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DEVELOPMENT AND CHARACTERIZATION OF HIGH ENTROPY
(HfTiZrMn/Cr)B; BASED CERAMICS

SUMMARY

Materials are divided into four groups: metals/alloys, ceramics, polymers and
composites. Materials science includes the study of the physical, mechanical, thermal,
chemical and many other properties of materials and the development of new
materials. Advanced ceramic materials, including transition metal borides, carbides
and nitrides, have attracted attention in recent years compared to traditional ceramics.
Transition metal borides are characterized by a high melting point, high strength, high
hardness, high wear and corrosion resistance, good thermal shock resistance, high
chemical and thermal stability and high transmission stability. Thanks to all these
superior properties, transition metal borides can be used as catalysts, refractory parts,
sensors in high resolution detectors, decorative coatings, abrasive materials, coatings
on cathodes, neutron absorption materials, sanding and polishing processes and in the
aerospace industry, defense industry and nuclear technology. Various methods have
been used to synthesize transition metal borides until today. The thermal plasma
method, self-propagating high-temperature = synthesis, metallothermic or
carbothermic/borothermic reduction, autoclave synthesis, molten salt electrolysis and
solid-state synthesis methods are the main ones. Another method used in the synthesis
of metal borides, different from the methods mentioned, is the mechanochemical
synthesis process, which has been used for other material groups for the last 20 years
and is still being developed. Mechanochemical synthesis is a powder metallurgy
production method that allows for the production of composite metal powders with
small crystal grains and controlled microstructures at room temperature, using a cold
welding-fracturing-rewelding mechanism and starting from easily accessible raw
materials, as opposed to high reaction temperature production methods.

In recent years, it has been necessary to develop new materials to meet the needs of
many sectors, such as medicine, biomedicine, energy, aerospace technologies,
automotive and electronics. High-entropy alloys (HEA) are one of the materials
developed to meet these needs. Traditional alloying includes combining two or more
elements. In high-entropy alloys, four or more elements are combined in equimolar
ratios. Contrary to expectations, solid-solutions are formed instead of intermetallic
compounds. In this way, HEAs have a single-phase structure even though they contain
more than one element. Although there are many elements in the structure, high-
entropy alloys mostly have body-centered cubic or face-centered cubic crystal
structures. Recent studies have shown that such alloys may also have a hexagonal
close-packed structure. Along with solid-solutions, high-entropy alloys also show four
different core effects. The high-entropy effect explains its relationship with
thermodynamic properties. The sluggish diffusion effect explains the kinetic state. The
severe-lattice distortion effect represents both the crystal structure and the formation
of mechanical properties. The effect of all the elements added to the alloy is examined
under the cocktail effect. High-entropy alloys have high thermal and chemical
resistance, good wear, oxidation and corrosion resistance, and mechanical properties
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such as high hardness, fracture toughness, and strength due to the elements in the alloy,
the solid-solutions formed, and the four core effects. Thanks to its superior properties,
it is used in the nuclear industry, shipping, the production of refractory materials, the
aerospace industry, and cutting tool tips. Many methods are preferred in the production
of high-entropy alloys, but arc melting, mechanical alloying, pressureless sintering and
pressure sintering are the most common ones.

The production of high-entropy ceramics, which is a new class based on high-entropy
alloys, is a subject that has been studied in recent years. High-entropy ceramics include
oxides, borides, carbides, nitrides and silicides. The idea of producing high-entropy
metal borides, which is considered a new type of high-entropy materials and a new
class of ultra-high-temperature ceramics, also has been emerged in 2016. High-entropy
diboride ceramics have a P6/mmm space group and a hexagonal close-packed
structure. In this structure, there are metal-boron, boron-boron and metal-metal bonds.
It 1s characterized by superior properties as it contains metallic, ionic and covalent
bonds together. High-entropy metal borides have the combination of superior
properties of ceramics, such as low density, excellent high temperature strength, high
hardness and strength, high wear and corrosion resistances and specific physical
(optical, electrical and magnetic) properties. Due to these superior properties, it can be
used in aviation, the solar and nuclear energy sectors, cutting edges and
microelectronic systems. Many methods are used in the synthesis of high-entropy
metal boride ceramics, a material group that has attracted attention recently due to its
high thermal stability, improved mechanical properties, high oxidation resistance, and
radiation damage tolerance. Mechanical alloying, boro/carbothermal reduction, self-
propagating high-temperature synthesis, pressureless sintering, pressure sintering like
spark plasma sintering or hot pressing are the main ones. In cases where a single-phase
high-entropy diboride structure cannot be obtained, two consequent methods can be
used. Mechanical alloying is a powder metallurgical production method and has the
advantages of being carried out at room temperature, using cheap starting materials
and inexpensive equipment. In the spark plasma sintering method, single-phase
structure can be obtained with high temperature and high pressure.

Within the scope of this study, HfB2, TiB2, ZrB2, TaB, Mn boride, Cr boride, Mo
boride and W boride powders were synthesized by a mechanochemical route and
purified by leaching in the lab-scale using the optimum conditions. Boride powders
synthesized without any by-products were synthesized from optimum ones. The
reproduced powders were blended in an equimolar ratio of consisting three to eight
components. The three-component (Hf033T10.33Zr0.33)B2 medium-entropy alloy was
chosen as the main alloy. The selected composition was first synthesized in a planetary
ball mill for 30 h, 60 h or 100 h at ball-to-powder weight ratios of 10:1, 20:1 and 30:1.
Then, the same composition was milled in a high-energy ball mill at a ball-to-powder
weight ratio of 10:1 for 6 h, 10 h, 15 h and 20 h. In the high-energy ball mill, a ball-
to-powder weight ratio of 10:1 and a milling time of 6 h were chosen as the optimum
conditions. All prepared compositions were synthesized under optimum situation. For
the characterization of powder samples, X-ray diffractometry, particle size
measurement and density measurement with pycnometer were performed. Single-
phase high-entropy diboride could not be obtained after mechanical alloying. The
highest  density  was observed at 7.1379 + 0.0057 g/em?
(Hfo.142T10.142Z10.142Mn0.142Cr0.142Wo.142 Tao.142)B2 composition, while the lowest
density was observed in the (T10.25Zr0.25Mno.25Cro.25)B2 compositions at 4.9708 + 0.005
g/em’.
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A single phase high-entropy structure was synthesized by spark plasma sintering after
milling. In addition, low intensity (Hf, Zr) oxide phases were observed. Again,
secondary phases with low intensity were formed in five different compositions. X-
ray diffractometer, scanning electron microscope/energy dispersive spectrometer,
hardness measurement with the Vickers method, dry-sliding wear test and density
measurement with the Archimedes method were used for characterization of sintered
samples. The composition (Hfo.125T10.125Zr0.125Mno0.125Cro.125M00.125Wo.125 Tao.125)B2
has the highest density value of 7.4794 £ 0.0065 g/cm®, while the composition
(Tio.25Zr0.25Mno.25Cro.25)B2 has the lowest density value of 4.7517 = 0.0015 g/cm?®.
When all samples were examined, the hardness values ranged from 17.08 £ 2.32 GPa
to 26.74 + 1.85 GPa. The average hardness value of all samples was calculated at about
24 GPa. (Hfo.125T10.125Zr0.12sMn0.125Cro.12sM00.125s Wo.125Ta0.125) B2 has the lowest wear
resistance and (Hfo.166T10.166Z1r0.166Mno.166Cro.166M00.166)B2 has the highest wear
resistance.
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YUKSEK ENTROPI (HfTiZrMn/Cr)B; BAZLI SERAMIKLERIN
GELISTIRILMESI VE KARAKTERIZASYONU

OZET

Malzemeler metaller/alagimlar, seramikler, polimerler ve kompozitler olmak iizere
dort gruba ayrilmaktadir. Malzeme bilimi malzemelere ait fiziksel, mekanik, termal,
kimyasal ve diger pekcok oOzelligin incelenmesini ve yeni malzemelerin
gelistirilmesini kapsamaktadir. Gegis metal boriir, karbiir ve nitriirlerini de i¢eren ileri
teknoloji seramik malzemeler, 6zellikle son yillarda geleneksel seramiklere gore
oldukca yogun ilgi gérmektedir. Gegis metal bortirleri, yiiksek ergime noktasi, yiiksek
dayanim, yiiksek sertlik, yiiksek asinma ve korozyon direnci, iyi termal sok dayanimi,
yiiksek kimyasal ve termal kararlilik, yiiksek iletim kararlilig1 ile karakterize edilirler.
Tiim bu istiin 6zellikleri sayesinde gegis metal bortirleri katalizorler olarak, refrakter
pargalar olarak, yiiksek coziimlemeli dedektorlerde sensorler olarak, dekoratif
kaplama olarak, asindirici malzeme olarak, katodlarda kaplama olarak, ndétron
absorplama malzemesi olarak, zimpara ve parlatma proseslerinde, havacilik
endiistrisinde, savunma sanayasinde ve niikleer teknoloji alaninda kullanilmaktadir.
Bugiine kadar gec¢is metal boriirlerinin sentezlenmesinde c¢esitli yontemler
kullanilmistir. Termal plazma yontemi, kendiliginden ilerleyen yiiksek sicaklik yanma
sentezi, karbotermik/borotermik/metalotermik rediiksiyon, otoklavda sentezleme,
ergimis tuz elektrolizi ve kati-hal sentezleme yontemleri bunlardan baglicalaridir.
Belirtilen yontemlerden farkli olarak metal boriir sentezlenmesinde kullanilan bir
baska yontem ise, son 20 yildir bagska malzeme gruplar1 i¢in kullanilmakta ve halen
gelistirilmekte olan mekanokimyasal sentezleme prosesidir. Mekanokimyasal
sentezleme, yiiksek reaksiyon sicakligi gerektiren iiretim yontemlerinden farkli olarak,
kolay ulasilabilir hammaddelerden yola ¢ikarak, kiiciik kristal tanelere ve kontrollii
mikroyapilara sahip kompozit metal tozlarini, tekrarli kirma-6giitme-kaynaklama
mekanizmasina dayanarak oda sicakliginda sentezlemeye imkan taniyan toz
metalurjisi tiretim yontemidir.

Son yillarda tip, biyomedikal, enerji, havacilik uzay teknolojileri, otomotiv, elektronik
gibi pek ¢ok sektoriin ihtiyaclarini karsilamak igin yeni malzemeler gelistirilmesi
gerekmektedir. Yiiksek entropili alasimlar (YEA) da bu ihtiyaclar1 karsilamaya
yonelik gelistirilmis malzemelerden biridir. Geleneksel alagimlama, iki veya daha
fazla elementin bir araya getirilmesidir. Yiiksek entropi alagimlarinda ise esmolar
oranlarda dort veya daha fazla element bir araya getirilmektedir. Beklenenin aksine
intermetalik bilesiklerin yerine kati ¢ozeltiler olusmaktadir. Bu sayede, birden ¢ok
element icermesine ragmen YEAlar tek fazli yapiya sahiptir. Yapida bir¢cok element
bulunmasina ragmen, yliksek entropi alasimlar1 cogunlukla hacim merkezli kiibik veya
yiizey merkezli kiibik kristal yapilarina sahiptir. Son yillarda yapilan ¢alismalar bu tiir
alasimlarin ayrica hegzagonal siki paket yapisina da sahip olabilecegini
gostermektedir. Kat1 ¢ozeltilerle beraber, yiiksek entropi alagimlarinda dort farkli
cekirdek etkisi de olusmaktadir. Yiiksek entropi etkisi, termodinamik 6zelliklerle
iligkisini ifade etmektedir. Yavas difiizyon etkisi, kinetik durumu agiklamaktadir.
Kafes bozunmasi etkisi, hem kristal yapiyr hem de mekanik 6zelliklerin olusumunu
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temsil etmektedir. Alasima katilan tiim elementlerin etkisi ise kokteyl etkisi altinda
incelenmektedir. Alasima katilan elementlerin, olusan kati ¢ozeltilerin ve dort
cekirdek etkisinin sayesinde, yiiksek entropi alagimlari; yiiksek termal ve kimyasal
dayaniklilik, yiiksek sertlik, kirilma toklugu, dayanim gibi mekaniksel 6zellikler, iyi
asinma, oksidasyon ve korozyon direnci gibi dzelliklerle karakterize edilir. Ustiin
ozellikleri sayesinde, niikleer sanayide, gemicilikte, refrakter malzemelerin
tiretiminde, havacilik ve uzay endiistrisinde, kesici takim uglarinda kullanilmaktadir.
Yiiksek entropi alagimlarinin iiretiminde bir¢ok yontem tercih edilmektedir, fakat ark
ergitme, mekanik alagimlama, basingsiz sinterleme ve basingli sinterleme yontemleri
en ¢ok kullanilan methodlardir.

Yiiksek entropili alagimlarimi temel alan yeni bir smif olan yiiksek entropili
seramiklerin liretimi ise son yillarda ¢alisilmakta olan bir konudur. Yiiksek entropili
seramikler, oksitleri, boriirleri, karbiirleri, nitriirleri ve silisidleri icermektedir. Yiiksek
entropi malzemelerinin yeni tipi olarak ve ultra-yiiksek sicaklik seramiklerinin yeni
bir sinifi olarak kabul edilen yiiksek entropi metal bortirlerin iiretilmesi fikri de 2016
yilinda ortaya ¢ikmistir. Yiiksek entropi boriir seramikleri, P6/mmm uzay grubuna ve
hegzagonal siki paket yapisina sahiptir. Bu yapinin igerisinde metal-bor, bor-bor ve
metal-metal baglar1 bulunmaktadir. Metalik, iyonik ve kovalent baglar1 bir arada
icerdigi i¢in ustiin Ozellikler ile karakterize edilmektedir. Yiiksek entropi metal
boriirler, seramiklerin diisiik yogunluk, miikemmel yiiksek sicaklik mukavemeti,
yiiksek sertlik ve dayanim, yiiksek asinma ve korozyon direnci, spesifik fiziksel (optik,
elektriksel ve manyetik) 6zellikler gibi iistiin 6zelliklerinin kombinasyonuna sahiptir.
Bu istiin ozelliklerinden dolayr havacilikta, giines enerjisi ve niikleer enerji
sektorlerinde, kesici uglarda ve mikroelektronik sistemlerde kullanilabilmektedir.
Yiiksek termal kararlilik, gelismis mekanik 6zellikler, yiiksek oksidasyon direnci,
radyasyon hasari toleransi nedeniyle son zamanlarda dikkat ¢eken bir malzeme grubu
olan yiiksek entropi metal boriir seramiklerinin sentezlenmesinde bir¢ok yontem
kullanilmaktadir. Mekanik alagimlama, boro/karbotermal indirgeme ile sentezleme,
kendiliginden ilerleyen yliksek sicaklik yanma sentezi, basingsiz sinterleme, spark
plasma sinterleme veya sicak presleme gibi basingl sisterleme yontemleri bunlardan
baslicalaridir. Tek fazli yiiksek entropi boriir yapisinin elde edilemedigi durumlarda
birbirini takip eden iki yontem kullanilabilir. Mekanik alasimlama, toz metalurjisi ile
tiretim yontemidir ve oda sicakliginda gerceklesme, ucuz baslangic malzemeleri ve
ucuz ekipmanlar kullanma gibi avantajlara sahiptir. Spark plazma sinterleme
yonteminde ise yiiksek sicaklik ve yiiksek basing ile tek fazli yapr elde
edilebilmektedir.

Bu caligma kapsaminda ilk olarak belirlenen optimum kosullar iizerinden laboratuvar
ortaminda HfB:2, TiB2, ZrB2, TaB, Mn boriir, Cr boriir, Mo boriir, W boriir tozlar1
mekanokimyasal yontem ile sentezlenmis ve li¢ islemi ile saflastirilmistir. Herhangi
bir yan {iiriin icermeden sentezlenen borilir tozlar1 optimum kosullar iizerinden
cogaltilmistir. Cogaltilan tozlar {i¢ bilesenden sekiz bilesene kadar esmolar oranda
harmanlanmustir. Ug bilesenli (Hfo.33Ti0.33Zr0.33)B2 orta-entropi alagimi ana alasim
olarak secilmistir. Secilen kompozisyon, dncelikle gezegen tipi bilyal1 6giitliciide 30
saat, 60 sa veya 100 sa boyunca, 10:1, 20:1 ve 30:1 bilya-toz agirlik oranlarinda
sentezlenmistir. Daha sonra ayn1 kompozisyon yiiksek enerjili bilyal1 degirmende 10:1
bilya-toz agirlik oraninda 6 sa, 10 sa, 15 sa ve 20 sa boyunca ogutiilmiistiir. Yiiksek
enerjili bilyali degirmende bilya-toz oran1 10:1 ve 6 saatlik 6giitme siiresi optimum
kosul olarak sec¢ilmistir. Hazirlanan tiim yiliksek entropi boriir kompozisyonlar
optimum kosul iizerinden sentezlenmistir. Toz numunelerin karakterizasyonu i¢in X-
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1sinlant difraktometresi, partikiil boyut dl¢iimii ve piknometre ile yogunluk ol¢tiimii
yapilmistir. Mekanik alagimlama sonrasinda tek fazli yiiksek entropi boriir yapisi elde
edilememistir. En yiiksek toz yogunlugu 7.1379 + 0.0057 g/cm® ile
(Hfo.142T10.142Z10.142Mno.142Cr0.1420Wo.142 Tao.142)B2 bilesiminde gdzlenirken en diisiik
toz yogunlugu ise 4.9708 + 0.005 g/cm? ile (Tio.25Zr0.25Mno.25Cro.25)B2 bilesiminde
gbzlenmektedir.

Spark plazma sinterleme ile tek fazli yiiksek entropi yapisi sentezlenmistir. Ayrica,
diisiik siddette (Hf, Zr) oksit fazlar1 goriilmiistiir. Yine bes farkli kompozisyonda
diisiik siddete sahip ikincil fazlar olusmustur. X-isinlar1 difraktometresi, taramali
elektron mikroskobu/enerji dagilim spektroskopisi, Vickers yontemi ile sertlik
Ol¢iimii, asinma testleri ve Arsimed yontemi ile yogunluk Ol¢iimii sinterlenen
numunelerin karakterizasyonu i¢in uygulanmistir. En yiiksek yogunluk degeri 7.4794
+ 0.0065 g/em® ile (Hfo.125Ti0.125Zr0.12sMno.125Cro.12sM00.125Wo.125  Tao.125)B2
bilesiminde, en diisiik yogunluk degeri ise 4.7517 + 0.0015 g/cm® ile
(Ti0.25Zr0.2sMno.25Cro.25)B2 bilesiminde goriilmiistiir. Tiim numuneler incelendiginde,
sertlik degerleri 26.74 = 1.85 GPa ile 17.08 £ 2.32 GPa arasinda degismektedir. Tiim
numunelerin ortalama sertlik degeri yaklasik 24 GPa olarak hesaplanmigtir. Asinma
direnci en diisiik bilesim (Hfo.125T10.125Zr0.12sMn0.125Cro0.12sM00.12s Wo.125 Tao.125)B2’dir;
en yiiksek bilesim ise (Hfo.166T10.166Z10.166Mno.166Cro.166M00.166) B2’ dir.
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1. INTRODUCTION

Advanced ceramics are frequently preferred due to their superior properties in different
applications. Transition metal borides, carbides and nitrides, which are belong to
advanced ceramics, draw attention with their outstanding characteristics. Transition
metal borides, on the other hand, stand out with their characteristics such as high
melting temperature, high temperature strength, good electrical conductivity and high
hardness and strength. With their superior properties, they are used in many areas like
cutting tools and refractory parts. Self-propagating high-temperature synthesis (SHS),
carbothermic/borothermic/metallothermic reduction and mechanochemical synthesis
(MCS) are some of the methods of synthesizing transition metal borides. The MCS
process is a powder metallurgy synthesis method. Production takes place at room
temperature in the presence of a reducing agent, with no need for an initial temperature.

MCS has become increasingly popular in recent years.

Materials have continued to be developed in recent years using alloying, which can
combine two classes of materials to form different composites. Today, alloying, as
claimed, forms the basis of materials science and metallurgy. In traditional alloying,
basically two elements come together and the main element creates the properties of
composites. On the other hand, the need for alloys with superior properties has
increased. Therefore, traditional alloys have been developed with more than two
elements. In 2004, a new term has been defined as high-entropy alloys (HEA).
Simultaneously, “multicomponent alloys” has been defined in the same year. HEA
simply refers to the alloys formed by combining four or more elements in an equimolar
ratio (between 5 % and 35 %). Contrary to the Gibbs phase rule, high-entropy alloys
have a single phase structure even though they contain more than one element. This is
explained by four different core effects, independent of the Gibbs rule. Contrary to
expectations, solid-solutions are formed instead of intermetallic phases, which allows
a single-phase structure to be obtained. However, when solid-solutions occur, all four
core effects, namely high-entropy, sluggish diffusion, severe-lattice distortion and

cocktail effects are combined in HEA. The high-entropy effect is associated with



thermodynamic properties; the sluggish diffusion effect explains the kinetics; the
severe-lattice distortion effect is mostly identified with both structure and mechanical
properties; the cocktail effect defines the combination properties of all alloying
elements in the composition. Due to these core effects, HEAs have superior properties:
high thermal stability (high melting point), outstanding mechanical properties (high
hardness, strength and fracture toughness), good oxidation, corrosion and wear
resistance. These features provide many areas of use, from shipping to nuclear power
plants, from cutting blades to aircraft materials. Although there are many elements in
the structure, HEAs only have face-centered cubic, body-centered cubic or sometimes

hexagonal close-packed (HCP) crystal structures.

The development of high-entropy alloys continues with high-entropy ceramics. Firstly,
high-entropy oxide composition has been synthesized in 2015. Then high-entropy
ceramics continued as carbides, borides, sulfides, silicides and nitrides. In 2016, a new
high-entropy ceramic has been explained as high-entropy diborides. The two primary
criteria in the formation of high-entropy are enthalpy of mixing and atomic size
difference. However, when it comes to HEB ceramics, these two effects are
insufficient to explain, so lattice constant differences are used. Unlike HEAs, HEB
ceramics have an AlB: type, a P6/mmm space group and hexagonal close-packed
crystal structure. HEBs only show this structure. Inside the HCP structure, there are
metal-boron, metal-metal and boron-boron layers; thus, the structure includes ionic,
covalent and metallic bonds at the same time. With this combining of the bonds, HEB
ceramics exhibit outstanding characteristics like high melting point, very high
hardness and strength, good wear and corrosion resistance and excellent chemical
stability. HEBs are highly resistant to extreme environmental conditions due to these
properties, so they are used in many fields. Many production methods have been
developed for HEBs. Mechanical alloying (MA), boro-carbothermal reduction
(BCTR) and pressure sintering (spark plasma sintering, hot pressing) are the most
common routes. Basically, in the MA process, the synthesis process can be carried out
at room temperature. Single-phase structure cannot be obtained with the MA or BCTR
methods, so a second method is needed. Here, pressure sintering methods are often
preferred. Single-phase is obtained with the effect of pressure and high temperature.
Today, studies for the development of high-entropy borides continue using different

compositions, production methods and starting materials. The synthesis and



reproduction of metal borides used as starting materials under laboratory conditions

are almost nonexistent when previous studies are examined. Again, there are no studies

on HEB ceramics containing Mn-B phase. This study aims to show the possibility of

synthesizing high-entropy (HfTiZrMn/Cr)B2 based ceramics via high-energy ball

milling assisted spark plasma sintering (SPS). During this production, metal boride

powders synthesized under laboratory conditions were used as starting materials.

