder diffraction can be used for
characterization [52].

Furthermore, X-ray diffraction method can be used to determine quantitative
phase analysis with the comparison of peak intensities, unit cell lattice parameter by
indexing peak positions, microstrain and crystallite size by examining the peak
broadening [53].

Before going into the details of X-ray theory, some concepts should be defined

such as lattice, unit cell and crystal systems. A crystal is solid object with a basic
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pattern of atoms. Those atoms repeat themselves within all three dimensions. There are
three vectors describing those translations in space and their total operation forms the
lattice. Smallest repeating volume of the lattice forms the unit cell and symmetry
operations on the lattice forms the crystal systems. Possible considerations give seven

crystal systems with varying restrictions that are shown in table 6.4 [54].

Table 6.4 Crystal systems with their restrictions

Restriction in cell edges Cell angles
Triclinic None None
Monoclinic None a=y=90°
Orthorhombic None a=p=y=90°
Tetragonal a= a=p=y=90°
Trigonal, hexagonal a= a=p=90°, y=120°
Cubic a=b=c a=p=y=90°

X-rays generated by using a sealed tube. A flat plate of pure metal is used as
anode and with a voltage source of 30-60 kV beam of electrons are generated in cathode
and focused onto the anode. During transportation, electrons hit the target material and
their kinetic energy turns into a characteristic radiation. By changing the anode
material, emitted x-ray can be changed. For x-ray diffraction, K, radiation is normally
employed and in order to eliminate the radiations from lower wavelengths such as Kz
suitable filter is used [54]. Table 6.5 shows the five common anode materials and the

suitable filters [55].

Table 6.5 Common anode sources with suitable filters.

Metal Wavelength (A) B Filter

Ko K2 Kjs
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Cr 2.28975 2.293652 2.08491 \Y

Fe 1.93608 1.94002 1.75664 Mn

Co 1.78900 1.79289 1.62082 Fe

Cu 1.54059 1.54441 1.39225 Ni

Mo 0.70931 0.71361 0.63230 Nb, Zr

Generated x-ray beam hits the sample and then it is diffracted with an angle 0
determined by the distance between the planes. Interatomic planes are represented with
Miller indices and they are parallel to each other. All planes will be observed with the
beam and each type of plane will occur at its characteristic diffraction angle. By
changing the experimental angle 20, all possible diffraction peaks will be obtained.

Bragg’s Law presents a simple way of understanding and predicting diffraction

phenomena.
A C
Ineident x rays Diffracied x rays
A’ A A c?
A
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Atomic-scale crystal lattice planes

Figure 6.14 Geometric representation of Bragg’s Law
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A = 2dy sinOh Eq 6.5 [356]

X-ray diffraction phenomenon is based on Bragg’s law where n is an integer, A is
the wavelength of the x-ray, d is the interplanar spacing and 0 is the diffraction angle. In
that formula, 2djx sinBpy 1s the difference of the paths of a pair of waves before and
after reflection from neighboring parallel planes and nA is the constructive interference

observed with the order of reflection of n [57].

6.4.3. Rietveld Method

Rietveld Method is used for quantitative phase analysis by developing a
calculated full pattern. In order to perform the Rietveld method approximate crystal
structure should be known. It uses neutron powder diffraction data and it takes the
difference between the observed and the calculated intensities at every step and
minimizes. The minimized quantity is the conventional least squares residual which was

given in equation 6.6.
R =3 wj [lo- L | Eq 6.6

where Ij,) and I are the intensities observed and calculated, respectively. w; is the
weight. Although Rietveld method is a powerful technique for structure determination,
it is experience dependent. The quality of the powder diagram and the ability of the user
on refinement sequence is highly important. The Rietveld refinement is performed with

the WinCSD program [57].

6.4.3.1. Experimental
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In this thesis, two different types of compounds were studied. Clathrate types of
compounds are highly air and moisture sensitive. Therefore, their preparations were
performed in glove box. Transition metal borides are stable in air and moisture. For
both type, compounds were finely ground. Air sensitive ones were sandwiched between
two Polyimide (Kapton) films and for the air stable ones Mylar films were used. Both
films were placed onto aluminum ring holders. Prior to placing them into rings, silicon
oil was smeared on the periphery of the rings and inside the films as well. This is also
help to seal it further from the air and it prevents the powder from moving during the
measurement. Second protecting film was placed onto them and films were stretched
and squeezed into the ring.

HUBER G670 diffractometer with a germanium monochromator was used for x-ray
diffraction analysis. CuKa, radition with the wavelength of 1.5405929 A was preferred.
The data is collected between the angle range of 5°<20<100° with 0.005° increments.

Further data manipulations were performed with STOE WinXPOW software.

6.5 Energy/Wavelength Dispersive X-ray Fluorescence
Analysis

6.5.1. Theory

X-ray fluorescence spectroscopy is widely used to identify elements in a
substance. Furthermore, it is also used for quantifying the amounts of elements present
in the sample at the ppm level with a great precision. The system is basically based on
determining the characteristic wavelength or energy of the element. The quantification
is performed by measuring the intensity of element’s characteristic emission. There are
two widely used fluorescence techniques: Energy dispersive X-ray and Wavelength

dispersive X-ray.
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Both of methods typically utilize activity in the first three electron orbitals
which are K, L and M lines. When high energy primary X-ray photons are emitted from
the source, they go and strike the sample. Those photons have enough energy to knock
electrons out of the innermost orbitals (K or L), subsequently, they will form unstable
ions. For gaining the stability back, an electron from outer most orbital, L or M, will
move into the vacant position. While that electron moves from outer orbital to the inner
one, it will emit an energy which is known as the secondary X-ray photon. That
secondary X-ray produced is characteristic to each specific element. As a consequence,
fluorescence will form and the energy of the emitted fluorescent X-ray photon will be
determined by having the difference in energies between the initial and final orbitals

[58,59]. Figure 6.15 illustrates how fluorescence forms [60].

Kshell L shell

e L shell S
K shell — e~ @ Atomic Nucleus
p- —-— 5 |
§ < \\ I'I { [ ™ \ || = Electron
Xrsyor || (@) | ||Kelecren|| o (@) 4 |
Photon T8,/ L7 AR " ]| & Acceptor
\ Sl WG y
e Characteristie. -
— Xray . M shell

M shell

Figure 6.15 Fluorescence generation

Energy and wavelength relation is described with the equation 6.7 where h is the
Planck’s constant; c is the velocity of light and A is the characteristic wavelength.

E=hc/ A Eq 6.7

Energy dispersive X-ray analysis and wavelength dispersive X-ray analysis are

very similar to each other, except the detectors of them. EDXS detects the characteristic

energies of elements. Its X-ray sensitive detector is equipped with liquid nitrogen dewar

for cooling and most common detectors are made of Si (Li) crystals. Detectors absorb

the energy of incoming x-rays by ionization; as a consequence free electrons are formed

in the crystal which also makes it conductive. An electrical charge bias is obtained.

Those electrical pulses correspond to characteristic X-rays of the elements [61].
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WDXS works in the similar way with EDXS. WDXS system uses a crystal for
dispersing the X-ray. Most commonly gas proportional counters are used in such
systems. X-ray photon ionizes a gas atom and formed electron moves toward the body,
consequently a pulse which is proportional to the energy of the incident photon is
formed. WDXS performs the measurement in terms wavelength and EDXS performs
the measurement in terms energy. Compared to EDXS, WDXS system is more
advantages in terms of higher spectral resolution especially in longer wavelength or in
low energy region. Furthermore, it has the ability of measuring ultralight elements
down to boron and beryllium. On the other, it provides more complex system and it

requires high power X-ray source [62].

6.5.2. Experimental

EDXS and WDXS microstructure analyses were performed by embedding a
piece of sample into epoxy resin substrate which increases the surface conductivity.

Figure 6.16 shows an example of sample embedded into epoxy resin [63].

Figure 6.16 Sample embedded into epoxy resin for WDXS or EDXS measurement
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Prepared sample was polished with different micron sized diamond powders in
paraffin. Philips XL 30 SEM with integrated EDXS spectrometer and Cameca SX 100
WDX spectrometers were used for the measurements. Data handling was performed
with EDAX software and the optical microscope images were collected with Light

Optical Polarization Microscope from Zeiss Axio Plan 2.

6.6 Thermal Analysis Techniques

Thermal analysis methods measure the changes in physical or chemical
properties of a substance and this is constructed as a function of temperature. This
definition also contains the methods that measure the changes in weight and in energy
as well. There are several types for thermal analysis and those are thermochemical
analysis (TMA), thermogravimetry (TG), differential thermal analysis (DTA),
differential scanning calorimetry (DSC) and evolved gas analysis (EGA). However, this

study mainly concentrates on the thermogravimetry and differential thermal analysis.