Detailed physical, microstructure and mechanical characterization of high-entropy

boride ceramics has been completed.

This study includes the following steps:

First of all, metal borides (HfB2, TiB2, ZrB2, TaB, Mn-B, Cr-B, W-B and MoB)
were produced by mechanochemical synthesis from metal oxides, native boron

oxides and magnesium as a reducing agent under optimum conditions.

The synthesized metal borides were hybridized by mixing equimolar ratios of
three components to eight. Meanwhile, the (Hf0.33T10.33Zr0.33)B2 composition
was chosen as the main component considering the superior properties of each

individual metal boride.

The main component was milled in both planetary ball milling and high-energy
ball milling (HEBM) for varying durations and ball-to-powder weight ratios.
After that, BPR of 10:1 and 6 h milling were chosen as the optimum conditions
in HEBM.

All compounds were synthesized under optimum conditions. However, single-

phase structure could not be obtained.

After high-energy ball milling, powders were sintered with spark plasma

sintering method at 2000°C and under 30 MPa.

X-ray diffractometer, density measurement with a pycnometer and particle size
analyzer were used for powder characterization. On the other hand, X-ray
diffractometry, scanning electron microscopy/energy dispersive spectroscopy,
density measurement with Archimedes’ method and mechanical tests (Vickers
hardness and dry-sliding wear tests) were performed for sintered specimen

characterization.






2. LITERATURE REVIEW

2.1 Metal Boride Powders

The development of human history since ancient times began with the discovery of
pure metals such as gold and copper. Today, numerous types of materials such as
ceramics, composites, metals and polymers are used (Murty et al, 2014). These four
different material groups continue to develop within themselves. For example,
ceramics are classified into two groups: traditional ceramics and advanced ceramics.
The first one is made up of inorganic solids like clay, silica and feldspar. Glass,
porcelain and tiles are some examples of traditional ceramics. The second one is made
up of metallic and non-metallic elements like B, O, C and N. Advanced ceramics are
also called as engineering ceramics, high-technology ceramics, high-performance
ceramics. In recent years, advanced ceramics have started to be widely preferred over
traditional ceramics due to their higher mechanical properties, high thermal stability,
high density and good thermal conductivity. Moreover, advanced ceramics outperform
in terms of quality and offer new applications that traditional ones do not. Several
methods are used for preparing ceramic components, like casting, solid-state reactions,
sol-gel technique, pressure sintering routes, presureless sintering and chemical vapor
deposition. AION, SizNs, B4C, Al2O3 and silica are the most common examples of
advanced ceramics. Except these, transition metal borides, carbides, silicides, oxides
and nitrides are subgroups (Otitoju et al, 2020). Among these, transition metal borides
attract attention with their different crystal structures and superior properties
(Agaogullar1 et al, 2012a). Borides have a very large group of compounds. Metal
borides have been the subject of numerous studies throughout history. In this part of
the thesis, the crystal structures, characteristics, usage areas and production methods

of metal borides will be explained with the support of the literature studies.

2.1.1 Crystal structures and phase diagrams of metal borides

Metal borides constitute a class of materials with wide application fields and different
physical properties. The various physical ones are due to the variety of crystal

structures of each boride compound. It can be said that metal borides have several



crystal structures for varying metal-boron ratios. In this thesis, eight different metal
borides were synthesized with multi-phase. The crystal structures, structure types and

space groups of some of the synthesized borides are given in Table 2.1.

Table 2.1 : Crystal structures, structure types and space groups of metal borides
(Akopov et al, 2017).

Compound Crystal Structure Structure Type Space Group

HfB: Hexagonal AlB2 P6/mmm
TiB2 Hexagonal AlB2 P6/mmm
ZrB2 Hexagonal AlB2 P6/mmm
Cr3B4 Orthorhombic Ta3B4 Immm
CrB Orthorhombic CrB Cmcm
CrB2 Hexagonal AlB2 P6/mmm
Cr2B Orthorhombic Mn4B Fddd
TaB Orthorhombic CrB Cmcm
Mo2B Tetragonal CuAlz 14/mem
a-MoB Tetragonal MoB 141/amd
-MoB Orthorhombic CrB Cmcm
MoB:2 Hexagonal AlB2 P6/mmm
MoB4 Hexagonal Moo.sB3 P63/mmc
WB:2 Hexagonal W2B4 P63/mmc
W:2B Tetragonal CuAl 14/mcm
WB Orthorhombic CrB Cmcm
Mn2B Tetragonal CuAl 14/mcm
Mn2B Orthorhombic 0-Mn2B Fddd
MnB Orthorhombic FeB Pmma
Mn3B4 Orthorhombic Ta3B4 Immm
MnB2 Hexagonal AlB2 P6/mmm
MnB4 Monoclinic MnB4 Cmcm

Almost all of the diboride phases are in hexagonal close-packed structures of the AIB2
structure type. In the AlB:2 type, the metal atoms are located at the corners, while the
boron atoms are located in the middle. Within the trigonal prisms, there are graphite-
like boron networks (Akopov et al, 2017). Each boron is surrounded by six metals and
three boron atoms, and each metal is surrounded by six metals and twelve boron atoms.
A representation of the AlB2 type is given in Figure 2.1a (Akopov et al, 2017; Merz et
al, 2014). Boron atoms are represented by gray and metal atoms by blue. CrB, FeB
and a-MoB types, which are also tetragonal and orthorhombic crystal structures, have
a zigzag-shaped boron atom chain (Albert & Hillebrecht, 2009; Iyer et al, 2019). It is
shown representatively in Figure 2.1b. Boron atoms are represented by gray and metal

atoms by pink spheres.



Figure 2.1 : Crystal structure of AlB2 type (Akopov et al, 2017; Merz et al, 2014).

Figure 2.2a-b include phase diagrams of the Hf-B and Zr-B systems, respectively. As
it can be seen from the Hf-B phase diagram, there are just two boride phases: HfB and
HfB2. HfB phases are stable until 2100 °C; on the other hand, HfB2 phases persist up
to very high temperatures (nearly 3380 °C). Also, it is seen that Hf in the elemental
state can also occur up to about 2200 °C (Gigolotti et al, 2012). The phase diagram of
the Zr-B system shows the presence of phases ZrB: (3500 K), peritectic ZrBi2
(2400 K), and unstable ZrB (1600 K). Among these phases, ZrB2 is the most resistant
to high temperatures and the most stable phase (Tokunaga et al, 2008).
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Figure 2.2 : The binary phase diagrams of (a) Hf-B (Gigolotti et al, 2012) and (b)
Zr-B (Tokunaga et al, 2008).

On the basis of Figure 2.3a, intermetallic TiB, peritectic TisB4 and TiB:2 phases are
observed. Both TiB and Ti3B4 are stable until 2200 °C. However, The TiB2 phase is in
the structure up to ~ 3225°C, which indicates that the TiB:2 phase is more stable (Euh

etal, 2001). In the Mn-B system, as seen in Figure 2.3b, there are unstable and various



peritectic phases. To begin, the peritectic phases Mn2B, MnB, Mn3B4, MnB2 and MnB4
form at temperatures of 1580 °C, 1890 °C, 1827 °C and 1375 °C, respectively. Also,
unstable MnBa4 phase is seen at nearly 1120 °C. In this case, it can be said that the most
stable phase is MnB, but it is seen that the melting temperatures of the phases are quite
close to each other. As a result of this, it is understood that not a single stable phase

but more than one phase can be seen in the Mn-B system (Spear & Liao, 1986).
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Figure 2.3 : The binary phase diagrams of (a) Ti-B (Euh et al, 2001) and (b) Mn-B
(Spear & Liao, 1986).
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Figure 2.4a represents the phase diagram of the Cr-B system. Like the Mn-B system,
there are various peritectic Cr-B phases. At 1870 °C, Cr2B and CrsBs are stable. The
system also contains CrB (at 2100 °C), Cr3B4 (at 2070 °C), CrB2 (at 2200 °C) and CrB4
(at 1500 °C) phases. Among these ones, CrB: is the most stable phase. However, the
temperatures at which the phases can be stable are very close to each other, except for
the CrB4 one. Consequently, more than one Cr-B phase is expected to be seen (Spear
& Liao, 1986). According to the phase diagram of the Mo-B binary system (Figure
2.4Db), there are MoB, M02B, MoB2, Mo2Bs and MoB4 phases. Besides, MoB has two
allotropic transformations: a-MoB which is a low temperature phase and f-MoB
which is a high temperature phase. The MoB2, which is a high temperature one, exists
between 1800+80 °C and 2375+15 °C. Mo2B, Mo2Bs and MoBq are stable the end of
the 2280+12 °C, 2140£15 °C and 1807+50 °C, respectively. It can be seen that the
element Mo can still be found at high temperature (Spear & Liao, 1988).
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Figure 2.4 : The binary phase diagrams of (a) Cr-B (Spear & Liao, 1986) and (b)
Mo-B (Spear & Liao, 1988).
The binary phase diagram of W-B is exhibited in Figure 2.5a. W2B (~ 2700 °C), W2Bs
(~ 2350 °C), WB4 (~ 2000 °C) and WB which consists of a-WB (~ 2550 °C) and f3-
WB (~ 2700 °C) are formed. WB:2 phase are not stable according to the phase diagram.
Furthermore, because the temperatures at which the phases can remain stable are
similar, it is normal to see more than one different W-B phase at high temperatures
(Kieffer & Benesovsky, 1958). Otherwise, there are four peritectic phases in the Ta-B
phase diagram (Figure 2.5b). Ta:B2, TaB, Ta3B4 and TaB2 ones are formed at nearly
2100 °C, 2400 °C, 2650 °C and 3100 °C, respectively. TaB: is the most stable phase,
yet, the stability temperatures of the other ones are close to each other (Usta et al,

2005).
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Figure 2.5 : The binary phase diagrams of (a) W-B (Usta et al, 2005) and (b) Ta-B
(Kieffer & Benesovsky, 1958).



2.1.2 Properties and application areas of metal borides

Metal boride compounds own their strong properties to strong ionic and covalent
bonds between elements. These alloys have superior thermal properties like high
melting point (more than 3000 °C), thermal stability, thermal expansion coefficient,
thermal shock resistance and thermal conductivity (Agaogullar et al, 2015, 2019;
Fahrenholtz et al, 2007; Yao et al, 2012). Also metal borides have good mechanical
features such as high Young’s modulus and high hardness, so some of these alloys are
called superhard materials (Altintas et al, 2021; Qi et al, 2014; L. Xu et al, 2012).
Besides, this type of boride contains good electrical properties, such as high electrical
conductivity. In addition, they exhibit low density and are chemically unaffected by

strong oxidants (Agaogullar1 et al, 2015, 2019; Balci et al, 2012; Friedrich et al, 2011).

Table 2.2 includes the properties of the some metal borides. According to the table,
HfB2, TiB2 and ZrB: are stable at very high temperatures. The melting temperatures of
the other phases are similar to each other. When the density values are compared with
each other, it is seen that the W-B phases, TaB2 and HfB: structures have the highest
density values. Therefore, compositions containing these phases are expected to have
higher density values. On the other hand, TiB2, MnB2 and CrB2 phases have low
densities. The hardness values of metal borides change between 11 and 28 GPa (Reddy
etal,2015; Xuetal, 2017). It is understood that boride compounds have various values
different from each other. Having several values shows that when the boride
compositions are brought together, they will affect the hardness value of the alloy
differently. Also, not only thermal but also electrical conductivities are not similar.
The fact that the features are different from each other allows them to be used in a
wide variety of application areas (Reddy et al, 2015; Xu et al, 2017; Url-1, Url-2, Url-
3, Url-4, Url-5, Url-6; Yamada et al, 2003; Zapata-Solvas et al, 2013).

With these outstanding features, metal borides are used in various high temperature
applications, especially in the defense industry and nuclear industries, and in various
industrial applications (low weight armor ceramic, neutron absorption material, wear
resistant parts, abrasive material in polishing and grinding processes, building material
in molds, nozzles and shaft bearings, electrodes (Otitoju et al, 2020). Refractory
materials are used in a variety of applications (e.g., material and cutting tip, grain
reducer in metal matrices, cathode coating and thermocouple sheath in aluminum

electrolysis, jet engines and nozzles, crucibles and rolling bits for molten metals, etc.)
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(Balc1 et al, 2016; Xu et al, 2012). They also have potential applications as catalysis
supports, lithium-ion battery materials and thermoionic electron sources. In addition
to all these, metal boride compounds are also used in many electrical applications such
as automotive, telecommunications, power electronics, oscillators, and various radar
and sensor systems (Agaogullari et al, 2012a, 2015, 2019; Otitoju et al, 2020; Xu et al,
2012).

Table 2.2 : Properties of metal borides (Reddy et al, 2015; Xu et al, 2017; Url-1,
Url-2, Url-3, Url-4, Url-5, Url-6; Yamada et al, 2003; Zapata-Solvas et al, 2013).

Melting Thermal Electrical

Density Hardness . . . .
Compound Temperature (g/cm?) (GPa) Conductivity Conductivity

(°C) W.(em.K)") (10% 2. m?)
HfB: 3380 11.2 15-28 0.51 944
TiB2 3225 4.53 - 0.664 1110
Z1B2 3245 6.09 13-23 0.579 1030
MnB: 1827 5.57 22.5 - -
MoB 2600 8.67 23 - 223
Mo2Bs 2140 7.48 23 0.502 385
WB 2550 15.73 - - -
W2Bs 2350 11.76 26.1 0.25 455
TaB2 2650 12.62 24.5 0.16 308
CrB2 2200 5.6 11-13 0.318 333

2.1.3 Production methods of metal boride powders

Various methods are used in the production of metal borides with high melting
temperatures, chemical and thermal stability properties, higher hardness and thermal
conductivity than oxide ceramics, and high corrosion, abrasion and thermal shock
resistance (Agaogullar et al, 2012a, 2016). Thermal plasma method, self-propagating
high temperature synthesis (SHS), carbothermic/borothermic/metallothermic
reduction, autoclave synthesis, molten salt electrolysis and solid-state synthesis are the
most common methods for obtaining metal borides (Agaogullar et al, 2012a; Balci et

al, 2016; Mertding et al, 2018; Popov et al, 2007).

Another method used in the synthesis of metal borides, different from the routes
mentioned, is the mechanochemical synthesis (MCS) process, which has been used for
other material groups for the last twenty years and is still being developed.
Mechanochemistry is defined as a form of chemistry activated by non-hydrostatic
mechanical stress (Suryanarayana, 2001). It has been used in the synthesis of a wide

variety of stable and semi-stable phases, supersaturated solid-solutions,
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nanocrystalline and semi-crystalline intermediate phases and amorphous alloys in the
microstructure of the material since the mid-nineties. MCS involves reacting,
mechanically activating and alloying the products of the reaction with a suitable
reductant or reducing agent. The energy obtained from plastic deformation, fracture
and friction during alloying is transformed into different types of energies, and these
energies accumulate in the system. The accumulated energy creates new, wide and
active surfaces, increasing chemical reactivity (Chen et al, 1997). Along with all these,
mechanical deformation in the crystal structure increases chemical reactivity and
disrupts the thermodynamic equilibrium. The new surfaces allow reactions to take
place at lower temperatures, without the need for external heat, with increased
reactivity. In addition, the diffusion distance decreases due to the increase in the
surface area of the powder particles, which brings a decrease in the reaction
temperature (Chen et al, 1997; Levitas, 2003; Suryanarayana, 2001; Suryanarayana et
al, 2001).

The MCS process, which takes place under the influence of two different kinetic
mechanisms, is generally based on the replacement of metal oxides, chlorides or
sulfides with a more active metal (a reductant or reducing agent) to obtain pure metal
and/or other related metal compounds. In the first of these kinetic mechanisms, the
reaction takes place slowly and gradually. In the second type, when the reaction
enthalpy is sufficient, the reaction starts and continues on its own without the need for
any external heat. Here, duration is the critical parameter. The temperature increases
after a certain period of time and the reaction takes place within seconds at the end of
this period (Wieczorek-Ciurowa, 2013; Wieczorek-Ciurowa et al, 2007). The reaction
kinetics are affected by milling parameters such as milling time, ball-to-powder weight
ratio, type and size of milling balls and vials, type of milling, process control agent,
preparation of starting powders in stoichiometric or excess amounts (Suryanarayana,
2001). By changing one or more of these parameters, many different results can be

obtained experimentally.

Undesirable by-products or oxidized phases can be expected as a result of MCS, in
which case the by-products can be removed by leaching or vacuum distillation. Some
studies on the production of Ti, Zr, Hf, Ta, Mo, W, Cr, Mn boride by mechanochemical

synthesis and mechanical alloying methods are as follows:
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Celik et al. (2022) synthesized the TiB2 phase with a size of 50.2 nm from the TiOz-
B203-Mg system with the leaching process followed by the MCS (4 h) method. Bilgi
etal. (2008) produced TiB2 with an efficiency of 89.6 % from a mixture of 30 g powder
containing B203, TiO2 and metallic Mg in a planetary type ball mill and a ball-powder
ratio of 10:1 for a time period of 5-15 h. Coskun and Ovegoglu (2013) obtained
nanometric W2Bs powder from WO2.72/B203/Mg powders by MCS (30 h) and
purification (7 M HCI). Senyurt et al. (2021) synthesized W-B phases from the WOs3-
B203-Mg-C quaternary system mechanochemically. They determined that the
products formed as a result of the synthesis were significantly affected by the process
parameters. Akgilin et al. (2011) synthesized ZrB: separately from ZrO2/B203/Mg
powder raw materials by combustion synthesis and MCS (30 h) methods. They applied
leaching process with HCI to both products, but they also detected ZrO: phase besides
ZrBa phase in both products. Agaogullar et al. (2012b) synthesized ZrB2/ZrC powders
in the particle size range of 50-250 nm with the mechanical alloying process lasting 2
h, starting from Zr/B/C mixtures in different mole ratios. TaB/TaB2 powders were
produced by MCS followed by leaching process using Ta20s, B2O3 and Mg starting
powders by Mertding et al. (2019). When the blends prepared in stoichiometric ratio
were milled, a large amount of TaB phase was formed. It was observed that the TaB2
phase was dominant when the blend mixture contained excess B203. Kudaka et al.
(2001) synthesized MoB2 and Mo02Bs powders by mechanochemical routes. Blends
with Mo/B mole ratios of 1/2 and 2/5 were milled under Ar atmosphere for 10-40 h.
The milled powders were annealed at 1000 °C and 1500 °C. Single-phase MoB:2 could
not be synthesized, but single-phase Mo2Bs synthesis was carried out by annealing the
powders in the ratio Mo/B:2/5 at both temperatures. In the study by Yamauchi et al.
(2007), MoB, MoB:2 and Mo02B phases were obtained together with ball milling and
annealing process. In another study, ferromagnetic Mn2B powders were synthesized
by milling the blend prepared with Mn and B powders in a high-energy ball milling
(400 rpm) with a ball-to-powder weight ratio of 40/1 for 10 h (Simsek et al., 2019). In
their study, lizumi et al. (2011) synthesized CrB2 powders by milling the blend of Ct/B
(1:2) powders for 10, 20 and 30 h, and then annealing at 900 °C for 2 h. In the same
study, the powder ratio was changed to Cr/B:1/1, and after 20 and 40 h of milling,

annealing was conducted at 1000 °C, and CrB powders were obtained.
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2.2 High-Entropy Alloys (HEAs)

In the past, the story of humanity began with the discovery of pure metals such as gold
and copper. Today, however, there is access to hundreds of elements and countless
materials. The increasing diversity of materials can be seen from the strength-density
Ashby diagrams in Figure 2.6. Engineering materials can be divided into four groups
as ceramics, polymers, composites and metals. In fact, the revolution that began in
England in the 18" century led to the discovery of new elements. Various engineering
materials and alloys have been developed with these new elements. According to
many, alloying forms the basis of materials science and metallurgy. In fact, alloying
was discovered by accidently. Early humans formed the basis of alloying by
combining arsenic and copper by chance. It is clear that these groups have developed
from the past to the present, new materials have been synthesized and will continue to

develop (Murty et al, 2014).
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Figure 2.6 : Diversity of materials: (a) prehistoric era, (b) current (Murty et al,
2014).

According to the Cantor (2021), all materials are alloys, which means that all materials
consist of one or more different starting materials. Alloying has been used for about
5000 years, from the past to the present. In the bronze, copper or iron age, alloys were
used in the production of jewelry, weapons and tools with metals such as gold, copper,
silver, iron, lead, tin, zinc and mercury (Cantor, 2021; Murty et al, 2014). In addition,
alloys were used in their daily lives in ancient times. For example, bronze was used in
the making of mirrors (Murty et al, 2014). Today, metal alloys are preferred in many
applications due to their advanced mechanical, thermal and physical properties
(Kumar et al, 2022). The historical development of metals and their alloys are shown

in Figure 2.7.
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Figure 2.7 : Historical development of metals and their alloys (He et al, 2017).

Alloy design is a very difficult and complex subject. The production of metal alloys is
traditionally based on one or two elements (Cantor, 2021; Miracle & Senkov, 2017).
Typically, the major element determines the chemistry of the alloy and mostly its
properties, while the second element, and sometimes the third element, affect the
characteristics in small amounts (Cantor, 2021; Cho et al, 2022; Miracle & Senkov,
2017; Tsai & Yeh, 2014). With the development of modern technology, new materials
are needed. In the last 18 years, efforts have been made to obtain superior properties
by expanding the concept of alloying to more than two or three elements. This new

alloy group is called "High-Entropy Alloy (HEA)" (Yeh et al, 2004).

The concept of HEA was first introduced in 2004 by Yeh et al. In addition to the
definition of high-entropy, Cantor et al. used the term "multicomponent alloys" in their
study published in 2004. High-entropy alloys consist of four, five or more elements in
an equimolar ratio. This definition has been expanded to require that the concentration
of each principal element is between 5 % and 35 % (Yeh et al, 2004). As it can be
understood from the definition that it refers only to the concentrations of the elements,
and does not contain a statement about the magnitude or range of entropy. Looking at
the entropy-based definition, three different areas emerge. There is a first low-entropy
area (ASconr< 0.69R), second medium-entropy area (0.69R < AScons< 1.61R) and third
high-entropy area (AScons> 1.61R). AScons represents the total configurational molar
entropy in an perfect solid-solution and R is the gas constant (Miracle and Senkov,
2017; Yeh, 2007). This fields are summarized in Figure 2.8a. The calculations of

configurational entropy expressions are explained under the core effects. Figure 2.8b
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shows the materials classification based on the configurational entropy, except
composite materials (Murty et al, 2014). The low-entropy alloys includes traditional
alloys, polymers and ceramics. The medium-entropy alloys consist of 2-4 principal
elements and high-entropy alloys include at least five elements (Tsai & Yeh, 2014).
The high-entropy group consists of ceramics and mostly alloys (Kumar et al, 2022).

Low Entropy
Alloys
<0.69R

'conf —

AS

Ceramics

Figure 2.8 : (a) Entropy based definition of HEAs and (b) classification of materials
based on the configurational entropy, adapted from Murty et al. (2014).

Currently, more than four hundred high-entropy alloys have been developed (Cantor,
2021). Today, however, it is observed that high-entropy alloys expand with additions
of nitride, oxide, boride, carbide, sulphide, fluoride, silicide (Musico6 et al, 2020). The

historical evolution of high-entropy alloys is clearly represented in Figure 2.9.
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Figure 2.9 : Historical evolution of HEAs, adapted from Kumar et al. (2022) and
Musico et al. (2020).

The random distribution of atoms in the lattice according to their entropy class is stated
in Figure 2.10a-c. Figure 2.10a represents the high-entropy alloys. Contains five
elements and atoms are located at the same points relative to each other. In medium-
entropy alloys schematized in Figure 2.10b, there are three different atoms and they
are in the same position relative to each other, similar to high-entropy alloys. In

traditional alloying (Figure 2.10c), there are two atoms of different sizes. It is known
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that the difference between atomic number and radius affects the properties of alloys

(Kumar et al, 2022).
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Figure 2.10 : Schematic representation of (a) high-entropy, (b) medium-entropy and
(c) low-entropy alloys distributed randomly on a lattice, adapted from Kumar et al.
(2022).
Although they contain more than one principal element, high-entropy alloys are single-
phase and have a single crystal structure. They are mostly in face-centered cubic (FCC)
or body-centered cubic (BCC) (Guo et al, 2011; Li & Tsai, 2020; Yin et al, 2022).
However, in different studies, it has been observed that it also has a hexagonal close-
packed (HCP) structure (Feuerbacher et al, 2015; Youssef et al, 2015). A rule or
parameter is needed to determine these structures. According to the revised Hume-
Rothery rule (Battezzati, 2019), the valence electron concentration (VEC) of an alloy
is another Critical parameter that affects the crystallization of the solid-solution phase
when atomic size effects are not significant and valance electron concentration (VEC)
plays an important role for specifying structures. Guo and his teammates (2011)

calculated the VEC parameter according to equation (2.1).
VEC =Y, ¢; (VEC); (2.1)

Here, (VEC); is the valence electron density of element i. When the VEC is 8, a single-
phase FCC structure is expected; additionally, when the VEC is 6.87, a single-phase
BCC structure is desired. FCC and BCC structures were obtained together if the VEC
value was between 6.87 and 8 (Guo et al, 2011; Y. Zhang et al, 2014b). So, it can be
said that since FCC phases are stable at high VECs, BCC phases are stable at low
VECs. Although there are exceptions, the VEC value defines the crystal structure limit
precisely. For example, while the CoCrCuFeNi high-entropy alloy has the FCC
structure, the AlICoCrFeNi high-entropy alloy has the BCC structure. Figure 2.11
represents a schematic illustration showing the relation between lattice structure and
high-entropy alloys, and also the relationship between lattice structures and VEC (Guo
etal, 2011).
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Figure 2.11 : Relationship between VEC and FCC/BCC phases of different high-
entropy alloys (Y. Zhang, et al, 2014b).

2.3 Core Effects of HEASs

High-entropy alloys show distinctive mechanical, physical and chemical differences
from traditional alloying elements. These differences are attributed to the four different
core effects. The high-entropy effect changes the thermodynamic properties. Sluggish
diffusion effect makes a difference in kinetics. Severe-lattice distortion affects both
structure and mechanical properties. The cocktail effect combines all of the

characteristics of the elements (Kumar et al, 2022; Tsai & Yeh, 2014).

2.3.1 High-entropy effect

The Gibbs phase rule giving the relationship between composition and phases of the
system under equilibrium conditions is shown in equation (2.2). Where p is phases, ¢

is number of components and # is the number of freedom of the system (Cantor, 2014,

2021).

+n=c+1 2.2
p

When the number of free variables is zero as given in equation (2.3), the maximum

number of phases are determinded under equilibrium (Cantor, 2014, 2021).

Pmax = C + 1 (23)
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The production of the most of the materials differs from equilibrium conditions. This
indicates that the maximum number of phases will be greater than that determined by

the Gibbs phase rule. This situation is explained in equation (2.4) (Cantor, 2014, 2021).

max>C+1 2.4
p

For example, in a binary system (¢ = 2), the maximum equilibrium number of phases
is 3. Another example about ternary system, when (¢ = 3), the maximum equilibrium
number of phases are four (Cantor, 2014, 2021). High-entropy alloys are contrary to
the Gibbs phase rule. Although they contain more than one element, there is only one
phase in the structure. High-entropy alloys form a solid-solutions (SS) instead of
intermetallic phases. Elements that are randomly brought together in an equimolar
ratio cannot form a solid-solution; they must meet the HEA formation conditions in
order to form the SS phase. The high-entropy effect reduces the free energy of the
solid-solution phases, thus facilitating the formation of SS, especially at high
temperatures (Cantor, 2014, 2021; Yeh, 2013). In this way, a single-phase structure
compared to the Gibbs phase rule can be obtained. Generally, as can be seen from
Figure 2.12, the entropy of the mixture takes its maximum value when the elements
are added in equimolar ratios in binary alloys, and the entropy increases as the number

of components increases in binary alloys (Murty et al, 2014).

Asconf
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XB

Figure 2.12 : Changing of the configurational entropy in the binary system, adapted
from Murty et al. (2014).

The energy of solid-solutions can be reduced by increasing entropy. In a
thermodynamic equilibrium, the entropy (S) depending on the Gibbs free energy (G),
enthalpy (H) and temperature (7) is explained as given in equation (2.5) (Murty et al,
2014).
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G=H-TS (2.5)

For alloy systems, the Gibbs free energy change is defined as shown in equation (2.6).

(Murty et al, 2014).

AG =AH - TAS (2.6)

When the number of elements increases the mixing of Gibbs free energy change has
negative values in the traditional alloys (Tong et al, 2005). However, in high-entropy
alloys, equimolar elements reduce the Gibbs free energy, and it is seen that solid-
solutions are formed. In addition to Gibbs free energy, it affects solid-solution
formation in high-entropy alloys in selected elements according to Hume-Rothery
rules (Y. Zhang et al, 2014b). These rules include: (a) the difference between the radii
of the solvent and solute atoms should not exceed 15 %; (b) the electronegativity
values of the solute and solvent atoms should be similar to each other; (c) solute and
solvent atoms have the same crystal structure; (d) solute and solvent atoms should have
similar valence values (Battezzati, 2019; Y. Zhang et al, 2014b). High-entropy alloys
meet the first two of these, but not the last two. Accordingly, the formation of high-
entropy alloys cannot be explained by Hume-Rothery's rules, which are valid for
intermetallic phases. Different parameters should be studied to explain the formation

of high-entropy alloys (Battezzati, 2019; Tong et al, 2005; Y. Zhang et al, 2014b).

In terms of thermodynamic equilibrium conditions, three important parameters have
been determined for the formation of solid-solution phases in YEAs. These are AHmix
(enthalpy of mixing) and ¢ (atomic size difference), and are defined in equations (2.7)-

(2.8) (C. Zhang et al, 2012).

AHmix = 4Z?=j,l'¢j AHlTjnlx C; Cj (27)
6= V ?=1Xi 1- T?)Za F= X, Xin (2.8)

mix

Enthalpy of mixing between elements i and j is represented by AH;;**, molar ratio of

element 7 is shown by X;, atomic radius of element i, is represented by r; and 7 is the
mean radius of the alloy. AH,,;, refers to the tendency to form stable intermetallic
compounds (Fang et al, 2003). The parameter o in equation (2.7) defines the effect of

atomic size difference in an alloy with n elements.
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In addition to these criteria, a new empirical parameter Q is defined in equation (2.9),
taking into account the effect of entropy for HEA (Guo & Liu, 2011; Y. Zhang, et al,
2014a).

— Tm ASmix

2.9
|AHmix| ( )

For the formation of stable solid-solution phases in high-entropy alloys, empirically
the 0 value should be less than 6.6 % (6 < 6.6 %), the AH,,;, value should be between
-15 kJ/mol and 15 kJ/mol (-15 kJ/mol < AH,,;;,, < 15 kJ/mol), and the Q value should
be greater than 1.1 (Q > 1.1) (X. Yang & Zhang, 2012).

In here, T,,, and AS,,;, are identified in equation (2.10) and (2.11), respectively (Yeh,
2013; Y. Zhang et al, 2014b).

T = 42?:1 Xi (T (2.10)

ASmix = —R X, X;InX; (2.11)

T, 1s the mean melting temperature, AS,,;, is the mixing entropy of the alloy systems,
and R (8.314 J/mol) is the gas constant (Yeh, 2013; Zhang et al, 2014a). At the same
time, in alloys to which equimolar elements are added, the configuration entropy can
be calculated according to the Boltzmann hypothesis as given in equation (2.12)

(Zhang et al, 2014a):
AS,ix = Rlnn (2.12)

The total mixing entropy under the effects of four conditions, like configurational,
vibrational, magnetic dipole, and electronic randomness. On the other hand,
configurational entropy is the dominant one (Yeh, 2013). The calculation of
configuration entropy for up to 13 elements according to the equation (2.12) in
equimolar alloys is given in Table 2.3. It is clear that the configuration entropy rises
above one after three elements and exceeds 1.61R after five elements. After the
addition of eleven elements, the increase slowed down and became almost linear. The
entropy classification based on these calculations is illustrated in Figure 2.8. The
configuration entropy of five elements determined for high-entropy alloys was
calculated at 1.61R. Two elements and below are expressed as low-entropy alloys and
the configuration entropy is 0.69R. Finally, the configuration entropy of medium-

entropy alloys was calculated between 0.69R and 1.61R (Yeh, 2013).
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Table 2.3 : Calculation of configurational entropy for up to 13 elements in equimolar
alloys, adapted from Yeh (2013).

n 1 2 3 4 5 6 7 8 9 10 11 12 13

069 1.1 139 161 1.79 195 208 22 23 24 249 257
R R R R R R R R R R R R

ASmix 0

Figure 2.13 graphically illustrates the data shown in Table 2.3. The relationship
between the entropy of the mixing and the number of elements is given in the graph.
In this way, the difference between high-entropy and medium-entropy alloys is clearly
seen. The entropy stabilization seen here not only shows the formation of high-entropy
phases, but also changes parameters that affect properties such as cocktail effect,

sluggish diffusion, and valence electron distribution (Akrami et al, 2021).
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Figure 2.13 : The relationship between the entropy of the mixing and the number of
elements (Akrami et al, 2021).

2.3.2 Sluggish diffusion effect

As it is clear, phase transformations and diffusion are very slow in high-entropy alloys
compared with traditional alloys. These two factors have led to this conclusion. First
of all, HEAs have different atoms in the structure. As a result of this, each atom has
various neighbors. When an atom jumps to a low-energy point, it gets trapped and the
energy required to move from that point to another point decreases and cannot be
moved. Contrarily, when the atom moves to a high-energy state, the atom has a better
chance of returning to its place. Both of these scenarios decreases the diffusion process

(Tsai & Yeh, 2014; Yeh, 2013; Y. Zhang et al, 2014a).

Secondly, each element in high-entropy alloys has a different diffusion coefficient.
Some elements have low diffusion coefficients, while others have high diffusion

coefficients (Tsai & Yeh, 2014; Yeh, 2013). Elements with high melting points are
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less active and are very difficult to move into atomic spaces compared to other
elements. In addition, elements must move together during phase transformations.
Nucleation and growth of a new phase, reaching the desired composition, and moving
all the elements together to the grain boundaries are difficult in cases with different
kinetics. As a result, HEAs have a single-phase structure (Tsai & Yeh, 2014; Yeh,
2013; Y. Zhang et al, 2014b).

Tsai et al. (2013) investigated the activation energies of Cr, Fe, Mn, Co and Ni
elements in different matrices and elemental states (Figure 2.14). Here, it is seen that
the lowest diffusion coefficient is in high-entropy CoCrFeMnNi alloy. It also has the
largest Q/Tm (activation energy normalized by melting point). The lowest value is seen
in metals. This is direct evidence of the diffusion effect in HEAs. It is also seen that
there is a relationship between the number of elements in the matrix and the diffusion
rate. As the number of elements in the matrix increases, the diffusion rate slows down

(K.-Y. Tsai et al, 2013).
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Figure 2.14 : Activation energies of Cr, Fe, Mn, Co and Ni elements in different
matrices and elemental states (K.-Y. Tsai et al, 2013).

It is clearly understood that sluggish diffusion affects the phase nucleation, growth,
distribution, and also microstructure is controlled by this effect (Murty et al, 2014).
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2.3.3 Severe-lattice distortion effect

As mentioned before, HEAs contain more than one kind of atom, which causes the
neighbors of each atom to be different from each other (Tsai & Yeh, 2014). There are
also differences in size between atoms, which cause large lattice strain and lattice stress
(Yeh, 2013). Figure 2.15a illustrates the severe-lattice distortion effect on the crystal
structure. The lattice-distortion effect also varies according to the crystal structure.
FCC alloys show less solution hardening than BCC alloys due to the fact that the FCC
structure has 12 neighboring atoms while the BCC lattice has 8 neighboring atoms.
The FCC lattice has a smaller fraction on the nearest neighboring atoms as opposed to
different pairs, resulting in lower distortion stress and solution hardening (Murty et al,
2014). Figure 2.15b shows the effect of the lattice-distortion on the BCC structure.

There are huge distortions in the crystal structure.

®

b

One-component alloy Five-component alloy

BCC
No lattice distortion Severe lattice
distortion

Figure 2.15 : (a) Lattice distortion effect on the crystal structure (Yeh, 2013), (b)
lattice distortion of BCC structure (Murty et al, 2014).

Thermal properties are also affected by lattice distortion. Furthermore, there are
unsymmetrical bonds between each atom and its neighbors. Besides, the electronic
connections are not symmetrical either (Tsai & Yeh, 2014). As a result, electron
scattering and electrical conductivity are reduced. As a result, the electron contribution
to thermal conductivity and electrical conductivity decreases. In addition, phonon
scattering becomes larger in the distorted lattice and decreases the thermal

conductivity. Also, the thermal vibrations of atoms are quite small compared to lattice
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distortion. Therefore, the thermal conductivity coefficient is low in HEAs (Murty et
al, 2014). As a result, it is thought that not only different binding energies but also
crystal structure tendencies cause even higher lattice distortion (R. Wang et al, 2020;
Yeh et al, 2007).

2.3.4 Cocktail effect

The "cocktail effect" was first named by Ranganathan (2003). All the characteristics
of HEAs are related to the properties of the elements in the structure (Tsai & Yeh,
2014). Phase size, shape, distribution, phase boundaries and properties of each phase
affect the composition. Each one is a multi-element solid-solution as well. It changes
the properties of the HEAs under the influence of individual elements (Yeh, 2013; Yin
et al, 2022). However, the interactions of the elements with each other also affect the
properties and lattice structure. For example, aluminum (Al) is ductile and has a low
melting point, yet in a high-entropy alloy, it can increase HEA’s hardness (Yeh, 2013).
As can be seen, the cocktail effect directly affects and/or changes the qualifications of
the alloy and even its crystal structure (Ranganathan, 2003; Tsai & Yeh, 2014; Yeh,
2013; Y. Zhang et al, 2014b).

As a result, four core effects significantly affect the properties, crystal structures and
microstructure of HEAs. Furthermore, as a result of these combined effects, the design,
understanding and explanation of HEAs are now more clear. A summary
representation of the core effects schematized by Kumar et al. (2022) is given in Figure

2.16.

High-Entropy Effect:

* Promotes reaction rate
Different size of atoms
+ Different atomic size, bond energy and crystal
structure
* Impades dislocation movement and lead to
solution strengthening
* |attice distortion ~ n (number of elements

* Result of composite effect
* Unexpected synergies
+ Two factors:
1. Interaction among the elements
2. Indirect impact of elements

» Lower diffusion rate
* Reduce particle coarsening
* Increase recrystallization temperature
* Lead to nanocrystalline structure

Figure 2.16 : Schematic representation of core effects, adapted from Kumar et al.
(2022).
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2.4 Properties of HEAs

Elements, fractions and phases of elements in the structure of high-entropy alloys
directly affect their properties (Miracle & Senkov, 2017). High-entropy alloys have
superior properties because they have four core effects and contain different elements.
These are outstanding mechanical properties under extreme environment like high
hardness and strength, good resistance to wear, exceptional fracture toughness and
fatigue resistance (F. Li et al, 2022; R. Wang et al, 2020; Y. Yang et al, 2020); excellent
thermal characteristics such as melting point and thermal stability (Cho et al, 2022; J.
Li & Tsai, 2020; Y.Yang et al, 2020); perfect corrosion and oxidation resistance
(Kumar et al, 2016; Senkov et al, 2013; Shuang et al, 2020; R. Wang et al, 2020);
superior magnetic and electrical specialities (Tsai, 2013). The improvement of
oxidative resistance is highly dependent on element selection. While elements such as
Al Ti, Cr improve oxidation resistance, metals such as V, Mo decrease the resistance
(Senkov et al, 2018). Production and post-production methods, dislocation movements
between atoms also change the properties (Kang et al, 2018). The process temperature
also affects the mechanical properties (Senkov et al, 2018). In addition to all these, the
presence of intermetallic phases such as Laves or the atomic sizes of the elements in
the alloy also have an effect on the properties (Miracle & Senkov, 2017). Good
mechanical properties are based on the severe-lattice distortion effect. The fact that
there is more than one atom, and they are in different orders makes it difficult for the
dislocations to glide, which causes high strength and hardness (Y.-C. Yang et al, 2020).
Also, crystal structures affect the mechanical properties. BCC structures are more
stronger than FCC structures because they have non-planar screw dislocations for
shear. In addition, the electrical and thermal conductivity are significantly reduced due
to scattering (electron and phonon) that occurs in the lattice distortion. As described
before in the sluggish diffusion effect, high-entropy alloys are supersatured, high
temperature strength and structural stability due to slow kinetics. As a result of this,
this type of alloy has superior creep resistance (Tsai & Yeh, 2014; Yeh, 2013). Again,
the slow diffusion effect explains the thermal stability at high temperatures. It has been
explained in the previous sections that it is difficult for atoms of different weights and
sizes to move together. This makes phase transformation difficult. In addition, the
lattice structure, which deteriorates due to different atomic sizes, ensures that the

lattice does not decompose at high temperatures (Tsai & Yeh, 2014; Yeh, 2013). The

26



schematic representation of the effects of four core effects on the properties and
microstructure of high-entropy alloys is given in Figure 2.17. From this, it is seen that
the crystal structure and thermodynamic equilibria significantly affect the

microstructure and properties of the alloys.
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Figure 2.17 : Four core effects and connections between microstructure and
properties (Kumar et al, 2022).
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2.5 Application Areas and Production Methods of HEAs

High-entropy alloys are used in many fields and for various applications because of
their superior features. With their high mechanical properties, like good fracture
toughness and wear resistance, high cycle fatigue (Cantor, 2021; Miracle & Senkov,
2017; Tsai & Yeh, 2014), HEAs are used in aircraft components or aerospace, engine
materials (Dai et al, 2016). Also, HEAs have superior thermal characteristics (Cho et
al, 2022), so they are a potential candidate for thermal power generation, boiling pipes,
tubes of heat exchangers and chemical plants (Gorsse et al, 2017; Kumar et al, 2022).
It can also be preferred in marine applications due to its high corrosion, oxidation and
wear resistance (Y. Liu et al, 2015; Shuang et al, 2020). Furthermore, HEAs are
preferred for nuclear components and energy sectors due to their superior corrosion
and irradiation resistance. In addition, refractory high-entropy alloys, like those used
as thermal barrier coatings or cutting tools (R. Wang et al, 2020). Thanks to their
outstanding physical properties, alloys such as these are excellent candidates for

electronic and magnetic applications.

A wide variety of methods are preferred in the production of high-entropy alloys.

These are solid-state production methods like powder metallurgy methods, especially
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mechanical alloying (MA), pressureless sintering, pressure sintering methods such as
spark plasma sintering or hot pressing/hot isostatic pressing, liquid-state production
methods like vacuum arc melting or self-propagating high-temperature synthesis
(SHS) and gas-state production methods like sputtering (Cantor, 2021; Kumar et al,
2016). Also, induction furnaces, additive manufacturing and casting are the most
common production methods (Kumar et al, 2022; Li et al, 2022). All methods have
their own advantages and disadvantages. For example, in the MA process mostly need
a second method for obtaining single-phase structure. Therefore, contamination can
occur from the balls and/or vials during the process (Suryanarayana, 2022). In
addition, intractable morphology is the main disadvantage of the vacuum arc melting
method (Singh et al, 2011). The appropriate production method should be selected

based on the composition.