6.6.1. Theory

Thermogravimetry is based on the precision balance with linear rise of
temperature with time. In other words, changes in weight are recorded as a function of
temperature or time [64]. There is also another option which is the derivative
thermogravimetric (DTG) curve. In this method, it takes the first derivative of
thermogravimetric curve with respect to temperature or time. Figure 6.17 shows a

typical thermogravimetric curve [65].
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Figure 6.17 Typical thermogravimetric curve

There are several applications of thermogravimetric method.
1. Determination of purity and thermal stability of both primary and secondary
standards
2. Investigation of drying temperatures
3. Determination of the composition of alloys and mixtures.

In differential thermal analysis (DTA), temperature is measured with respect to a
reference usually alumina. Controlled heating or cooling program is applied and the
difference between the sample and reference material is recorded with respect to
temperature. Therefore, endothermic and exothermic changes will be observed in the
graph. Physical changes usually yields endothermic curves and chemical reactions yield
exothermic reactions [64]. Figure 6.18 shows an apparatus for conventional DTA and

figure 6.19 shows a typical curve for DTA [65,66].



Chapter 6: Experimental Methods and Theoretical Concepts ..............ccoeeeininen. 140

Thermocouples

Figure 6.18 Apparatus for conventional DTA

Melting

Glass Transition

Cold
Crystallization

Ex0.«— AT _ Endo.

Measured Sample
Temperature

Time

Figure 6.19 Schematic illustration of DTA curve

6.6.2. Experimental Method

NETZSCH STA 449 instrument in which heating is possible from room temperature
to 1100 °C was used for the DTA/TG measurements. In clathrate compounds,
measurements were performed to obtain the reaction temperatures by applying a
heating/cooling rate of 10 °C /min. Once the final temperature of heating cycle was
completed, the cooling process was immediately begun without further preservation
time at that temperature. For the transition metal borides, the instrument was not
sufficient to use for the detection of melting. Their melting point is much higher than
1100 °C. However, measurements were used to further prove the absence of binary.
Furthermore, it was also used to prove that they are stable until 1100 °C which is a

desirable property in industry.
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Samples were ground finely in order to obtain a homogenous temperature through
the whole sample. Air sensitive samples were prepared in glove box. All samples were
measured in aluminum oxide crucibles. Approximately 10 mg of samples were prepared
and proper weighing was also obtained for TG measurements. 150 ml/min argon gas
flow was preferred for air sensitive ones. For the stability check, transition metal boride
measurements were performed under synthetic air. After each measurement, X-ray
powder diffraction analysis was applied in order to determine the type of products

formed during the heat treatment.

6.7 Hardness Measurements

6.7.1. Theory / Measurement

Hardness is defined as resistance of a material to a permanent deformation.
Deformation contains the indentation, scratching, cutting or bending. Plastic
deformation of the surface is used for the hardness analysis of metals, ceramics and
most polymers. On the other hand, elastic deformation is used for the elastomers and
some polymers. Since there is no single definition for hardness, it is usually considered
as the combination of yield strength, work hardening, tensile strength, modulus and
other factors. There are different tests for the measurement of hardness. Mohr hardness,
Brinell hardness, Rockwell hardness, Scleroscope and Rebound hardness, Durameter
hardness, Barcol Hardness and Vickers and Knoop Microhardness are some of them. In
this study, Vickers Microhardness measurements were performed. For those
measurements, arc melted samples were cut into two for obtaining a flat surface and
then surface is polished. A small diamond pyramid is dipped into the sample under
loads. Only difference in Vickers microhardness measurement from Knoop
microhardness measurement is the shape of the diamond pyramid. In Vickers

microhardness test, square pyramidal indenter is used. On the other hand, in Knoop
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microhardness test rhombic-based pyramidal indenter is used. Diagonals of impressions
were measured and those values were used to obtain hardness number [67]. Figure 6.20
shows the hardness measurement results of ReB, under applied load [68].
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Figure 6.20 Hardness of ReB; plotted as a function of applied load

6.8 Mass Spectroscopy

6.8.1. Theory

Heating process usually involves formation of gases due to decomposition or
desorption. Mass spectroscopy is a powerful technique for identifying those unknown
compounds. Mass spectroscopy is based upon the separation of the rapidly moving ions.
Mass to charge ratios (m/z) of those ions affects that motion. Figure 6.21 represents the

block diagram of mass spectrometer.
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Figure 6.21 Mass spectrometer block diagram
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In the inlet part, sample is transferred into the vacuum part and source region

ionizes the neutral sample molecules. lonized molecules are accelerated into the

analyzer with a help of an electric field. Using mass to charge ratio, ions are separated

and then detected. Analysis part is the most important part of mass spectroscopy. Each

analyzer has very different operating characteristics.