2.6 High-Entropy Borides (HEBs)

A subgroup of ultra-high temperature ceramics (UHTC), transition metal borides have
been used in many areas due to their outstanding properties, as mentioned before.
Refractory borides like HfB2, TiB2 and ZrB2, which are among the transition metal
borides, draw attention because they have different application areas and much
stronger properties. It has been tried to enhance the application fields and features with
metal borides combined with traditional alloying. Metal borides combined with
traditional alloying have been tried to improve application fields and features. The
material's application fields have become even more diverse as technology has
developed. For example, technological advances have resulted in the development of
materials that are resistant to higher temperatures, and have higher mechanical
strengths. As a result of this, both the need for improved properties and the need for
new materials have increased. Based on this, “multicomponent alloys” have been
proposed (Cantor et al, 2004). High-entropy alloys are one example of
multicomponent systems. Single-phase HEAs have magnificent characteristics
compared to traditional ones (Miracle & Senkov, 2017). Similarly, the development
of HEAs continued and accordingly, high-entropy ceramic materials emerged. First of
all, Chen et al. produced high-entropy nitride films in 2005. Then, in this content, Rost
et al. synthesized high-entropy (Mgo.2Zn0.2C00.2Cu02Nio2) oxide in bulk form for the

first time in 2015. So, high-entropy ceramics expanded to include oxides (Rost et al,
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2015), carbides (Castle et al, 2018; Kavak et al, 2022a), borides (Gild et al, 2016;
Mayrhofer et al, 2018), sulfides (C. Zhang et al, 2018), silicides (Gild et al, 2019a) and
nitrides (Chen et al, 2004). Figure 2.9 shows the historical development of high-
entropy alloys (Kumar et al, 2022). When it came to the 2016, a new term was defined
by Gild and his team: high-entropy boride (HEB) ceramics. Especially, high-entropy

metal diborides are identified as a new class of UHTCs.

In the formation of high-entropy alloys, AHmix (enthalpy of mixing) and J (atomic size
difference), which are given in the calculations in equation (2.7) and equation (2.8),
are shown as two basic criteria. On the other hand, enthalpy of mixing is not convenient
equation for HEB ceramics (Gild et al, 2016). For this reason, equation (2.13) and
equation (2.14) are defined by considering the relationship between Hume-Rothery
solid-solution rules and atomic size differences. These equations are based on the
calculation of the atomic size differences using the lattice constant differences of

individual metal diborides (Gild et al, 2016; Wang et al, 2018).

6a = \/Z?=1Xi [1 —a;/ (Z?=1Xiai)]2 (2.13)

50 = \/2?:1)(1' [1 - ¢/ (Z?=1Xici)]2 (2.14)

In here, a; and c; represent the lattice parameters of the metal diborides (Gild et al,
2016; Wang et al, 2018). By calculating 6§, and &, values, information can be obtained
about whether a single-phase or not single-phase structure will form. When the § value
gets smaller, solid-solution was generally obtained. On the other hand, this is not a

certain method (Gild et al, 2016; D. Liu et al, 2020; Wang et al, 2018).

In contrast to HEAs, HEB ceramics have just an AlB2 type (space group: P6/mmm)
hexagonal close-packed structure (Barbarossa et al, 2021a; Chen et al, 2019; Gu et al,
2019; Mitra et a., 2022; Wang et al, 2018; X. Zhang et al, 2022). Metal diborides with
hexagonal AIB: structure have a highly anisotropic layered (Feng et al, 2021; Liu et
al, 2019; Monteverde et al, 2022; Wang et al, 2021; Y. Zhang, et al, 2021a). Each
metal atom is surrounded by two electrons and metal-boron bonds, in addition, there
are two-dimensional (2D) metal and boron layers. In consequence of ionic, covalent
and metallic bonds are together and also do not explain atomic size differences. It is
more correct to explain the difference between the lattice parameters given in equation
(2.13) and equation (2.14) instead of the atomic size (Gild et al, 2016). Figure 2.18
depicts an AIB: type crystal structure.
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Figure 2.18 : [llustration of the crystal structure of the HEB ceramics (Gild et al,
2016).

2.7 Properties and Application Areas of HEBs

There are various studies about the synthesis of high-entropy boride ceramics. Many
superior properties have been discovered with the HEB ceramics produced. HEBs have
outstanding mechanical stabilities like very high hardness (~ 24 GPa), elastic modulus
and wear resistance (Feng et al, 2021; Kirnbauer et al, 2020; Monteverde et al, 2022;
Smith et al, 2022). Basically, it is thought that solid-solution hardening increases the
hardness of materials. In addition, solid-solution occurs between four or more elements
in the HEB ceramics (Feng et al, 2021). It is stated that high hardness is the result of
this situation. Besides, they have good electrical conductivities at ambient pressure
(Liu et al, 2020; X. Zhang et al, 2022). In the HEBs, there is stronger electron and
phonon scattering compared with individual diborides due to the severe-lattice
distortion effect and high-entropy effect, which are the two core effects. Under the
influence of this, HEB ceramics have higher room-temperature resisitivities and lower
temperature coefficients (X. Zhang et al, 2022). In addition to all these, it is seen that
they have a very high melting point (Feltrin et al, 2021; Y. Gao et al, 2022; B. Ye et
al, 2020). Moreover, they exhibit superior chemical stabilities (Feltrin et al, 2021; Ma
et al, 2020). All these properties are affected by the four core effects, which are high-
entropy, severe-lattice distortion, sluggish diffusion and cocktail, as explained in
previous chapters. It is clear that the properties of HEB ceramics are greatly improved
when compared with traditional binary boride alloys or individual transition metal

borides.

HEB ceramics have begun to be preferred in many fields or extreme environmental
conditions due to this combination of not only physical but also chemically outstanding

properties. Ultra-high temperature insulation applications are one of the most common
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(Chen et al, 2019). They are also preferred in the aerospace industry due to their high
mechanical properties (Gu et al, 2019). Thanks to their good electrical conductivity,
HEB ceramics are used in microelectronics (X. Zhang et al, 2022). They are also
possible to be preferred in the production of both renewable energy sources, like the
solar energy sector and non-renewable energy sources, such as nuclear reactors (Liu

et al, 2019). Moreover, HEB ceramics can be used for cutting tools (Ma et al, 2020).

2.8 Production Methods of HEBs

Like high-entropy alloys, high-entropy boride ceramics have various production
methods. First of all, it is aimed at hybridizing of HEB powders. For the hybridization,
high-energy ball milling (HEBM) (Gild et al, 2016), borothermal reduction,
boro/carbothermal reduction process (BCTR) (Smith et al, 2022), self-propagating
high-temperature synthesis (SHS) (Gu et al, 2019) are the most common routes. After
that, compaction and densification of hybridized powders are considered. For
compaction and densification, spark plasma sintering (SPS) is the most preferred
method. Pressureless sintering and hot pressing (or hot isostatic pressing) are
alternatives to SPS (Akrami et al, 2021). On the other hand, during the synthesis of
HEB ceramics, the raw materials contain differences. Some of the processes start with
metal diborides (Gild et al, 2019b), the others use elemental powders and boron
(Tallarita et al, 2020) as starting materials. Metal oxide raw materials and boron
carbide (B4C) are mostly preferred in the BCTR process (Gild et al, 2020). The
synthesis method should also vary according to the raw materials (Barbarossa et al,

2021b).

Each production method has its own positive and negative characteristics. Taking
place at room temperature is one of the biggest advantages of the HEBM process. On
the contrary, the main disadvantages are the long milling time and the possibility of
contamination in the resulting powders (Gild et al, 2016; Qin et al, 2020a). Another
example about the BCTR process, it is mostly used for the cheap oxide raw materials;
however, high temperatures (1600-1700 °C), remaining oxide raw materials and long
times negatively affect the process (Gu et al, 2019; Y. Zhang et al, 2019b; Y. Zhang
et al, 2021a). Another method is the SHS process, which takes place in a few minutes,
yet it is important to select suitable compounds for exothermic initiation (Barbarossa

et al, 2021a; Tallarita et al, 2020).
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2.8.1 Boro/carbothermal reduction method (BCTR)

This process basically consists of two steps and a second step is needed to obtain high-
entropy boride phases. Generally, starting materials, which are reactants and reducing
agents, are mixed with the mechanical alloying process in the first stage. Then, it is
heated to thousands of degrees. During the BCTR process, mostly boron carbide (B4C)
is used as a reducing agent due to the low price of starting materials, low processing
temperature and lack of need for forming and sintering agents. With the reducing
agent, metal oxides are also used as starting materials. In the theoretical reaction with
the reactions of boron carbide and metal oxides, high-entropy boride compounds,
boron oxide (B203) and carbon monoxide (CO) gases are formed as products. Since
high volumes of carbon monoxide and boron oxide gases are formed during the

reaction, HEB in a porous structure is formed (Akrami, 2021).

2.8.2 Self-propagating high-temperature synthesis (SHS)

In the SHS process, the reaction starts with the heat given to the mixture. Then, the
product emerges with the heat released as a result of the exothermic reaction. In the
SHS method, the reactions proceed spontaneously without the need for any energy
other than the initial heat given in the amount that will bring the mixture to the ignition
temperature. The heat released as a result of the reaction in the first layer passes to the
unreacted mixture layer, and provides the first heat for the ignition of that area. The
most important advantages of the process are that the reaction takes place very quickly
and progresses by itself, it can be applied easily, it does not need high energy, it offers
the opportunity to work with low-cost raw materials, and it provides the opportunity
to obtain products in different shapes and sizes. The high thermal energy released as a
result of the process increases the reaction rate and provides fast, economical and

efficient production (Munir & Tamburini, 1989).

2.8.3 Mechanical alloying (MA)

Mechanical alloying is a powder metallurgy production method in which powders can
also be synthesized, consisting of repeated cold welding, fracturing and re-welding
processes in a high-energy ball mill (Suryanarayana, 2001). During the MA process,
powders were mixed homogenously in milling media like balls and vials. MA was first
defined in the 1960s at the International Nickel Company's (INCO) Paul D. Merica

Research laboratories to disperse oxides that do not disperse in the liquid phase in
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nickel-based superalloys in the solid phase (Benjamin & Volin, 1974). Although the
production from the liquid phase is cheap, homogeneous alloys can be obtained as a
result of the production carried out in the solid phase (Lii & Lai, 1998; Suryanarayana
et al, 2001).

In the mechanical alloying process, plastic deformation occurs with the applied force
of the powder particles and the particles break as a result of the deformation hardening
(Gutman, 1998; Levitas, 2003). Many collisions occur between the ball, powder and
the walls of the containers. As a result of these collisions, mechanical stress occurs
(Suryanarayana, 2001). The interaction of the powders with the ball is shown

schematically in Figure 2.19.

Container movement

Powder particles Milling bodies

Figure 2.19 : Schematic representation of relationship between balls and powders
(Rios et al, 2001).

The powders are cold worked, welded and fragmented repeatedly, thus achieving a
homogeneous distribution. (Delogu & Mulas, 2010; Gilman & Benjamin, 1983). New
metal surface layers emerge with the broken particles. During continued deformation,
after a while, fracture becomes more dominant than cold welding. Re-welding occurs
with the formation of new surfaces (Suryanarayana, 2001). Plastic deformation occurs
at high rates in the powder particles, while the particle size is expected to decrease.
The mechanical energy generated is mostly converted into heat, and some of it is stored
in the material (Rigney & Hammerberg, 1999; Kim et al, 2007). As a result, the

equilibrium is disturbed and chemical reactivity increases.

Examples of potential materials that can be mechanically alloyed are pure metals,
nanostructured materials, sensors, catalysts, superalloys, carbides, nitrides, silicides
etc. (Suryanarayana et al, 2001). In recent years, high-entropy alloys have also been
produced by MA. During the MA, process parameters, which are the type of mill,
milling vials, milling energy/speed, milling time, size distribution of balls, ball-to-

powder weight ratio, extent of vial filling, milling atmosphere and process control
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agent, affect not only the final product but also the properties of the final product
(Suryanarayana, 2022).

2.8.3.1 Types of mill

Different types of millers are used for the mechanical alloying of powders. They differ
in their efficiency, capacity, speed of operation and functions for controlling the
milling temperature and contamination of powders (Balaz et al, 2008). Choosing a
suitable miller affects the final product and the quality of the final product
(Suryanarayana, 2022).

SPEX-type millers are the most widely used milling type. Approximately 10-15 g of
powders are mechanically alloyed. One or two vials are placed in the miller. Powder
and/or balls are placed inside the containers. With the shaking action, the containers
start to rotate at a specific rpm (almost 1200 rpm). During rotation, the powders hit
both the balls and the vials, so they are mixed and milled. Due to the speed of 1200
rpm, the collision energy of the balls is quite high. Therefore, SPEX-type milling is
defined as high-energy ball milling (Suryanarayana, 2001). Planetary ball mills are
also equipment used for MA processes. They have the capacity to mill several hundred
grams of powder at one time. However, when compared to SPEX type millers, they
are called low energy ones (Suryanarayana, 2001). In a planetary ball mill, the vials
rotate around their own axis. Since the disc rotates in a different direction, the balls
collide with the effect of the centrifugal force (El-Eskandarany, 2015). The schematic

representation of the planetary ball milling movements is given in Figure 2.20.
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Figure 2.20 : Movement mechanism of planetary ball milling, adapted from Kumar
et al. (2022).
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An attritor-type miller has a vertical shaft and arms radiating from it. The cylindrical
milling media is located in the shaft (Soni, 2001). When the shaft rotates, the arms
strike the milling balls and energize them. In this way, the powder size is reduced due
to impact between the balls, between the balls and the vial wall, and between the balls,
the mixer shaft and the arms. It has a speed of about 250 rpm. Therefore, it has lower
efficiency than SPEX-type milling or planetary ball milling. It is possible to mill up to
40 kilograms of powder at one time (Suryanarayana, 2001). The attritor-type miller is

shown schematically in Figure 2.21.

Figure 2.21 : The attritor type miller (Balaz et al, 2008).
2.8.3.2 Material of milling media

The milling media consist of the milling vials and balls. The balls and vials used vary
according to the starting materials. Incorrect material selection can cause
contamination or impurities, which affect the final product. Therefore, starting raw
materials and milling materials should be as similar as possible. Different kinds of
steels (hardened, stainless steel, tempered, etc.), alumina, tungsten carbide, zirconia,
stainless steel, plastic can be used as milling containers. Incorrect material selection
can also result in wear or damage (Suryanarayana, 2001). In addition to the containers,
the choice of balls is also very important. The balls and vials must be the same. In
addition, the size and density of the balls also have a significant impact on the final

product. The density of them is higher than the material to be milled (Balaz et al, 2008).

2.8.3.3 Milling speed and temperature

The milling speed is one of the most important parameters in the MA process, but the
maximum milling speed depends on the design of the miller (Suryanarayana, 2022).

The required force cannot be applied to the powders above a critical speed. If the speed
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of the process is low, alloying cannot occur or be completed, and homogeneity does

not obtain (Suryanarayana, 2001).

As the speed increases, the temperature increases; however, the increase in
temperature is moderate (Baldz et al, 2013). The changing temperature allows different
phases to form. There are two types of temperatures in the MA process. These are the
temperatures between the balls when they collide, as well as the overall temperature
of the vial. In addition, powders have different temperatures. The powder one affects
the diffusion, powder concentration and thus the phase transformations (Balaz et al,

2008, 2013; Suryanarayana, 2022).

2.8.3.4 Milling time and atmosphere

Milling duration is one of the most important parameters in the MA process. It directly
affects the final product. Insufficient time causes the homogenity to be incomplete and
the desired phases not to be formed. On the other hand, the long milling time increases
the contamination, and causes the formation of undesirable phases (Baldz et al, 2008;
Suryanarayana, 2001, 2022). In general, particle size decreases as milling time

increases (Agaogullari et al, 2012a), as it can be seen from Figure 2.22.

Decreasing
Particle Size

Particle Size

Milling Duration (h)

Figure 2.22 : Relationship between milling duration and particle size, adapted from
Suryanarayana (2001).

During mechanical alloying, the powders get finer, and accordingly, the surface of the
powders expands. Powders become open to reacting with various gases, especially
oxygen. Therefore, this process should be completed in an oxygen-free atmosphere
when placing the powders in the vials. Although different atmospheres are used, the
most commonly preferred milling atmosphere is inert gas such as argon

(Suryanarayana, 2001).

36



2.8.3.5 Ball-to-powder weight ratio (BPR) and extent of filling the vial

The ball-to-powder weight ratio is a critical parameter for the mechanical alloying
process. When the BPR is low, the collision frequency decreases; in the contrary
situation, when the BPR is high, the movement of the particles is restricted and
amorphization begins (Soni, 2001; Suryanarayana, 2001). In the Spex Mixer/Miller,
BPR is typically selected at a 10:1 ratio (Suryanarayana, 2001).

The impact force applied to the powder particles ensures that the mechanical alloying
is completed. If there is not enough space in the containers, the balls and powders
cannot move freely and collisions cannot occur. Therefore, the vials should not be

overfilled; a sufficient amount of space should be optimized (Suryanarayana, 2001).

2.8.3.6 Process control agents

The fact that at least one of the starting materials used during mechanical alloying is
ductile which prevents the powders from being damaged by extreme cold welding.
Cold welding is excessive in brittle-brittle systems, and it is attempted to be kept to a
minimum by the addition of a process control agent (PCA). The process control agent
acts as a lubricant and reduces cold welding (Chen & Chen, 2012). There are many
PCAs, but stearic acid, oxalic acid and hexane are the most preferred. It is usually
added in amounts ranging from 1 % to 5 %. Much or little few added PCA directly
affects the alloy and the final product, so the amount of PCA must be optimized. In
addition, PCA suitable for the powder mixtures used should be selected (Balaz, 2008;
Suryanarayana, 2001).

One of the main disadvantages is powder contamination during the MA process. This
contamination can come from balls, vials and milling atmospheres. Many precautions
can be taken to prevent contamination. The milling media should be harder than the
starting powders. The milling atmosphere must be suitable to prevent the powders
from reacting with oxygen and becoming contaminated. Choosing the right process
parameters is important to prevent contamination (Suryanarayana, 2001, 2022;

Suryanarayana et al, 2001).

2.8.4 Hot-pressing

Hot pressing is based on the simultaneous application of uniaxial pressure (typically

20-50 MPa) and heat to powder mixtures to obtain dense bodies. Powder materials are
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heated to high temperatures (up to ~2500 °C) with sufficient residence times. The
powder to be condensed is filled into the appropriate mold (usually graphite or the
material that can withstand high temperatures and pressures without reacting with
powders) and pressure is applied to the powder using punches. Heating coils are used
to heat the mold. The graphite mold is enclosed in a protective atmosphere or vacuum
chamber to prevent damage to the used mold. Loading is done along the vertical axis
in punches pressurized from an external hydraulic system. Although the pressure is
applied along the vertical axis, there is a radial pressure against the die wall. The
differential stress between the axial and radial directions creates the shear stress
effective in particle bonding. This shear stress is the applied stress. Initial densification
involves particle rearrangement and plastic flow, and as densification progresses, grain
boundary diffusion and volume diffusion and creep become controlled. The
simultaneous application of high pressure and temperature causes the particles to
rearrange and allows plastic deformation at the contact points and finally eliminates

porosity, resulting in compact structures (German, 2014).

2.8.5 Spark plasma sintering (SPS)

The condensation of traditional or advanced ceramics, composite materials,
biomaterials or wear-resistant materials by homogeneous densification is called spark
plasma sintering (SPS) (Tokita, 2013). Especially in the ceramic industry, production
with the SPS method has become quite common in recent years. The short duration of
the process and its energy efficiency play an important and a major role in its
widespread use (Kardashova, 2020; Munir et al, 2006). Production with a technique
similar to SPS was first carried out in Germany in 1910. Sintering was achieved by
applying electrical energy to the powder materials (Tokita, 2013). Later, in 1933 G.F.
Tayler received a patent for the first resistive sintering method, followed by G.D.
Cremer, who received a patent for the sintering of different metals and alloys. The
known SPS technique was developed by Dr. Japax in Japan in 1962. It was discovered
by Kiyoshi Inoue. Dr. Inoue called this system "spark sintering". The SPS we use today
was introduced in Japan in 1989 by the Sumitomo Coal Mining Company. Until today,
different SPS devices with different technologies that were suitable for mass
production have been produced. A fifth generation advanced SPS was developed after

the 2010s (Tokita, 2013).
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The basic illustration of SPS is given in Figure 2.23. Basically, a SPS system consists
of uniaxial pres, graphite punches, electrodes, a vacuum and water cooling chamber, a
DC pulse generator, a control unit which belongs to vacuum/gas/air atmosphere,
position, temperature and pressure regulating systems with software (Matizamhuka,

2016).
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Figure 2.23 : Basic illustration of SPS system, adapted from Chen et al. (2005).

The powder placed in the sintering die is fixed by the upper and lower punches. The
sintering process is completed with direct current. Direct current is applied
simultaneously to the both die and sample. Figure 2.24 shows how the pulse current
circulates through the powder particles in the SPS sintering die. In this way, the mold
acts as a heating resistor. The current sent through the sample causes rapid
condensation. In this system, four factors contribute to rapid condensation: fast heat
transfer, applied pressure, high heating/cooling rates, and the use of pulsed direct
current; thus, exposure of the sample to direct current (Sudrez et al, 2013). In this way,
short circuits, arcs and plasmas are formed between the powder grains. Thanks to these
driving forces, sintering takes place and then the system is cooled with the help of
water. The control panels form the connection between the SPS system and the
computer give instantaneous values of current, voltage, temperature, pressure,

displacement, vacuum and various cooling water temperatures (Dobodoe et al, 2013).
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Figure 2.24 : Pulsed current flow between particles (Suarez et al, 2013).

There are various parameters in the SPS process, like the heating rate, maximum
temperature, cooling rate, load application rate, maximum hold load and load removal
rate. Certain operating conditions are required for the SPS system to work. For
electrical conditions, low voltage (10 V) and high currents (1-10 kA) are generally
preferred. The experiments were done up to 2400 °C with the graphite tools. In
addition, the heating rate can be 1000 °C/min, so the process completes in a short time.
The cooling rates change from 150 °C/min up to 400 °C/min (Guillon et al, 2014). The
temperatures can be measured with pyrometer or thermocouple. A pyrometer is a
remote sensing thermometer that measures the temperature of distant objects by
calculating the surface temperature from the amount of thermal radiation emitted. On
the other hand, it is generally not used below 600 °C. Operating temperature range,
spot size, focus distance, emissivity of the sample and response time are the
characteristics of the pyrometer. A thermocouple is an electrical junction formed by
two different electrical conductors that generates a temperature-dependent voltage and
is used to measure temperature. When using a thermocouple, it should be protected
from conductive and reactive materials (Guillon et al, 2014; Tokito, 2013). The
pressure is applied between 50-250 kN (Guillon et al, 2014). In the SPS process, the
powders are condensed under pressure and temperature in the currently-passed system.
While pressure is applied to the powders placed in the mold, DC current passes and
the temperature increases. During sintering with SPS, three important points stand out:

a high heating rate, the applied pressure and the current effect (Munir et al, 2006).

SPS includes mechanical, electrical and thermal effects (Guillon et al, 2014). The
mechanical effect is due only to the applied uniaxial pressure. Mostly graphite molds

are used in the SPS system because of their ease of machinability, low cost and
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resistance to high temperatures in the inert atmosphere. However, the yield strength of
graphite at high temperatures limits the mechanical stress. More expensive and better
creep resistance, high fracture toughness and electrical conductivity molds (like SizN4
or WC) can be used instead of graphite ones (Matizamhuka, 2016). The thermal effect
is of high importance throughout the entire process. Grain growth under pressure
cannot be completely prevented. At high temperatures, densification mechanisms
occur together with the creep mechanism. In addition, microstructure coarsening is
prevented by rapid cooling/heating. The process reaches the sintering temperature in a
short time (Matizamhuka, 2016). ON-OFF DC pulse mechanism creates electrical
effects like spark plasma generation, spark pulse pressure, joule heating and the
electric field diffusion effect. In the SPS process, the surfaces of the powder particles
become active more easily than in traditional sintering processes that do not use pulsed
direct current. It is possible to obtain materials with dense structures at low
temperatures and in short times, as material transport at micro and macro levels is
facilitated. When the pulsed current starts to discharge, the temperature rises suddenly,
and thus evaporation and melting begin on the surface of the powder particles. This
provides necking between particles. In the SPS system, the surfaces of the particles are
activated more easily, and the material transfer becomes easier compared to traditional
alloys. Thus, time is getting shorter (Guillon et al, 2014; Tokita, 2013). The basic

mechanism of neck formation is shown in Figure 2.25.
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Figure 2.25 : The basic mechanism of neck formation by SPS (Tokita, 2013).
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Figure 2.26 represents the four stages of SPS. During the first stage, gases are removed,
and a vacuum is created. At the second stage, the pressure increases. It is followed by
resistance heating as the third stage. In this duration, the sample is heated by increasing
the intensity of the pulsed current applied to the graphite molds. After the device
warms up, the temperature continues to increase at a certain rate. When the
temperature approaches the desired final value, the heating rate is reduced to prevent
this value from being exceeded. Once the sintering temperature is reached, the
temperature is held constant for several minutes. The last stage is cooling step. The
current is turned off, the pressure is stopped and the samples are allowed to cool under

vacuum in the die (Cavaliere, 2019).
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Figure 2.26 : SPS stages, adapted from Cavaliere (2019).

2.9 Literature Review on HEBs

After the discovery of high-entropy boride ceramics, many studies have been
published until today. Figure 2.27 shows the graph of the studies published on HEBs.
These data are taken from the "Web of Science" database. The term "high-entropy

boride" was used in the search to obtain the data.

Gild et al. brought the first publication (2016) to the literature on the production of
high-entropy metal diborides. In this publication, equimolar and five-component metal
boride ceramics were synthesized using high-energy ball milling and spark plasma
sintering methods. Starting powders were mechanically alloyed for 6 h using WC vials
and balls in a high-energy ball mill, and green bodies were subjected to cold pressing,
and spark plasma sintering (under vacuum, 2000 °C, 5 min, 30 MPa, 100 °C/min

heating rate, graphite mold) was applied. High-entropy boride ceramics with single-
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phase hexagonal structure were obtained after spark plasma sintering, as well as very
small amounts of (Zr, Hf)O or (Ti1.6W24)B4 compounds were detected. It has been
reported that sinter bodies have relative density values higher than 92 %. As a result
of Vickers hardness measurements (200 kgf/mm?, 15 sec) made on the sintered bodies,
values in the range of 17.5-24 GPa were obtained, and it was found that the hardness

values of HEBs were higher than the hardness values of single boride samples.
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Figure 2.27 : HEB studies published from 2016 to 2022 (Url-7).

Wang et al. (2018) conducted simulation studies to predict the mechanical and
electrical properties of (Hfo.2Zro2Tao2Mo.2Tio2)B2 (M=Nb, Mo, Cr) high-entropy
metal borides. As a result of modeling the Vickers hardness values of these materials,
it was emphasized that the hardness values of all of them varied in the range of 30-38
GPa, and they should be called superhard materials. (Hfo.2Zro.2Tao2Nbo.2Tio.2)B2 also
stated that the interatomic interaction of high-entropy boride is stronger and its

electrical conductivity is higher than ceramics with Mo and Cr content.

Zhang et al. (2019) synthesized (Hf0.2Zro0.2Tao.2Cro.2Ti0.2)B2, (Hf0.2Zr02M00.2Nbo.2Ti0.2)
B2 and (Hfo.2Mo0.2Ta0.2Nbo.2Ti0.2)B2 high-entropy ceramics as a result of the sintering
process with SPS following the borocarbothermal reduction method at 1600 °C. Metal
oxides reacted with boron as starting material, and metal diboride synthesis was
completed. The relative density values were found between 95 % and 99.2 %. The
hardness values measured with HVo.2 were calculated as 25.9 + 1.1 GPaand 28.3 + 1.6

GPa.
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Mayrhofer et al. (2018), single-phase high-entropy (Zro.23Vo.14Tao.24Hf0.19Ti0.2)B2
ceramics onto austenitic stainless steel substrates by magnetron sputtering method (Ar
atmosphere, 0.4 MPa, 450 °C) using ZrB2, TiB2, HfB2, TaB2, VB2 microplates (99.5
% purity). Boride coatings were deposited and annealed in vacuum at the temperature
range of 1100-1500 °C for 10 min. (Zro23Vo.14Tao24Hf0.19T10.2)B2 high-entropy metal
boride coatings were found to have 47 GPa hardness and 540 GPa elastic modulus

values.

Tallarita et al. (2020) obtained (Hfo.2Moo.2Tao.2Nbo.2Ti0.2)B2 high-entropy metal boride
ceramics as a result of a two-stage production process. In the first stage, self-
propagating high-temperature synthesis (SHS) method (stainless steel cell, Ar
atmosphere, W wire) was applied. After short-term milling was applied to the SHS
product and the product was pulverized, densified bodies were obtained by using the
spark plasma sintering method (1950 °C, 20 min, vacuum, 20 MPa). A very small
amount of (Tao.sTio.5)B2, (Hfo.sTio.5)B2, HfB2 and HfO2 phases were also detected in
the SHS product. It was stated that the HfO2 phase disappeared after sintering, and the
sintered body had a relative density of 92.5 % and a hardness of 23 GPa. It has been
emphasized that the single metal borides produced by the same method have an
average hardness value of 19 GPa, and (Hfo.2Moo2Tao2Nbo2Ti02)B2 high-entropy

metal boride has a significant improvement in its hardness value.

In their study, Qin et al. (2020b) synthesized six different high-entropy boride
compounds by spark plasma sintering followed by high-energy ball milling. They
found low intensity oxide phases and (Wx, Mi1x)B phase together with high-entropy
boride peaks. They found the hardness values measured at 200 gf and 15 seconds of
holding time between 27.5 + 1.1 and 20.9 + 1.1 GPa. Finally, they found that high-
entropy metal borides containing WB2 and MoB: had unexpectedly higher hardness

values.

As can be seen, there are many studies with different production methods for the
production and characterization of high-entropy metal borides. In Table 2.4, shows he
recent studies reported on HEB ceramics producing by SPS. Here, the method used
before SPS, starting raw materials, composition and SPS conditions differ from each
other. These differences affect the hardness or relative density values or the phases
seen as a result of XRD. In addition, when the literature studies were examined, no

study was found with a composition of six or more.
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Table 2.4 : Recent studies reported on HEB ceramics produced by SPS.

Composition

Raw Materials

Method & Conditions

SPS Conditions

References

(Hfo.2Zro.2Tao.2Nbo.2Tio.2) B2
(Hfo2Zro2Tao2Moo2Tio.2) B2
(Hfo.2Zr02Mo00.2Nbo.2Ti0.2) B2
(Hfo2Moo.2Tao2Nbo2Tio2) B2
(Mo00.2Zro2Tao2Nbo2Tio0.2) B2
(Hf0.2Zr02Wo.2Mo0.2Ti0.2) B2
(Hf0.2Zr0.2Ta0.2Cro.2Ti0.2) B2

(Hf0.2Zr0.2Ta0.2Cro.2Ti0.2) B2
(Hf0.2Zr02Mo00.2Nbo.2Ti0.2) B2
(Hfo..Moo.2Tao2Nbo.2Tio.2) B2
(Hfo.2Zro.2Tao.2Nbo.2Tio.2) B2
(Hf0.2Zr02Mo00.2Nbo.2Ti0.2) B2
(Hfo.Moo.2Tao2Nbo2Tio2) B2

(Hfo.2Zro.2Tao.2Nbo.2Tio.2) B2
(Hfo.2Zr02M00.2Wo.2Ti0.2) B2

(Hfo.2Zro2Tao2Cro.2Tio.2) B2

(Hfo2Zro2Tao2Nbo2Tio2) B2

Individual
Metal
Borides

Metal oxides
and B

Metal oxides,
B4C,
graphite

Metal oxides
and B

Metal oxides,
B4C,
C

Individual metal borides, graphite

HEBM and SPS

Borothermal reduction and SPS

Borocarbothermal reduction
and SPS

Borothermal reduction and SPS

Borothermal reduction and SPS

HEBM and SPS

2000°C, 30 MPa

2000°C, 30 MPa

2000°C, 30 MPa

2000°C, 30 MPa

2000°C, 30 MPa

2200°C, 80 MPa

Gild et al.
(2016)

Y. Zhang
et al.
(2019a)

Y. Zhang
et al.
(2019b)

Y. Zhang
et al.
(2020)

Y. Zhang
et al.
(2021a)

Qin et al.
(2020a)
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Table 2.4 (continued) : Recent studies reported on HEB ceramics produced by SPS,

Composition Raw Materials Method & Conditions SPS Conditions References
(Hfo.2Zro.2Tao.2Nbo.2Tio.2) B2
(Hfo.2Zro2Tao2Moo2Tio.2) B2
(Hf0.225Z10.22sM00.225Wo0.225Ta0.225) B2 Qin et al
(Ti02Ta0.2Cro.2M002Wo2) B2 Metal Powders and B HEBM and SPS 2000°C, 50 MPa (202 Ob)'
(Moo.2Zro2Tao2Nbo2Tio.2) B2
(Hfo.2Zr02Wo.2Mo00.2Ti0.2) B2
(Hf0.25Zr0.25Ta0.25Sco.25) B2 Metal oxides and B4+C Borocarbothermal reduction o Z. Zhang et
and SPS 2000°C, SOMPa 1 " 5022)
(Hfo.2Zro2Tao2Vo.2Nbo.2) B2 Metal oxides, B4C and C HEBM, Borocarbothermal 1700°C-1800°C, Y. Yang et
reduction and SPS 30 MPa al. (2022)
(Hfo2Zro2Tio2Nbo2Tao2) B2
(Hf0.2Zr0.2T10.2Tao2Moo.2) B2 Metal oxides. B4C and C Borocarbothermal reduction 2000°C, 30-80  Gild et al.
(Hfo.2Zro2Ti02Ta0.2Cro.2) B2 > o and SPS MPa (2020)
(Hfo2Zr02Ti02Wo2Moo.2) B2
1800°C-1900°C- Kavak et
(Hf0.25T10.25Wo.25Z10.25) B2 Metal oxides, B203, Mg HEBM, SPS 2000°C-2050°C,
al. (2022b)
30 MPa
(Hfo2Moo.2Ta02Nbo2Tio2) B2 Metal powders, B SHS, HEBM and SPS 1950°C, 20 MPa I;?Hggzaoit
. . Borocarbothermal reduction 1650°C-10 MPa, Qiao et al.
(Hfo2Nbo2Tao.2Ti0.2Zro.2) B2 Metal oxides, B4C and SPS 2000°C-30 MPa (2022)
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3. EXPERIMENTAL PROCEDURE

In this study, high-entropy diboride ceramics were synthesized via high-energy ball
milling (HEBM) assisted spark plasma sintering (SPS). First of all, each metal boride
was synthesized by mechanochemical synthesis (MCS) which is a solid-state synthesis
method and purified by HCI leaching. After that, these pure boride powders were
hybridized. Detailed characterization studies of both powder samples and sintered

bodies were carried out.

3.1 Synthesis of Metal Borides

In this study, HfB2, TiB2, ZrB2, TaB, Mo-B, W-B, Cr-B and Mn-B borides were
synthesized by leaching following the mechanochemical synthesis method at room
temperature. For these synthesis, related metal oxides (HfO2, ZrO, TiO2, TaxOs,
MoO3, WO3, Cr203, MnO2; Alfa Aesar™, in purity > 99 %, particle size < 45 um),
native boron oxide (B203, ETI Mine, in purity > 98 %, particle size < 470 um) and
magnesium (Mg, MME, in purity > 99 %, particle size < 145 pm) as a reducing agent
were used. The theoretical reactions used in the synthesis of metal borides are given

in the below equations (3.1)-(3.8).

Ta20s s) + B203 (s) + 8 Mg =2 TaB (s) + 8 MgO (s) (3.1)
TiO2 )+ B203 (s + 5 Mg = TiB2 s) + 5 MgO (s (3.2)
HfO2 sy + B203 5) + 5 Mg = HfB2 s) + 5 MgO ) (3.3)
7102 s+ B203 (s) + 5 Mg = ZrB2 5) + 5 MgO () 3.4)
MnO:z s)+ B203 s) + 5 Mg = MnB2 ) + 5 MgO (s (3.5)
Cr203 )+ 2 B203 (55 + 9 Mg =2 CrB2 sy + 9 MgO ) (3.6)
WOs3 5)+ B203 x) + 6 Mg = WB2 5) + 6 MgO (5 3.7)
MoOs3 (s)+ B203 5y + 6 Mg = MoB2 (s) + 6 MgO ) (3.8)
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First of all, powder mixtures were prepared in stoichiometric or excess amounts over
6 grams according to theoretical reactions. Then, these blends were placed in vials with
balls in the MBRAUN™ glovebox under an argon (Ar, Linde™,
99.9 %) atmosphere. The vials and the balls were chosen as hardened steel. The ball-
to-powder weight ratio (BPR) was fixed at 10:1. The powder blends were high-energy
ball milled in a Spex™ 8000D Mixer/Miller. Two 55 ml vials can be used in the
Spex™ 8000D device. Experiments were conducted at different milling times for each
boride powder. As a result of the experiments, the milling time was optimized as a
process parameter and the optimized results were given. After milling, magnesium
oxide (MgO) formed as by-product. For obtaining pure metal borides and removing
unwanted by-products, acid leaching was done with 4 or 6 M HCI (Merck™, 37 %)
under ultrasonic stirring. During the stirring, pure metal boride powders were obtained
by dissolving MgO in the asidic solution. This solution was taken as 10 ml for each 1
g of powder. At the end of stirring, the powders were subjected to repeated washing
and centrifugation (Hettich™ Rotofix 32A centrifuge) with distilled water until the pH
reached 6-7 in order to obtain pure boride powders. When the pH reached to desired
value, it was dried under air in a FN™ 500 stove for 24 h at 120 °C. As a result, the
pure metal boride powders were obtained. Besides, in order to obtain pure metal
borides in some powder blends, after leaching, annealing was carried out at 1100 °C
under an argon and hydrogen (Linde™, 99.9 %) atmosphere in the Protherm™ ASP
series in a split quartz tube furnace. The hardened steel balls and vials, Hettich™
Rotofix 32A centrifuge device, GALLENKAMP™ hotbox oven and Protherm™ ASP
series of split quartz tube furnaces used in metal boride synthesis are shown in Figure

3.1.

Figure 3.1 : (a) Hardened steel bals and vials, (b) Hettich™ Rotofix 32A centrifuge
device, (c¢) GALLENKAMP™ hotbox oven and (d) Protherm™ ASP series in the
split quartz tube furnace.
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3.2 Preparation and Hybridization of Powder Blends

Metal borides powders, which are produced in the lab-scale, were hybridized in
equimolar ratios with different 3, 4, 5, 6, 7 and 8 constituents. In some boride powders
synthesized with different stoichiometry, an amount of amorphous boron powder was
added to the mixture during hybridization to form an equimolar composition. After the
prepared boride powder blends were using a Schimadzu™ SMK-501 analytical
balance (Figure 3.2a), they were blended in a WAB™ T2C Turbula blender for 2 h
(Figure 3.2b). Powder blends were prepared for over 10 g. Besides, the powder blends
were sealed in vials with balls under an Ar atmosphere in a MBRAUN™ glovebox

(Figure 3.2c). The powders in the vials were milled using two different mills: planetary

ball milling and high-energy ball milling.

Figure 3.2 : (a) Schimadzu™ SMK-501 analytical balance, (b) WAB™ T2C
Turbula blender, (¢c) MBRAUN™ glovebox.

Table 3.1 : Sample codes and their corresponding compositions.

Sample Code Composition
HEB 1 (Ti0.33Zro.33Hf0.33) B2
HEB 2 (T10.25Zro.25sHfo.25Mno.2) B2
HEB 3 (Tio.2Zro.2Hf02Cro2Mno.2) B2
HEB 4 (Ti0.2Zr02Hf0.2Tao2Mno.2) B2
HEB 5 (Zro.25Hf0.25Cro.25Mno.25) B2
HEB 6 (Tio.2sHfo.2sMno.25Cro.25) B2
HEB 7 (Ti0.25Zr0.25Mno.25Cro.25) B2
HEB 8 (Ti0.167Z10.167Hf0.167 M0 167 M00.167 Cr0.167) B2
HEB 9 (Ti0.167 Zr0.167 Hf0.167 Mn0.167 Wo.167 Cr0.167) B2
HEB 10 (Ti0.143Z10.143Hf0.143M00.143W0.143Cr0.143Mno.143) B2
HEB 11 (Ti0.143Zr0.143Hf0.143Ta0.143M00.143Cr0.143Mno.143) B2
HEB 12 (T10.143Zr0.143Hf0.143Ta0.143Wo.143Cr0.143Mno.143) B2

HEB 13 (Tio0.125Z10.125Hf0.125T20.12sM00.125 Wo.125Mn0.125Cro.125) B2

Sample codes for the hybrid powder blends and their corresponding compositions are

shown in Table 3.1. Sample codes are named with HEB representing high-entropy
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boride. To complete the diboride stoichiometry, nano-sized amorphous elemental
boron powders (B, Pavtec, in purity > 99 %, particle size < 400 nm) were used. All
HEB systems in Table 3.1 have been prepared as equimolar mixtures and will be

expressed without specifying their stoichiometric values in the further explanations.

3.2.1 Planetary ball milling

Preliminary experiments were carried out to determine the optimum conditions with
the HEB 1 composition, which is the main structure. For the initial hybridization
experiments, a Fritsch™ Pulverisette 5 Classic Line planetary ball mill with a 400 rpm
rotation speed was used. During experiments, milling container and milling media
were chosen as tungsten carbide (WC) vials (500 ml) and balls (@ 6 mm). Figure 3.3a-
b shows the Fritsch™ Pulverisette 5 Classic Line planetary ball mill and WC vials and

balls, respectively.

Figure 3.3 : (a) Fritsch™ Pulverisette 5 Classic Line planetary ball mill, (b) WC
balls and vials.

During experiments, different milling durations and different BPR have been tried to
choose the optimum conditions. These conditions are given at Table 3.2. As a result
of these trials, hybridization could not be achieved at the desired level, so high-energy

ball milling was tried.

Table 3.2 : Milling durations and different BPRs utilized for the HEB 1
composition milled with planetary ball mill.

BPR Milling Durations (h)

10:1 30
10:1 60
20:1 60
20:1 100
30:1 60
30:1 100
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3.2.2 High-energy ball milling

First of all, HEB 1 compositions were milled for 6 h, 10 h, 15 h and 20 h to determine
optimum duration. During the experiment, BPR was chosen as 10:1. In case of carrying
out the experiments in the Spex™ 8000D Mixer/Miller, the milling container was a
WC vial with a capacity of 50 ml and the milling media were WC balls with a diameter
of 6 mm. The Spex device, as well as WC balls and vials, are depicted in Figure 3.4a-

b, respectively.

Figure 3.4 : (a) Spex™ 8000D Mixer/Mill, (b) WC vials and balls.

After milling the HEB 1 composition for different durations (6 h, 10 h, 15 h and 20 h),
it was determined that the optimum milling time was 6 h. Milling for all other
compositions was conducted in the Spex™ 8000D Mixer/Mill device for 6 h with BPR
10:1.

3.3 Powder Characterization

The X-ray diffractometry (XRD) method was used for the characterization of metal
boride powders synthesized after MCS and leaching. For this, Bruker™ D8 Advanced
Series XRD (Figure 3.5) was used with CuK,, (1.5406 A, 35 kV and 40 mA) radiation
in the 20 range of 10-90° incremented at a rate of 2°/min. Also, XRD investigations of
the as-blended and milled hybridized powder blends were performed with the same
device and the same conditions. The International Center for Diffraction Data®

(ICDD) powder diffraction files were utilized for the identification of phases.
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Figure 3.5 : Bruker™ D8 Advanced Series XRD.

Particle size measurements were conducted with Malvern™ Mastersizer 2000 particle
size analyzer using distilled water equipped with a Bandelin Sonopuls™ ultrasonic
homogenizer, which are shown in Figure 3.6a-b. Before each measurement, distilled
water was added to the powders and then agitated with an ultrasonic homogenizer to

prevent the formation of agglomerated structures.

Figure 3.6 : (a) Malvern™ Mastersizer 2000 particle size analyzer, (b) Bandelin
Sonopuls™ ultrasonic homogenizer.

Density measurements of the powders hybridized for 6 h were made with the
Micromeritics™ AccuPyc II 1340 gas pycnometer at room temperature using He gas
(Linde™, in purity of 99.99 %) shown in Figure 3.7. Before the measurement, the
sample was weighed andthis value was entered into the program. As a result of
repeated measurements nearly 10 times, the average density values and standart

deviations were calculated.
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Figure 3.7 : Micromeritics™ AccuPyclI 1340 Helium-gas pycnometer.

Besides, JEOL™-6000 Neoscope scanning electron microscope (SEM) device shown
in Figure 3.8 was used for microstructural characterization of metal borides

synthesized under optimum conditions.