Usually mass spectrometers are named in terms of their filters and the one used

in the analyses are quadrupole. This type of mass spectrometer is one of the most

common mass analyzer. Their sizes are compact and scan rates are fast. The quadrupole

analyzer consists of four rods and those rods are arranged as configured in figure 6.22.
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Figure 6.22 Quadrupole mass analyzer

Specified mass to charge ratio is detected with a radio frequency. Voltages
applied to the electrodes and those voltages produce oscillating electric field which
functions as a filter to the transmitted molecule. By selecting a suitable radio frequency
and potential, ions are separated from each other [69].

Sample preparation characterization was performed with ThermoStar™ GSD
301 T. First sample was placed into DTA/TG instrument and argon gas flow was
adjusted to 100 ml/min. Ion currents of the selected mass channels were recorded with

respect to time.



Chapter 6: Experimental Methods and Theoretical Concepts ..............ccoeeeininen. 145

6.9 Inductively Coupled Plasma

6.9.1. Theory

Inductively coupled plasma (radiofrequency) is one the most common plasma
source. It contains three glass tubes of a plasma torch. Each glass tube is equipped with
a plasma and coolant. Outermost glass tube is cover with a coil of copper and power
input to the system is supplied with that copper coil. Controllable energy source which
allows the proper energy needed to excite all elements without appreciable ionization is
required. ICP-OES optical emission spectroscopy utilizes plasma excitation source.
Argon gas is used in order to obtain plasma in the system. After atoms gain energy from
collisions, they start emitting light of a characteristic wavelength. Careful grating of the
system enables quantitative characterization. Schematic presentation of ICP is given in

figure 6.23 [70].
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Figure 6.23 Schematic representation of inductively coupled plasma
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6.9.2. Sample Preparation

Since ICP-OES system is a very sensitive system; therefore, every equipment
used in the measurement is cleaned thoroughly and dried at 383 K. A standard method
was formed for the quantification of the analyses. Therefore, ICP-OES standards were
purchased and different concentrations of those solutions were prepared. For the
characterization of ReB; and Re-Ni-B compounds, samples were dissolved in 10%
HNOj; and then diluted to 50 ml. Results obtained from analyses was sensitive in ppm

level.
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Figure A. 1 Comparison of X-ray diagram Re/B at different atomic ratios in microwave
induced plasma
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x = [0.206637 0.307952 0.325005 0.371074 0.437209]1";

o
b

represents the sin theta values in radians.

y [0.0054633 0.0054228 0.0055268 0.0067394 0.0062244]1";

o)

% y represents FWHM values multiplied with cos theta. Both of them in
radians.

%equations given below are used to check the curve fit with
overdetermined system.




% C [x ones(size(x))];

5 r = [yl;

% DetC = det (C); %$%%% SEE IF IT IS NONZERO

% %$%%% TO HAVE A UNIQUE SOLUTION!
S u = C\r;

% m = u(l)

% b = u(2)

% XX = linspace(x(1l)-1,x(end)+1,1001);

5 vy = m*xx+tb;

% figure (5)

o

plot(x,y,'ro', xx,yy,'b-', 'linewidth',?2)
xlabel ('x'), ylabel('y'), grid on
legend ('Given data', 'Exact polynomial fit',O0)

o

o

% %%% Curve fit by using OVERDETERMINED SYSTEM OF EQUATIONS
C = [xXx ones(size(x))];

a = (C'"*C)\(C'*y);

A = a(l);

B = a(2);

xxd = linspace(x(l),x(end),1001);

yyd = A.*xxd + B;

% plot (xxd,yyd, 'r-', 'linewidth',1)

u=std(yyd)
A
B

Figure A. 2 MATLAB programming used for Hall-Williamson Plot
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Figure A.6 Phase diagram of La-B
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Figure A.7 Comparison of X-ray diagram of Hf-Ni-B compounds
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