Figure 3.8 : JEOL™-6000 Neoscope SEM device.
3.4 Spark Plasma Sintering

3,4,5, 6,7 and 8 hybrid component powders milled for 6 h were sintered by applying
spark plasma sintering (SPS). All of the SPS experiments were performed at Eskisehir
Technical University at the Ceramic Research Centre (SAM) Laboratory. For the SPS
experiments, the FCT-HP D 25/1 SPS system produced by FCT Systeme GMBH™,
shown in Figure 3.9a-b, was used. Besides, 20 mm graphite dies lined with graphite
foils were selected for the sintering process. First, the lower part of the die was placed
and after the powder was filled, the upper part was closed and the powder was
compressed with a hydraulic press. After compression, the die was placed inside the
SPS system and filled with inert gas before the sintering experiments. SPS specimens
were sintered under 30 MPa pressure at 2000 °C. The temperature heating/cooling rate

was chosen at 100°C/min. The holding time was 10 min.
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a ' - y - . | ‘ -
Figure 3.9 : FCT-HP D 25/1 spark plasma sintering system.

3.5 Sintered Sample Characterization

Phase analyses of the sintered samples were performed with a Bruker™ D8 Advance
Series XRD (Figure 3.5). CuK, (1.5406 A, 35 kV and 40 mA) radiation in the 260 range
of 20-90° incremented at a rate of 2°/min were used as XRD analysis conditions.
Morphological analyses were performed at Bogazigi University Center for Life
Sciences and Technologies using ThermoScientific™ Quattro S SEM shown in Figure
3.10a. Also, the wear tracks of the specimens were examined with a Nikon™ Eclipse
L150 optical microscope (OM) using Clemex™ image analysis software. Figure 3.10b

shows the Nikon™ Eclipse L150 model OM.

Figure 3.10 : (a) ThermoScientific™ Quattro S, (b) Nikon™ Eclipse L150 optical
microscope.

The densities of the sintered samples were measured in distillated water using the
Archimedes’ method with Schimadzu™ SMK-501 analytical balance and spesific
gravity measurement kit (Archimedes’ kit) shown in Figure 3.11. Density values were

reported as average of three different measurements.
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Figure 3.11 : Schimadzu™ SMK-501 spesific gravity measurement Kkit.

After Archimedes’ measurement, sintered samples were hot-mounted with Struers™
LaboPress-1 system. Figure 3.12a shows the hot-mounted device. Hot-mounted
samples were grinded and polished in a METKON FORCIPOL™ 2V
grinding/polishing instrument and FORMICAT™ specimen holder (Figure 3.12b).
Coarse grinding was done with 125 um mesh triangular diamond discs at 160 rpm for
4 h, and fine grinding was done with 6 um mesh triangular diamond discs at 180 rpm
for 4 h. The polishing process was carried out by using a 3 um mesh diamond disc
with hexagonal cross section, by running the sample holder counterclockwise at 10

rpm and the disc clockwise at 220 rpm for 2 h.

Figure 3.12 : (a) Struers™ LaboPress-1 hot-mounting device, (b) METKON
FORCIPOL™ 2V grinding/polishing instrument and FORMICAT™ specimen
holder.

The hardness measurements of the grinded and polished samples were carried out with
the FutureTech™ Microhardness Tester, shown in Figure 3.13a. Measurement
parameters were determined as 0.9807 N load (100 g), 10 sec at room temperature by

Vickers method. As a result of 25 different measurements, average hardness values
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were obtained. Dry sliding wear tests were carried out using WC ball with 5 mm
diameter as the wear surface. For the test conditions, 6 mm/s sliding speed, 100 m
sliding distance and 2 mm wear track length were employed. The tests were carried
out at room temperature with a normal load of 4 N. After carrying out the wear tests,
the volumetric wear loss was determined by calculating the arithmetic mean of three
different measurements. Besides, relative wear resistance values were calculated by
multiplying wear track length and wear track area. The Bruker™ Umt-2 wear
instrument is shown in Figure 3.13b and the Veeco™ Dektak 6 M Stylus Profiler is

shown in Figure 3.13c.

Figure 3.13 : (a) FutureTech™ Microhardness Tester, (b) Bruker™ Umt-2 wear
instrument, (c) Veeco™ Dektak 6 M Stylus profiler.

3.6 Thermochemical Calculations

For determining possible phase formations, FactSage™ 7.2 thermodynamic software
was used with Calculation of Phase Diagram (CALPHAD) model. This gives the
opportunity to compare the designed high-entropy metal boride systems with the limits
determined in the literature on whether HEBs will be solid melt and what crystal
structure HEBs will have. In this thesis, three different compositions (HEB 1, HEB 3
and HEB 4) were selected and FactSage™ diagrams showing mole fractions versus
temperature were drawn and given in represantatively Figure 3.14a-c. On the basis of
Figure 3.14a, the solid-solution phase MB: is observed in the range of 250-3250 °C.
Liquid phase formation is shown after 3250 °C. Whereas, it can be seen from Figure
3.14b that solid melt phases MB4 up to 750 °C, M2B up to about 1250 °C, and MB2 up
to about 3250 °C are formed. In addition, liquid phase formation was observed in the
range of 1250-3750 °C. Similarly, solid-solution phases MB2 (up to nearly 3325 °C),
MB:2 (up to nearly 1125 °C), MnB2 (1000 °C-3275 °C) and MnB4 (up to nearly
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1125 °C) were formed according to Figure 3.14c. Again, the liquid phase was formed
between about 1775-3750 °C. As can be seen from the graphs, the formation of
different metal boride phases is observed at temperatures above 250 °C. The increase
in the number of components also increased the diversity of the phases formed. Besides

all these, there is liquid phase formation over 3000 °C.
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Figure 3.14 : Representative thermochemical calculations of HEB phases: mole
fraction of phases determined by FactSage™ (a) HEB 1, (b) HEB 3 and (c) HEB 4.
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4. RESULTS AND DISCUSSION

This chapter consists of five sections describing detailed characterization studies. First
of all, the production parameters of metal borides synthesized under optimum
conditions are explained. The next chapter includes detailed characterization studies
of HEB powders after milling. In the last three chapters, detailed phase,
microstructural, physical and mechanical characterizations of the SPS sintered sample

are explained.

4.1 Optimization of Metal Boride Powders

In this thesis, HfB2, TiB2, ZrB2, TaB, Cr-B, Mo-B, Mn-B and W-B boride powders
were synthesized. In the synthesis of boride powders, many different parameters were
tried during the leaching process following the mechanochemical synthesis. As a result
of these experiments, optimum conditions were obtained. These parameters are

explained in Table 4.1.

Table 4.1 : Optimum conditions for the synthesis of metal borides.

Compositions Optimum Synthesis Conditions
HfB HfO,-B,0s3-Mg starting powders prepared in stoichiometric ratio,
2 milling for 12 h and leaching with 6 M HCI
TiB Ti0,-B»03-Mg starting powders prepared in stoichiometric ratio,
milling for 5 h and leaching with 6 M HC1
ZrB> Z10,-B,03-Mg starting powders prepared in stoichiometric ratio,
milling for 20 h and leaching with 4 M HCI
TaB Ta,0s-B>03-Mg starting powders prepared in 50 wt.% excess B0
ratios, milling for 10 h and leaching with 4 M HCI
Mn-B MnO,-B,03-Mg starting powders prepared in 100 wt.% excess B>O3 and

50 wt.% excess Mg ratios, milling for 10 h, leaching with 4 M HCI, and
annealing at 1100°C
Cr-B Cr,03-B,03-Mg starting powders prepared in 0.8 mole Cr,O3 100 wt.%
excess B0z and 25 wt.% excess Mg ratios, milling for 5 h and leaching
with 4 M HCI, and annealing at 1100°C

Mo-B Mo0O3-B,03-Mg starting powders prepared in 100 wt.% excess B,Os and
50 wt.% excess Mg ratios, milling for 6 h and leaching with 4 M HCl
W-B WOs-B,03-Mg starting powders prepared in 100 wt.% excess B,Os and

50 wt.% excess Mg ratio milling for 20 h and leaching with 4 M HCl
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Metal boride powders were synthesized by the mechanochemical synthesis (MCS)
method under optimum conditions in the presence of native B20O3, Mg and related
metal oxides. Figure 4.1a-b shows the XRD patterns of the HfB2 and TiB2 powders,
respectively. Only HfB2 (ICDD No: 00-038-1398) and TiB2 (ICDD No: 01-085-2083)
phases were formed without any contamination. Since these phases are stable at high

temperature in the binary phase diagram, they are expected to form.
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Figure 4.1 : XRD patterns of (a) HfB2 and (b) TiB2 powders.

On the basis of Figure 4.2a, only ZrB: (ICDD No: 01-089-3826) phase can be
observed. Similar to the HfB2 and TiB2 phases, the zirconium diboride, is also stable
at high temperatures. The Hf, Ti and Zr could be synthesized as diborides without
containing multi-phase boride compounds. In previous studies, it was reported that
HfB2 (Akcamli et al, 2016, 2017; Tekoglu et al, 2021), TiB2 (Agaogullar1 et al, 2009a;
2009b; Celik et al, 2022) and ZrB2 (Agaogullari et al, 2012b; Agaogullari et al, 2017)
could be produced as diboride with the same synthesis routes starting from different
raw materials. Also, the TaB (ICDD No: 01-089-2310) phase occurs without any other

boride compounds, as can be seen from Figure 4.2b.
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Figure 4.2 : XRD patterns of (a) ZrB2 and (b) TaB powders.
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XRD patterns of Mn boride and Cr boride powders are represented in Figure 4.3a-b,
respectively. According to the Mn-B patterns, there are MnB (ICDD: 00-038-1424),
Mn2B (ICDD: 00-025-0335), Mn3B4 (ICDD: 01-089-3781), MnB4 (ICDD: 00-013-
0200) and MnB2 (ICDD No: 01-089-3009) phases (Figure 4.3a). As expected, more
than one Mn-B phase are present in the microstructure. Similarly, there are various Cr-
B phases (Figure 4.3b) which are Cr3B4 (ICDD No: 01-089-3555), CrB2 (ICDD No:
03-065-1883) and CrB (ICDD No: 01-089-3587).
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Figure 4.3 : XRD patterns of (a) Mn boride and (b) Cr boride powders.

Figure 4.4a-b consists of XRD patterns of different phases both binary W boride and
Mo boride system. WB (ICDD No: 01-073-1769), W (ICDD No: 01-089-2767), W2B
(ICDD No: 00-025-0990) and W2Bs (ICDD No: 03-065-3591) peaks are seen from the
XRD graph (Figure 4.4a). In a similar way, Mo-B exhibits (Figure 4.4b) Mo (ICDD
No: 01-089-5023) and multi-phase boride compounds like a-MoB (ICDD No: 00-051-
0940), B-MoB (ICDD No: 00-006-0644), Mo2B (ICDD No: 01-089-1990), MoB:
(ICDD No: 01-089-3785), MoB4 (ICDD No: 00-020-1235) and M02Bs (ICDD No: 00-
038-1460).
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Figure 4.4 : XRD patterns of (a) W boride and (b) Mo boride powders.
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The Cr (lizumi et al, 2011), Mn (Simsek et al, 2019), W (Coskun & Ovegoglu, 2013;
Senyurt et al, 2021) and Mo (Kudaka et al, 2001; Yamauchi et al, 2007) borides contain
multi-phases as described in this thesis. Similarly, in several other investigations, it
has been reported that the variety in the stoichiometry of borides can occur instead of
a diboride. These phases may not be thermodynamically stable and are certainly
affected by some kinetic factors. The stoichiometry of boride phases is affected under

non-equilibrium conditions during MCS (Balc1 et al, 2016, 2019).

SEM images of metal boride powders synthesized under optimimum conditions at
different magnifications (500X, 1500X) are shown in Figure 4.5a-h. According to
these images, it is understood that all metal boride powders are synthesized in
submicron sizes. Also, all metal boride powders appear to be agglomerated and all of
the metal boride powders are irregular in shape because of repeated collisions at

prolonged milling durations.
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Figure 4.5 : SEM images of metal boride powders synthesized under optimimum
conditions at different magnifications (500X, 1500X): (a) HfB2, (b) TiBz, (c) ZrBa,
(d) Mo-B, (e) W-B, (f) TaB, (g) Cr-B, (h) Mn-B.
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Metal boride powders were synthesized using the optimum conditions determined as
a result of the experiments in the lab-scale. These boride powders were synthesized

repeatedly in large amounts for hybridization studies.

4.2 Powder Characterization

Phase analysis and particle size measurement results of metal boride powders
produced at lab-scale, reproduced and hybridized are explained. At the end of the
chapter, the density values of the hybridized powders measured by a pycnometer are

given comparatively.

4.2.1 (Hf-Ti-Zr)B: composition

The first aim for this ternary composition is to determine the optimum milling method
and optimum duration. For this reason, the HEB 1 composition was synthesized using
both planetary ball milling and high-energy ball milling (HEBM) systems. In order to
compare with the milled powders, the as-blended (non-milled) ones were examined.
XRD pattern of the as-blended HEB 1 composition is given in Figure 4.6. The
dominant peaks belong to the HfB2, TiB2and ZrB: phases found in the starting powder
blends. In addition, low-intensity peaks of the HfO2 (ICDD No: 00-006-0318) phase
are also seen at 20 values of nearly 29° and 32°, respectively. The reason for this could

be the surface oxidation of the powders during production under laboratory conditions.
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Figure 4.6 : XRD pattern of the as-blended HEB 1 composition.
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4.2.1.1 Planetary ball milling

As mentioned before, high-entropy alloys contain four or five components in the
composition. However, our HEB 1 composition contains three main components,
which are HfB2, TiB2 and ZrB:2. The composition containing three elements is defined
as “medium-entropy alloys/borides (MEB)”. Demirskyi et al. (2020) synthesized
another three-component system, which is a equimolar (Zr13Hf1/3Ta1/3)Bz, and defined
as medium-entropy diboride. On the other hand, Monteverde and Saraga (2020)
calculated some parameters required to form ideal equimolar solid-solutions of metal
diborides. Accordingly, in the three metals Hf-Ti-Zr system, the ratio of a and c lattice
parameters were found to be 1.82 % (dca= 1.82 %), lattice volume 7.45 % (6v=7.45
%), atomic radius 4.62 % (8= 4.62 %) and electronegativity value 7.68 % (Sec-neg =
7.68 %). In addition, it was recommended in that the various diboride powders varying
in particle shapes and sizes can be utilized for a successful synthesis of medium-
entropy ceramics (Castle et al, 2018). As a result, HEB 1 composition is a medium-
entropy alloy and it is the main composition. HEB 1 composition was synthesized in
order to be a base alloy for other samples and to be able to compare. The HEB 1
composition, blended in an equimolar ratio, was milled for 30, 60 or 100 h. The BPRs
were varied as 10:1, 20:1 and 30:1 for these milling durations. The XRD patterns of
the samples milled at both different durations and different BPRs are given in Figure
4.7. When Figure 4.7(c-f) is examined, it can be seen that the medium-entropy boride
phases started to form their formations were not completed for the conditions of BPR
20:1 and 30:1. The XRD patterns of the milled samples of the BPR of 10:1 (Figure
4.7a-b) are similar to those of the as-blended ones (Figure 4.6). There are HfB2, TiB:
and ZrB: phases in the structure. When the milling duration is increased to 60 h, a
slight decrease in peak intensity is observed, but there are no MEB phases. This proves
that the 10:1 BPR condition in the planetary ball mill is not sufficient for the formation
of'the MEB phase after 30 and 60 h of milling. Figure 4.7¢c-d displays the XRD patterns
of the 20:1 BPR condition at milling durations of 60 h and 100 h. Here, MEB phases
are formed, but there is a TiBz-rich phase that does not participate in the structure. The
XRD patterns after 60 h and 100 h of milling are quite similar. Figure 4.7¢-f includes
XRD patterns for the 30:1 BPR condition. Similar to Figure 4.7c-d, medium-entropy
boride phases are formed with the occurence of a TiBz-rich phase. When all conditions

are considered together, the condition with a BPR of 30:1 and milling duration of
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100 h has the lowest peak intensity and largest peak broadening. The TiB2 phase or
the TiBz-rich phase is present for all conditions. In addition, counts of XRD patterns
in Figure 4.7 are almost the same. Despite all, the peak intensities and broadenings are
still close to the as-blended powders. Similarly, in a study conducted in the literature,
it was stated that the mechanical alloying procedure extended up to 60 h did not result
in a significant change in the XRD pattern (C. Wang et al, 2014).
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Figure 4.7 : XRD patterns of the HEB 1 composition mechanical alloyed in a
planetary ball mill at different durations and ball-to-powder weight ratios.

Figure 4.8 exhibits the average density measurement values of the powders milled in
a planetary ball mill. For the milled samples having BPR of 10:1, the average densities
are found as 6.7151 £0.0154 and 6.48 =0.0165 g/cm? for 30 h and 60 h, respectively.
Also, when BPR is 20:1, the average density values are measured as 6.6649 + 0.0134
and 6.713 £0.0055 g/cm? for 60 h and 100 h, respectively. And when BPR is 30:1, the
average densities are determined as 6.7539 + 0.0053 and 6.4466 = 0 .0017 g/cm’ for
60 h and 100 h, respectively. When the BPR condition is 10:1 and 30:1, it is seen that
the average density value decreases as the milling time increases. However, when the

BPR condition is 20:1, the average density value increases with the increase in milling
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is obtained with BPR 30:1 milling for 60 h,

is obtained after 100 h of milling under BPR 30:1 condition.
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According to the XRD patterns, it is seen that medium-entropy boride phases begin to
form even after 6 h of milling. There are also low-intensity peaks of the TiBa2-rich
phase at 20 value of ~35° and ~44°. In addition, WC phase (ICDD No: 00-002-1055)
peaks (~31°, 35°, 47°) are seen as contamination from the milling balls and vials. The
amount of WC contamination increases as the milling time approaches 20 h. When all
XRD patterns are compared with the XRD pattern of the as-blended powders (Figure
4.6, an intensity decrease and a peak broadening are observed. The broadening of the
peaks, the decrease in peak intensity and the overlapping of individual peaks are
simply attributed to the formation of solid-solutions. Furthermore, the broadening of
the peaks and/or the reduction of the peak intensity are dependent on three factors
during the high-energy ball milling: grain size reduction, high lattice strain and
decreased crystallinity (Duan et al, 2020; Long et al, 2021; C. Wang et al, 2014). Since
such hybridization was not observed when planetary ball milling was used, further

studies were continued using HEBM.

The particle size measurement for the HEB 1 composition milled for 6 h [d(0.1)=0.94
um, d(0.5)=4.6 pm, d(0.9)=23.22 pum], 10 h [d(0.1)=1.58 pum, d(0.5)=6.52 um,
d(0.9)=24.32 um], 15 h [d(0.1)=1.49 pm, d(0.5)=5.8 um, d(0.9)=23.6 um] and 20 h
[d(0.1)=0.79 pum, d(0.5)=1.87 um, d(0.9)=3.26 um] is seen in Figure 4.10a-d,
respectively. Generally, as the milling time increases, the particle size of the powders
is expected to decrease (Agaogullar1 et al, 2012a; Suryanarayana, 2001). However,
under these conditions, it is observed that the average particle size decreases after only
20 h of milling compared to that of 6 h milling. It is notable that the agglomeration of

the particles prevents the observation of smaller ones.
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Figure 4.10 : Particle size distrubution of the HEB 1 composition milled at: (a) 6 h,
(b) 10 h, (c) 15 h and (d) 20 h.
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Figure 4.11 shows the average density values of powders milled in a Spex™ device
with different durations. The average density values are 6.5912 + 0.002,
6.401420.0075 g/cm?’, 6.3228+0.0068 and 6.1041+0.00065 g/cm? for 6, 10, 15 and 20
h, respectively. It is clearly seen that the density values decrease as the milling duration

increases. However, this is not a proof of a proper correlation.

Average Density (glcms)

Samples

Figure 4.11 : Average density measurement values of HEB 1 powders high-energy
ball milled at different durations.

The milling time of 6 h is chosen as optimum in the condition of BPR: 10:1 using a
Spex™ due to the fact that increased contamination and decreased density as the
milling time increases according to the XRD patterns. In this thesis, high-entropy

boride ceramics were synthesized above-mentioned condition.

4.2.2 (Hf-Ti-Zr-Mn)B: composition

Mn boride powders were investigated its effect to the main composition. Figure 4.12a-
b represents the XRD patterns of as-blended and milled HEB 2 composition. The as-
blended XRD pattern (Figure 4.12a) includes the HfB2, TiB2, ZrB2, MnB, MnB,
Mn:B, Mn3Bs4 and HfO: phases. Table A.1 shows the approximate 20 values
corresponding to the MnaBb peaks. The HfB2 phase has the strongest peak at nearly 260
value of 42°. Peak shifting and overlapping are observed after 6 h of milling (Figure
4.12b) when compared to the as-blended powders, like HEB 1 composition. High-
entropy boride phases started to form, but this formation was not fully completed.
There is TiB2-rich phase (20 = 44.3°) in the structure. It is also thought that the MnB

is formed around 20 value of 44.6°. This peak is interpreted as TiB2-rich because of
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the exact overlapping with the peak position. There are boride peaks that do not

participate into the hexagonal lattice structure.
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Figure 4.12 : XRD patterns of the (a) as-blended and (b) milled HEB 2 composition.

Figure 4.13 is the particle size distribution graph of the HEB 2 composition
[d(0.1)=1.43 pum, d(0.5)=4.53 pm, d(0.9)=20.68 um]. Particle size shows a bimodal
distribution. The average particle size is approximately 4.5 um. Most of the powder
particles have sizes below 20 um. According to the three-component HEB 1 system,
the addition of Mn boride as the fourth component did not cause a significant change

in the particle size.
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Figure 4.13 : Particle size distribution of the HEB 2 composition.
4.2.3 (Hf-Ti-Zr-Mn-Cr)B:; composition

By adding Cr-B to the four-component system, a new five-component composition
was obtained and properties of this new system were investigated. Figure 4.14a-b
shows the XRD patterns of the as-blended and milled HEB 3 composition,
respectively. There are HfB2, TiB2, ZrB2, MnB, MnB2, Mn2B, Mn3B4, CrB, CrBz,
Cr2B, Cr3Baphases in the as-blended XRD pattern. Table A.1 exhibits approximate 260
values corresponding to the MnaBb and CrxBy peaks. As mentioned before, the reason
for the presence of different phase stoichiometries is due to the purity of the powders

synthesized in the lab-scale. The strongest peaks are detected at about 20 value of 41°

for ZrB2 and Cr-B phases.
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Figure 4.14 : XRD patterns of the (a) as-blended and (b) milled HEB 3 composition.
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Figure 4.14 (continued) : XRD patterns of the (a) as-blended and (b) milled HEB 3
composition.

When the XRD patterns are examined after milling (Figure 4.14b), it is seen that high-
entropy boride phases begin to form. As seen in other examples, TiB2-rich phase
occurs in two peak positions (20 = 27.5° and 44.3°). Besides, it is also thought that
MnB (26 = 44.6°) and Cr2B (20 = 44.1°) phases are formed, but TiB2 was considered
to be more dominant and overlapped phase. Therefore, it has been referred to that the
phase is TiBz-rich. Also, Cr2B and MnB phases do not participate in the high-entropy

lattice structure.

Figure 4.15 represents the particle size distribution graph, which shows a bimodal
distribution for the HEB 3 composition [d(0.1)=1.4 um, d(0.5)=3.70 um, d(0.9)=20.40
pm]. 50 % of the powder particles have a distribution below than 3.7 um and 90 %
have a distribution below than 20.4 pm. It is clearly seen that the particle size decreases

in comparison with both three and four-component systems.
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Figure 4.15 : Particle size distribution of the HEB 3 composition.
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4.2.4 (Hf-Ti-Zr-Mn-Ta)B; composition

Firstly, the Mn-B phase constituted powders was added to the three-component basic
system. In order to examine the addition of different elements in quinary systems, the
TaB phase was added instead of Cr-B. The production of the five-component system
containing the TaB was carried out using optimum conditions, as in all other samples.
The XRD patterns of the as-blended and high-energy ball milled HEB 4 composition
are shown in Figure 4.16a-b. The as-blended peaks are sharp and most of the peaks
have high intensities. Besides, the most intense peaks are the ZrB2 and TaB phases.
The XRD pattern consists of HfB2, TiB2, ZrB2, MnB, MnB2, Mn2B, Mn3B4 and TaB
phases. On the basis of Table A.1, the approximate peak positions versus 26 in the Mn
boride phases are shown in detail. According to the Figure 4.16b, almost all of the
peaks appearing in the as-blended powders formed high-entropy boride phases after
milling. In addition, it is seen that TiB2-rich and TaB phases also exist. Besides, the
TiBz-rich peak at 20 value of nearly 44.3° is thought to also contain the MnB phase
(20 = 44.6°). This indicates that solid-solution formation has started but not been

completed yet.
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Figure 4.16 : XRD patterns of the (a) as-blended and (b) milled HEB 4 composition.
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Figure 4.16 (continued) : XRD patterns of the (a) as-blended and (b) milled HEB 4
composition.

The particle size distribution of the HEB 4 composition is illustrated [d(0.1)=1.57 um,
d(0.5)=6.35 um, d(0.9)=44.52 um] in Figure 4.17. Particle size graph illustrates an
inhomogenous distribution. The average particle size is approximately 6 um. Almost
all of the powder particles have a size distribution below than 44 pym. In comparison
with the five-component HEB 3 composition, it is seen that the average particle size

increases.
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Figure 4.17 : Particle size distribution of the HEB 4 composition.
4.2.5 (Hf-Zr-Mn-Cr)B; composition

In this thesis, the (Hf-Ti-Zr)B:2 system was first chosen as the base ternary system.
Then, the second base structure was obtained by adding Mn boride powders to this

ternary system. Five-component compositions were obtained by adding Cr boride and
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TaB phases to the quartet system. It was decided to proceed these studies by adding
the Mn boride and Cr boride powders and enhancing the five-component systems up

to eight.

In order to determine the main boride compound constituting the three-component
system, Mn boride and Cr boride powders were added to the composition of the HEB
1 and four-component compositions such as (Hf-Ti-Mn-Cr)B2, (Hf-Zr-Mn-Cr)B2 and
(Ti-Zr-Mn-Cr)B:2 were synthesized. First, the effect of the TiB2 phase was investigated.
The XRD patterns of the as-blended and milled powders without TiB2 phase are shown
in Figure 4.18a-b. There are HfB2, ZrB2 and multi Mn boride and Cr boride compounds
in the structure. Table A.1 includes the detailed peak positions of the MnaBb and CrxBy
phases. The as-blended powders consist of starting powders; they do not contain any
oxide phase. The most intense peaks belong to the HfB2 phase. On the other hand, the
other boride compounds have low intensities. It is observed that high-entropy boride
peaks begin to occur after milling in the absence of TiB2 phase. In the nearly 26 value
of 44°, TiBz-rich phase is not formed; besides, Mn or Cr borides are not observed,
unlike other compositions. Some of the formed high-entropy boride phases (26 = 52°,
69°, 82°) do not have the expected high intensity. Furthermore, a proper phase
determination cannot be done at 20 values between 60° and 70° because of broadening.
Therefore, solid-solution formation is incomplete. A sintering method is needed to

obtain high-entropy boride phases.
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Figure 4.18 : XRD patterns of the (a) as-blended and (b) milled HEB 5 composition.
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Figure 4.18 (continued) : XRD patterns of the (a) as-blended and (b) milled HEB 5
composition.

Figure 4.19 shows the particle size distribution of the HEB 5 composition [d(0.1)=1.52
um, d(0.5)=5.03 um, d(0.9)=26.38 um]. The average particle size is around 5 pm. 90
% of the powders have a particle size below than 26.3 pum. It is seen that the particle
size increased in contrast to the five-component HEB 3 composition. A similar
increase occurs when compared to the HEB 1 composition. However, there is an

insignificant increase in the particle size of the powders.
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Figure 4.19 : Particle size distribution of the HEB 5 composition.
4.2.6 (Hf-Ti-Mn-Cr)B: composition

In the HEB 6 composition, the ZrB:2 phase vanished from the structure. Figure 4.20a
includes the as-blended XRD pattern. This consists of HfB2, TiB2, MnB, MnB2, Mn2B,
Mn3B4, CrB, CrB2, Cr2B and Cr3B4 phases. The peak positions of Mn boride and Cr
boride phases are detailed in Table A.1. Figure 4.20b exhibits the XRD pattern of the
milling HEB 6 composition. There are high-entropy boride phases with high
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intensities. Also, there are three different peaks belonging to the TiBz-rich phase in the
20 values of nearly 27°, 34° and 44°. As seen in other samples, it is thought that there
are MnB and Cr2B phases along with the TiBz-rich phase at about 20 = 44°. The peak
intensities of the binary boride phases are low. In addition, a single-phase high-entropy

boride structure could not be obtained, and hence sintering is needed after milling.
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Figure 4.20 : XRD patterns of the (a) as-blended and (b) milled HEB 6 composition.

The particle size distribution of HEB 6 composition [d(0.1)=1.21 pum, d(0.5)=4.57 um,
d(0.9)=25.26 um] is given in Figure 4.21. The histogram showing a bimodal like
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distribution is evident for this composition. The average particle size is approximately
4.5 um. Furthermore, the majority of the powder particles are less than 25 um in size.
The decrease is not sharp in particle size when compared with the HEB 5 composition.
It is also seen that the particle distribution graphs are similar with each other.

According to the three-component HEB 1 system, the particle size is less than 0.1 pm.
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Figure 4.21 : Particle size distribution of the HEB 6 composition.
4.2.7 (Ti-Zr-Mn-Cr)B; composition

The synthesis was completed without the HfB2 phase using the optimum condition in
order to examine the effect of the elements in the main structure. The as-blended XRD
pattern is given in Figure 4.22a. This pattern includes ZrBz, TiB2, Mn boride and Cr
boride powders in the composition. Table A.1 includes the peak positions of the
different Mn and Cr boride phases in the as-blended powders. The peaks are sharp;
also, the most intense peaks belong to the TiB2, MnB and Cr2B phases. The as-blended
XRD pattern does not contain any oxide phase. Figure 4.22b represents the after
milling XRD pattern. There are high-entropy boride phases. However, the counts of
high-entropy boride peaks formed after about 26 = 50° are not so intense. In addition,
the broadening of the peaks is not as expected. The peak at 26 = 47° includes many Cr
and Mn boride (Mn3B4, MnB2, Cr3Bs4, CrB2 and CrB) phases. Most high-entropy
boride phases occur at lower intensities. Moreover, as in other compositions, the MnB
(20 = 44.7°) and Cr2B (26 = 44°) phases could be formed together with the TiB2-rich
phase (20 = 44.3°). As a result, it is evaluated that it is rich in TiB2 due to the
overlapping. In the HEB 7 composition, the TiBaz-rich phase, which form at low
intensity in other compositions at about 26 value of 27°, occurs at high intensity. The
MnsB4 and Cr3Ba4 phase were observed at nearly about 61°. The XRD pattern of the
milled HEB 7 composition contains metal boride powders that have a higher intensity
but do not significantly participate in hexagonal structure as compared with those of

HEB 5 and HEB 6 compositions. This shows that the HfB2 phase forms the basis of
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the main structure and suppresses the different metal boride compounds that may
occur. For the HEB 7 composition, it is not sufficient to obtain a single-phase high-

entropy boride with mechanical alloying; a subsequent method is also needed.
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Figure 4.22 : XRD patterns of the (a) as-blended and (b) milled HEB 7 composition.
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For the HEB 7 composition, particle sizes have multi-modal distribution [d(0.1)=1.65
um, d(0.5)=9.16 um, d(0.9)=41.75 um] in the Figure 4.23. The average particle size
is nearly 9 um. It is also seen that 90 % of the powder particles are synthesized below
than 41 um. However, the increase in particle size of the HEB 7 composition is evident
in contrast to the HEB 5 and HEB 6 compositions. Also, there is a significant increase
as compared to the three-component system, which is HEB 1 composition. It is
understood that the HfB2 phase has a higher effect on the main composition than other

elements.
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Figure 4.23 : Particle size distribution of the HEB 7 composition.
4.2.8 (Hf-Ti-Zr-Mn-Cr-Mo)B:; composition

Synthesizing experiments were carried out by adding different boride compounds to
the HEB 3 composition, which was chosen as the basic structure, until a six and/or

eight-component structure was obtained.

First, the Mo boride powders were added to the HEB 3 composition. The XRD graph
of the as-blended HEB 8 composition is seen in Figure 4.24a. This graph does not
exhibit any oxide phase or by-product; it only includes starting powders. There are
multi Mn boride, Cr boride and Mo boride compounds. These compounds are located
at different peak positions, as shown in Table A.1. According to the XRD pattern of
Figure 4.24b, there are high-entropy boride and TiB2-rich phases at about 20 values of
27°,33.9° and 44.3°. With TiB2-rich phases, MnB (= 44.7°) and Cr2B (= 44.1°) are
more likely to occur. Besides, MoB:2 (= 34.7°) and MoB4 (= 34.3°) phases can take
place in the structure. As the number of components increased, the multi-boride
compounds that did not participate in the structure increased with low peak intensities.
The strongest peaks still belong to the high-entropy boride phases. Nonetheless, a
single-phase high-entropy boride structure could not be obtained yet.
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Figure 4.24 : XRD patterns of the (a) as-blended and (b) milled HEB 8 composition.
Figure 4.25 illustrates the multi-modal particle size distribution of HEB 8 composition
[d(0.1)=1.44 pm, d(0.5)=3.45 um, d(0.9)=15.29 um]. The most of powder particles
were synthesized below than 15.2 um and the average particle size is about 3 pm,

indicating that the addition of Mo boride phase reduces the particle size when

compared to the HEB 3 composition.
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Figure 4.25 : Particle size distribution of the HEB 8 composition.
4.2.9 (Hf-Ti-Zr-Mn-Cr-W)B; composition

On the basis of Figure 4.26a, it is seen that the HfO2 phase (= 27°) occured with the
starting powders. Descriptions and detailed positions of Mn-B, Cr-B, W-B phases are
given in Table A.1. There are a lot of sharp peaks in the as-blended powders. In Figure
4.26b, high-entropy boride phases with low and high intensities were formed. TiB:-
rich phases observed at nearly 44.3° in all compositions were formed at low intensity.
This TiBa2-rich phase is thought to be accompanied by MnB (= 44.7°) and Cr2B (=
44.1°). In addition, it is seen that a high intensity W2B (= 40°) phase is formed. Also,
MnsB4 and CrB phases are emerged at different peak positions and with many W2B
phases. A second method is needed due to the high-entropy boride phases that cannot

be obtained in a single-phase and the different boride compounds are seen.
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Figure 4.26 : XRD patterns of the (a) as-blended and (b) milled HEB 9 composition.
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Figure 4.26 (continued) XRD patterns of the (a) as-blended and (b) milled HEB 9
composition.

A multi-modal particle size distribution are in Figure 4.27 for the HEB 9 composition
[d(0.1)=1.39 um, d(0.5)=3.02 um, d(0.9)=14.06 um]. The low reductions in the
particle sizes can be observed in comparison with the HEB 8 composition. The average
particle size is nearly 3 pm and most of the powder particle sizes are lower than 14

um.
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Figure 4.27 : Particle size distribution of the HEB 9 composition.
4.2.10 (Hf-Ti-Zr-Mn-Cr-Mo-W)B; composition

As a result of the six-component systems, a single-phase structure could not be
obtained and no significant change in particle sizes was observed. Therefore, a seven-
component structure was obtained by adding the Mo boride and W boride phases

together. Figure 4.28a-b represents XRD patterns of the HEB 10 composition both as-
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blended and milled powders. According to the as-blended powders (Figure 4.28a),
there are only starting constituent and they do not contain any oxide phases. The HfB2,
TiB2 and ZrB: phases are present as diborides, whereas the Mn boride, Cr boride, W
boride and Mo boride powders are present as different boride compounds. The
descriptions of these multi-phase boride compounds are given in detail in Table A.1.
After milling, low and high intensity, high-entropy boride peaks are observed together,
as in other compositions (Figure 4.28b). Along with all these, there are CrB, Mn3Ba,
Mo:2B, W2B and TiBoz-rich phases with different intensities and peak positions. The
most intense peaks belong to two different high-entropy boride phases, W2B (= 40°)
and Mo2B (= 40°). As with other compositions, an additional method is needed to

obtain a single-phase structure.

There is a bimodal particle size distribution of the HEB 10 composition [d(0.1)=1.44
um, d(0.5)=3.07 pm, d(0.9)=11.56 um], in Figure 4.29. According to the HEB 9
composition, there is no significant reduction in average particle size after milling

(~ 3 um), since all the constituent powders are below than 11.5 um.
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Figure 4.28 : XRD patterns of the (a) as-blended and (b) milled HEB 10
composition.

83



& + HEB
o TiB,-rich phase
YW,B A Mn3B,

®Mo,B ©CrB

— ]
= v
s -
>
=
M)
c
]
=]
£
D
M D
I I I I ! I I
10 20 30 40 50 60 70 80 90
20 (Degree)
Figure 4.28 (continued) : XRD patterns of (a) as-blended and (b) milled HEB 10
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Figure 4.29 : Particle size distribution of the HEB 10 composition.
4.2.11 (Hf-Ti-Zr-Mn-Cr-Mo-Ta)B; composition

In order to examine the effect of Mo boride and W boride powders with TaB powder,
seven-component compositions were created separately. Figure 4.30a-b shows the
XRD patterns of the as-blended and milled seven-component structure containing Mo-
B and TaB phases. The XRD pattern of the as-blended composition consists of the
HfB2, TiB2, ZrB2, TaB, TaB: and different Mn-B, Cr-B, Mo-B boride compounds as
shown in Table A.1. Moreover, there exists no oxide phase or by-product. After
milling (Figure 4.30b), high-entropy boride phases at different peak positions like
TiBz-rich phases (= 33.9° and 44.3°) and TaB (= 29° and 34°) are present. It is quite

evident that a single-phase structure could not be obtained. It is also thought that Cr2B
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(= 44.1°), MnB (= 44.7°) and MoBu4 (= 34.3°) can be formed in the TiB2-rich phases.

These peaks have low intensities.
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Figure 4.30 : XRD patterns of the (a) as-blended and (b) milled HEB 11
composition.

The average particle size of the HEB 11 composition [d(0.1)=1.27 um, d(0.5)=2.24

um, d(0.9)=5.42 um] is about 2 pum. The particle size distribution graph can be seen
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in Figure 4.31. Most of the particles are below than 5.4 um. A more homogenous

particle size distribution was obtained in the seven-component composition.
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Figure 4.31 : Particle size distribution of the HEB 11 composition.
4.2.12 (Hf-Ti-Zr-Mn-Cr-W-Ta)B: composition

A seven-component system was obtained by adding W boride structure instead of Mo
boride and its properties were compared with those of other compositions. According
to the XRD pattern of Figure 4.32a, there are HfB2, TiB2, ZrB2, TaB, TaB: boride
phases at different positions. Also, there are Mn boride, Cr boride and W boride phases
that occur in different peaks and their explanations are given in Table A.1. In addition
to all these, it is seen in Figure 4.32b that high-entropy boride phases begin to form
after milling, but these HEB phases are together with different boride phases with high
peak intensities and different positions. These peaks are TiBz-rich phases (= 27.2°,
33.9° and 44.3°), CrB (= 37.9°), TaB (= 40.7°) and W2B (= 22.5° 37.9° and 40.7°) at
various 260 positions. On the other hand, it can be stated that MnB, Cr2B and TaB:
phases also take place in the peak position at 44.9°. However, due to overlapping
peaks, this peak was interpreted as TiB2 dominant. For this reason, it was named as
TiBz-rich phase. Besides, there is a WC phase contamination located at 26 value of =

78°. In this case, a second method should be used to obtain the single-phase structure.

The bimodal particle size distribution graph with an average particle size of 2 um is
shown in Figure 4.33. As in the HEB 12 composition [d(0.1)=1.24 pm, d(0.5)=2.08
um, d(0.9)=9.37 um], it is observed that the average particle size decreased in contrast

to the other components.
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Figure 4.32 : XRD patterns of the (a) as-blended and (b) milled HEB 12
composition.
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Figure 4.33 : Particle size distribution of the HEB 12 composition.
4.2.13 (Hf-Ti-Zr-Mn-Cr-Mo-W-Ta)B; composition

Finally, an eight-component sample containing all synthesized borides at lab-scale was
produced. Figure 4.34a exhibits the XRD pattern of the as-blended, consisting of only
the starting phases without any contamination. Detailed peak positions and
explanations of the initial phases are given in Table A.1. On the other hand, Figure
4.34b shows the XRD pattern of milled HEB 13 composition. It contains different
compounds high-entropy boride phase in addition to different compounds belonging
to the initial boride phases (TiBz-rich phases, TaB, W2B, CrB and Mo2B). It is clearly

seen that a single-phase high-entropy boride structure could not be obtained.
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Figure 4.34 : XRD patterns of the (a) as-blended and (b) milled HEB 13
composition.
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Figure 4.34 (continued) : XRD patterns of the (a) as-blended and (b) milled HEB 13
composition.

The last particle size distribution graph is given at Figure 4.35 for the HEB 13
composition [d(0.1)=1.31 pum, d(0.5)=2.2 um, d(0.9)=5.6 um]. Average particle size
is around 2 um. The particle size increased insignificantly (about 0.1 um) over the
seven-component systems. However, almost all of the synthesized powder particles
are below than 5.6 um. It can be said that eight-component sytsem have the lowest

particle size in all of the compositions.
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Figure 4.35 : Particle size distribution of the HEB 13 composition.

Considering all compositions, it was understood that a single-phase high-entropy
boride structure could not be synthesized after high-energy ball milling and and hence
subsequent method was needed. In the literature studies, multi-phases with very
different crystal structures were detected after high-energy ball milling (Gild et al,
2016; Qin et al, 2020a; Storr et al, 2021). This indicates that temperature and
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mechanical impact are not sufficient for the formation of a single-phase high-entropy
boride structure (Gild et al, 2020; Y. Zhang et al, 2020). Single-phase high-entropy
boride synthesis can be completed using different sintering methods. In this thesis, the
spark plasma sintering (SPS) method was used after milling to obtain a single-phase

structure.

4.2.14 Density measurement of hybridized powders

Table 4.2 and Figure 4.36 show the average density values of the hybridized powders.
The highest density value is seen in the HEB 12 composition consisting of (Hf-Ti-Zr-
Mn-Cr-W-Ta)Bz, and the lowest density value is seen in the HEB 7 composition
consisting of (Ti-Zr-Mn-Cr)Bz. Since the density of the HfB2 phase is higher than that
of other binary boride compounds, the composition without this phase is expected to

have the lowest density value.

Table 4.2 : Average density values of hybridized powders.

Sample Code Average Density (g/cm?)

HEB 1 6.5912 + 0.002
HEB 2 6.365 £ 0.004

HEB 3 6.1728 + 0.0047
HEB 4 6.6487 + 0.0054
HEB 5 6.4485 + 0.0065
HEB 6 6.2225 +0.0077
HEB 7 4.9708 £ 0.005
HEB 8 6.1034 + 0.0044
HEB 9 6.7467 + 0.0035
HEB 10 6.8445 + 0.0083
HEB 11 6.5268 + 0.0067
HEB 12 7.1379 £ 0.0057
HEB 13 6.842 + 0.006

In five-component systems, it is seen that the addition of TaB increases the powder
density in contrast to the addition of Cr boride. The densities of all four-component
systems are lower than that of the HEB 1, which is the main structure. In quaternary
systems, the HEB 5 composition, which does not contain the TiB2 phase, has the
highest density value. In systems with six-components, it is evident that the addition
of the W boride powder significantly increases the density value in contrast to the Mo
boride phase. When the W boride and TaB phases were combined in the seventh
system, the powder density was at its highest. With the addition of the Mo boride

phase, the density value decreased under all conditions. There is no direct relationship
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between the number of components and the density value. It has been observed that
HfB>, TaB and W boride phases cause an increase in the powder density under their

composition conditions. HfB2, TaB and W boride densities are shown in Table 2.2.
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Figure 4.36 : Average density values of hybridized powders.
4.3 Phase and Microstructural Analysis of Sintered Samples

The characterization of the sintered samples using spark plasma sintering (SPS) will
be explained in this section. First of all, the phase analysis performed with XRD will
be mentioned. Then, microstructural characterization will be explained with the EDS

analysis results.

4.3.1 (Hf-Ti-Zr)B: composition

Figure 4.37 shows the XRD pattern of the HEB 1 composition after SPS. Compared
to Figure 4.9, it can be observed that the peak positions shifted and the peaks became
more intense. This indicates that the crystal structure is still stable and the crystallinity
is high. Small intensity peaks in the TiBz-rich phase disappeared. Also, the WC phase,
which occurs as a contamination, is not detected. This indicates that these phases react
under the influence of high temperature and pressure. In addition, there are small
amount of (Hf, Zr)O2 phase formed. It is due to the stability of the HfO2 and ZrO:
(ICDD No: 01-083-0810) structures. As previously stated, three element compositions
are defined as "middle-entropy alloys". So this base alloy is a “medium-entropy

boride” and these peaks belong to the medium-entropy phase. In addition, Demirskyi
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et al. (2020) synthesized medium-entropy (Zr13Hf1/3Tai/3)B2 using the spark plasma
sintering route from diboride powders. Using a sintering temperature of 1927 °C and
dwell time of 20 min, AlB2 type single-phase structure was obtained. Also, they
synthesized another medium-entropy (Zri3Nbi/3Tai/3)B2 diboride ceramics with the

same route (Demirskyi et al, 2020).
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Figure 4.37 : XRD pattern of the HEB 1 composition after SPS.

Figure 4.38a-b shows the SEM and color EDS images of the HEB 1 composition at a
magnification of 2500X. The matrix exhibits an inhomogenous microstructure, like
"stony" appearance. With light and dark colored regions. It is seen that eutectic zones
are formed between grains, albeit partially. According to the color analysis (Figure
4.38b), it is clearly evident that the Hf element, which appears as yellow color in the
structure, is dominant. The mixture of Zr, which is blue, and Hf, which is yellow, gives
the green color. The green color in the color EDS image represents the Zr elements
distributed over Hf. In addition to all these, the purple-colored Ti element has a partical
dispersion in the microstructure. Boron element could not be properly detected due to
the probable peak overlapping and limited detection capability. The results of general
EDS analysis (Table 4.3) also confirmed that the Hf element is dominant in the
structure, followed by Zr and Ti elements. When the first point is examined, it is seen
that there is a high amount of Hf element in weight, and the Ti structure is almost non-
existent. In this case, it can be said that light-colored, white regions are Hf-rich regions.

As the second point distribution is closer to the general distribution; it is the richest Zr
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region. It is understood that while Hf decreases in weight, Ti and Zr increase in weight.
The third point may represent the matrix and gives a closer result to the general
distribution. The fourth point is the richest Ti region. Dark colors dominate here. At
the fifth point, it is seen that Ti and Zr increase according to the general distribution.

Also, dark areas might be porous regions.

Figure 4.38 : (a) SEM and (b) color EDS images of the HEB 1 composition at
2500X.

Table 4.3 : EDS spectral analyses of the HEB 1 composition.

Weight (%) General Point1 Point2 Point3 Point4 PointS5

Ti 14.5 0.8 16.5 16.3 19.5 16.5
Zr 26.0 22.4 35.2 279 27.0 30.7
Hf 59.5 76.8 48.3 55.8 53.5 52.8

4.3.2 (Hf-Ti-Zr-Mn)B; composition

Figure 4.39 displays the XRD pattern of the SPS’d HEB 2. In comparison with Figure
4.12, there are no TiB2, MnB and Mn2B phases. All of the secondary boride phases
completed the solid-solution formation, incorporated into the matrix by diffusion and
a single-phase high-entropy boride structure was obtained. In addition, as described in
the HEB 1 composition, low intensity and few oxide phases are also detected in very

small incubations.

Figure 4.40a-b shows SEM and color EDS images of the HEB 2 composition at 2500X
magnification. Compared to the HEB 1 composition, it is seen that the discrete regions
on the matrix disappeared. Instead, there are irregular and almost dendritic structures
on the light and dark gray matrix. Also, there is a non-homogenous distribution in the
structure. Table 4.4 represents the point and region values of the color EDS analysis.

According to the values, Hf is the most dominant element not only in the general but
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also in all of the point distributions, as can be seen from the color EDS images, which
is blue (Figure 4.40b). The Hf is followed by the Zr and Ti elements. Mostly Zr, Ti
and Mn elements in different colors (orange, red and purple, respectively) are also seen
in the structure. Boron element was not found again. It is seen that the Mn remains
below 3 wt.%. The distributions at the first, third, fourth and fifth points are similar to
the general by weight, but at the second point, Mn increased in weight, and accordingly
a decrease in other elements occurred. It is seen that Hf, Ti and Zr have internally
consistent weight percentages in all points and general distributions. But at point 2,
Mn showed a very high increase. The fifth point, which gives almost the same results
as the distribution by region, may represent the matrix. As a result, the elements
constituting the main structure, particularly Hf, suppress the Mn. The reason for this
situation may be due to the lower melting point and molecular weight of Mn compared

to other elements. In addition, dark areas could be considered as porosity.
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Figure 4.39 : XRD pattern of the HEB 2 composition after SPS.
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Figure 4.40 : (a) SEM and (b) color EDS images of the HEB 2 composition at
2500X.
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Table 4.4 : EDS spectral analyses of the HEB 2 composition.

Weight (%) General Point1 Point2 Point3 Point4 Point5

Ti 14.3 14.8 12.8 14.6 14.6 15.2
Mn 24 2.1 6.9 3.8 2.2 2.8
Zr 26.1 26.4 24.8 24.2 26.1 24.8
Hf 57.2 56.7 55.5 57.4 57.1 57.2

4.3.3 (Hf-Ti-Zr-Mn-Cr)B; composition

The XRD pattern of the SPS’d HEB 3 composition is seen in Figure 4.41, exhibiting
a single-phase high-entropy boride structure without any detectable secondary boride
phases. Otherwise, this composition includes oxide phases like the other ones. The
absence of the secondary boride phase indicates that the production has been

completed successfully.
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Figure 4.41 : XRD pattern of the HEB 3 composition after SPS.

According to the SEM image (Figure 4.42a), color EDS (Figure 4.42b), and EDS
analysis value (Table 4.5) of the HEB 3 composition, there is a non-dendritic
distribution. The color EDS image shows the green and yellow Zr and Ti elements
above the purple Hf. Hf is the most dominant element in the HEB 3 composition. It is
seen that Zr and Ti dominate Mn and Cr elements. Mn and Cr remained below and
equal to 5 wt.% at all points and in the general analysis. Besides, Mn and Cr are thought
to form a binary eutectic region. Compared to the HEB 1 composition, the discrete
regions are disappeared, and the eutectic regions of Mn and Cr became evident. Points

1, 2, 4 and 5 give similar results with the general analysis. However, in point 3, Mn
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and Cr are less than 1 wt.% and Hf is more than 75 wt.%. Ti and Zr have lower weights
than detected in the general analysis. Hf predominates in light colored areas. It is
obvious that the five elements are not homogenously distributed in the composition.

Besides, dark areas could contain porosity.

Figure 4.42 : (a) SEM and (b) color EDS images of the HEB 3 composition at
2500X.

Table 4.5 : EDS spectral analyses of the HEB 3 composition.

Weight (%) General Point1 Point2 Point3 Point4 PointS5

Ti 14.6 13.7 15.5 0.9 12.7 13.7
Cr 5.0 4.1 4.8 0.2 3.5 4.5
Mn 2.7 1.6 2.5 0.4 2.2 2.9
Zr 23.2 24.9 22.5 19.7 22.5 22.2
Hf 54.5 55.7 54.7 78.8 59.1 56.7

Figure 4.43 shows the EDS spectral analyses of the HEB 3 composition until 10 keV.
When the figure is examined, it is seen that Ti, Mn and Cr peaks overlapped in the
range of 0 eV and 5 keV, and the peaks of Mn and Cr are overlapped in the range of 5
keV and 10 keV. It should be evaluated that this situation also affects the weight

percentage, especially when detecting Mn and Cr elements.
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Figure 4.43 : EDS spectral analyses of the HEB 3 composition. The overlapping
peaks were mentioned at the graph.

96



4.3.4 (Hf-Ti-Zr-Mn-Ta)B; composition

Figure 4.44 indicates the XRD graph of the HEB 4 composition SPS’d at 2000 °C.
XRD shows that all of the secondary boride phases (shown in Figure 4.16) have taken
place in the reaction by forming a solid-solution and the single-phase high-entropy
boride synthesis is completed. On the other hand, it can also be observed that several
hafnium and zirconium oxide phases are formed. The synthesis of high-entropy boride

ceramics in five-component systems has been completed.
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Figure 4.44 : XRD pattern of the HEB 4 composition after SPS.

Figure 4.45a shows the SEM image of the HEB 4 composition taken at 2500X. In the
light and dark colored regions, irregular shapes and dispersions of the elements in
different colors can be seen. A color EDS image is given in Figure 4.45b. It is seen
that Hf and Ta elements in orange and yellow are predominantly distributed. The
distribution of Zr in green and Ti in purple is in small amounts. The dark-colored
distribution points contain blue-colored Mn. The EDS analysis results in Table 4.6
confirm that Hf and Ta are dominant. Then there are Zr and Ti elements, while Mn 1s
below 3 wt.%. Elements (Mn, Ti) that overlap each other and their effects on overall
weight percentages are given in Figure 4.43. The distribution of elements in point
analyses is almost the same as in the general analysis. It can be seen from the first and
second points that the light gray and dark gray regions in the matrix contain almost the
same elemental amounts. At the fourth point, Mn showed a significant increase in

weight. At the fifth point, it is understood that while the amount of Hf and Zr by weight
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increases, Ta and Ti decrease. Therefore, there is a non-homogenous distribution in

the structure. Furthermore, dark areas are evalpertain to porous regions.

e O
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Figure 4.45 : (a) SEM and (b) color EDS images of the HEB 4 composition at
2500X.

Table 4.6 : EDS spectral analyses of the HEB 4 composition.

Weight (%) General Point1 Point2 Point3 Point4 Point5

Ti 11.4 11.8 11.3 11.5 10.8 10.1
Mn 2.8 2.6 2.7 24 43 2.9
Zr 16.2 16.4 15.6 17.0 17.5 18.2
Hf 37.0 36.1 35.9 36.7 35.5 38.6
Ta 32.6 33.1 34.5 324 31.9 30.2

4.3.5 (Hf-Zr-Mn-Cr)B; composition

In the XRD pattern in Figure 4.46, it is observed that single-phase high-entropy boride
phases were formed after spark plasma sintering. At the same time, small peaks belong
to the hafnium and zirconium oxide phases. In comparison with Figure 4.18, high-

entropy boride peaks are sharp with high intensities.

On the basis of the SEM image of HEB 5 composition at 2500X (Figure 4.47a), there
is an irregular elemental distribution dispersed over the light and dark gray regions.
Also, some small white dots are observed at the microstructure. On the basis of Figure
4.47b and Table 4.7, Hf is the most dominant element in the structure. The Mn and Cr
elements are almost 1 wt.%. As it can be seen from Figure 4.43, Mn and Cr are
overlapped. As a result of this situation, their weight percents are affected. Yellow Hf
and blue Zr give a color close to green at these points. Boron was not found in the
structure and a small amount of Mn and Cr are seen. The first point is white in color
and consists almost entirely of the Hf element. Cr and Zr elements were not found.

The second and third points represent the dark and light gray microstructure and give
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a result close to the general distribution. At the fourth point, Mn showed a significant
increase in weight. While Cr is not included in weight, Zr decreases. The fourth point
is the Mn-rich section. At the fifth point, there is a distribution close to the general.
Eutectic regions in the HEB 3 composition are not seen here. It is thought that the
absence of Ti in the composition causes this situation. In the absence of Ti, it is evident
that contrast regions has larger areas, which can be attributed to grain size. According

to all results, every point in the microstructure does not show a homogenous

distribution.
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Figure 4.46 : XRD pattern of the HEB 5 composition after SPS.
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Figure 4.47 : (a) SEM and (b) color EDS images of the HEB 5 composition at
2500X.
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Table 4.7 : EDS spectral analyses of the HEB 5 composition.

Weight (%) General Point1 Point2 Point3 Point4 Point5

Cr 1.3 0.0 1.0 1.2 0.0 1.1
Mn 1.2 0.2 0.6 0.7 11.1 0.7
Zr 30.8 0.0 31.5 31.8 21.4 31.6
Hf 66.7 99.8 66.9 66.3 67.5 66.6

4.3.6 (Hf-Ti-Mn-Cr)B; composition

As seen in Figure 4.48, the high-entropy boride peaks are observed after spark plasma
sintering at high intensities. Approximately 20 positions at 28°, 34°, 38°, and 88°, a
very weak HfO:2 phase is formed. At 20 value of 45°, the secondary phase is formed.
When searching for secondary phases, two intermetallics are found: MnTi (ICDD: 00-
007-0132) and/or Mno.s6T10.44 (ICDD: 00-015-0338). When the peak positions of these
phases are examined, it is predicted that the secondary phases may be Mn-Ti rich.
Also, it is expected that the fourth point (Table 4.8) in the EDS analysis will also
confirm this result. It is considered that the absence of the ZrB2 phase in the main

structure can cause the formation of the secondary phase.

As represented in Figure 4.49a, elemental distribution with irregular shape, size and
colors was formed in HEB 6 composition, just as it was in other compositions. As it
can be seen from Figure 4.49b and Table 4.8, the dominant Hf distribution is clearly
evident in yellow. Ti, which is the second most abundant element in the structure after
Hf, is collected in certain regions as pink. Mn and Cr are below 10 wt.%, as expected.
This situation was showed in Figure 4.43. When the point EDS results are examined,
it is clear that the first and second points (light and dark regions) are almost the same
as the general distribution. The white colored part at the third point is entirely Hf by
wt and contains only 1 wt.% Ti. At the fourth point, while Hf was found to be rich, Ti
decreased significantly and Mn increased significantly in weight. The fourth point is
the region where Mn is richest. The fifth point is the region where Ti and Cr are at
highest amounts. In contrast to other compositions, despite its small amounts (less than
1 wt.%), low molecular weight element B was detected here. At the first, second and
fifth points, the amount of B increased by more than 1 wt.%. While the Zr element was
not found in the composition, the detection of boron as a result of EDS analyses
indicates that the Zr and B peaks may have overlapped. There is no homogenous

distribution as in other compositions.
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Figure 4.48 : XRD pattern of the HEB 6 composition after SPS.

Figure 4.49 : (a) SEM and (b) color EDS images of the HEB 6 composition at
2500X.

Table 4.8 : EDS spectral analyses of the HEB 6 composition.

Weight (%) General Point1 Point2 Point3 Point4 Point5

B 0.9 1.3 1.3 0.0 0.4 1.2
Ti 18.2 19.3 19.7 1.0 11.9 20.4
Cr 8.7 8.4 8.6 0.0 59 9.5
Mn 4.7 33 3.6 0.0 8.6 3.7
Hf 67.5 67.7 66.7 99.0 73.2 65.2

4.3.7 (Ti-Zr-Mn-Cr)B; composition

XRD patterns of HEB 7 composition sintered without HfB2 phase are given in Figure
4.50. High-entropy boride phases are seen; however, peaks are not sharp and have low
intensities. Furthermore, many ZrO: phases and one TiO2 phase are formed. In

addition to HEB and oxide phases, secondary ones occur at three different 20 positions
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(~27°,33°and 44°). The reason for the formation of secondary phases at high intensity
could be due to the absence of HfB2, which may act as a main structure in the high-
entropy composition. It is predicted that the boride compounds enter the HfB: lattice.
In the study examining the interdiffusion between HfC-TiC, it was observed that TiC
diffused faster, while HfC acted as the main material (Heiligers et al, 2012). In another
study reported on the diffusion between HfC-ZrC, it was explained that Hf and Zr had
similar inter-diffusion rates (Ghaffari et al, 2013). According to these studies, it is
understood that the phases containing Hf or Zr act as the base structure, while other
elements diffuse into this structure. Similarly, Kavak et al. (2020a) were suggested this
situation. They found that HfC and ZrC are host materials. Generally, in the (Hf-Ti-
Zr)B2 system, the high diffusion rate of the Hf element suppresses the formation of the
secondary phases. When the microstructure was examined, it was evaluated that
intermetallic phases could form between Zr-Cr or Zr-Mn, which would also result in
dendritic structures. Kanazawa et al. (2022) were observed that the dendritic ZrCr
Laves phase is surrounded by two different eutectic regions. It was also revealed that
this phase was embedded in the Cr solid-solution. Based on this study, it was
interpreted that the secondary phases could be ZrCr2 Laves phase; on the other hand,

this cannot be confirmed because there is no match in the ICDD cards.
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Figure 4.50 : XRD pattern of the HEB 7 composition after SPS.

SEM image of HEB 7 composition at 2500X is in Figure 4.51a. It is clearly seen that
the HEB 7 composition has a different microstructure from all other compositions.

There is an inhomogeneous distribution. Dendritic-like complex microstructure was
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formed. The absence of Hf is predicted to cause this microstructure. In the color EDS
analyses (Figure 4.51b, Table 4.9), the dominant Zr is blue, and the secondary element
Ti is visible in the areas surrounded by pink. Boron was not detected. Cr is present at
amount of 15 wt.%. Mn was still less than 10 wt.%. The reason for the high amount of
Mn and Cr elements by weight shows that Hf dominates these elements. However, the
overlapping peaks described in Figure 4.43 should be considered when evaluating
results weight percents. At the first point, Zr is about 75 wt.%. According to the general
distribution, Ti, Cr and Mn decreased significantly. At the second point, while Zr
decreased, Cr and Ti elements by weight increased greatly. At the third point Zr is over
70 wt.%. Mn has the highest weight percents, the third point is the Mn-rich region.
The fourth point is the richest Cr region. While Ti is increasing, there is a significant
decrease in Mn and especially Zr. The fifth point has high fractions of Mn and Cr at
the same time. This indicates that the dark distribution is rich in Mn and Cr. Zr is

present in almost the same ratio as Cr, the highest fraction is seen in Ti element.

Figure 4.51 : (a) SEM and (b) color EDS images at 2500X of the HEB 7
composition.

Table 4.9 : EDS spectral analyses of the HEB 7 composition.

Weight (%) General Point1 Point2 Point3 Point4 Point5

Ti 27.0 17.3 35.7 11.5 33.7 33.2
Cr 15.2 4.2 21.5 2.9 26.3 27.8
Mn 7.4 33 8.5 13.8 3.8 10.1
Zr 50.4 75.2 343 71.8 36.2 28.9

When the three elements constituting the main structure are compared with each other,
it is interpreted that secondary phases are formed in the absence of ZrB2 and HfB:, and
that the secondary ones have both low peak intensities and do not form sharply without

HfB>. In addition, according to the SEM images, it has been understood that a different
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microstructure occurs in HfB2 deficiency. Therefore, the HfB2 phase is interpreted to

have the most significant effect on the formation of high-entropy boride peaks.

4.3.8 (Hf-Ti-Zr-Mn-Cr-Mo)B:; composition

On the basis of Figure 4.52, the HEB 8 composition contains high intensity and sharp
high-entropy boride peaks. With all this, there are also some impurities like hathium
oxide and zirconium oxide. The boride phases, which are TiB2, MnB, Mn2B, Cr2B and
MoB4, in the XRD pattern after milling (Figure 4.24) formed a completely solid-

solution.
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Figure 4.52 : XRD pattern of the HEB 8 composition after SPS.

When the SEM image of the HEB 8 composition is examined (Figure 4.53a), as
expected, a light and dark colored elemental distribution with irregular shape and size
is formed over the gray regions. When Table 4.10 and Figure 4.53b are examined
together, the dominant yellow Hf element is seen. Furthermore, green color is thought
to occur because blue color Zr is distributed over Hf. In addition, the element Mo,
which is almost as much as Zr, is also shown in green. When the general distribution
is examined, Mn and Cr are below 10 wt.%. The reason for this situation can be
interpreted as the peak overlapping shown in Figure 4.43. The first, third and fifth
points gave almost the same amounts at the general distribution. When the second
point is examined, it is seen that Hf is over 70 wt.% and Zr is around 23 wt.%. Ti, Mn

and Cr elements are below 1 wt.%. This indicates that the light colored dots scattered
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on the matrix are Hf-rich regions. Looking at the fourth point, the amounts of Mn and
Cr are at their highest value. Mn, in particular, increased significantly. The fact that
the fourth point includes the Mn-Cr-rich region, in addition to the major Hf element.

There is an inhomogeneous distribution.

.9 mim um 2 20.00kV 4. A+B- 10.9 166 um

Figure 4.53 : (a) SEM and (b) color EDS images of the HEB 8 composition at
2500X.

Table 4.10 : EDS spectral analyses of the HEB 8 composition.

Weight (%) General Point1 Point2 Point3 Point4 Point5

Ti 11.0 11.1 0.7 11.2 9.9 11.7
Cr 7.3 7.2 0.7 6.9 8.1 7.8
Mn 4.2 52 0.8 4.6 18.2 5.1
Zr 17.3 17.5 234 17.3 4.2 15.3
Mo 19.7 19.6 1.9 19.4 3.3 18.3
Hf 40.5 39.4 72.5 40.6 56.3 41.8

4.3.9 (Hf-Ti-Zr-Mn-Cr-W)B; composition

The XRD pattern of HEB 9 composition obtained by SPS is displayed in Figure 4.54.
Only high-entropy boride phases are obtained, as expected. In spite of these phases,
there are very small oxide peaks. The addition of the W boride phase clearly does not
prevent the formation of high-entropy boride peaks. All of the secondary boride phases
(Figure 4.26b) were incorporated into the matrix. It has been understood that high-
entropy boride synthesis has been successfully completed in the six-component
systems. According to the SEM (Figure 4.55a) color EDS (Figure 4.55b) and EDS
analysis results (Table 4.11), there are nearly dendritic and irregular phase
distributions on the matrix, consisting of light and dark gray regions. Dissimilar to the
other compositions, in the addition of W boride has an irregular distribution within
each region. The most dominant element is Hf and followed by W in dark orange. It is

thought that the Zr distribution is above Hf. Ti, Mn and Cr are found in small regions.
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Mn and Cr elements are below 5 wt.%. Figure 4.43 shows the possible cause of this
situation. There is no boron element detected. EDS analyses (points 1 and 2) made
from light and dark colored regions show that they give almost the same result for the
general distribution. Similarly, in the fourth point, there is a similar result compared
with the general distribution. It is seen that the third point is the Hf-rich region. While
W, Ti, Mn and Cr decreased significantly, Zr increased slightly. The fifth point is the
Mn-rich region. As seen in other compositions, dark areas mostly contain Mn. The
amount of Hf increased at a high rate, while the amount of W decreased at a high rate.

In this case, like the other ones, there is no homogenous distribution.
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Figure 4.54 : XRD pattern of the HEB 9 composition after SPS.

d

Figure 4.55 : (a) SEM and (b) color EDS images of the HEB 9 composition at
2500X.
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Table 4.11 : EDS spectral analyses of the HEB 9 composition.

Weight (%) General Point1 Point2 Point3 Point4 Point5

Ti 10.8 11.7 11.1 1.6 11.4 8.1
Cr 4.0 4.2 4.6 0.5 4.2 3.0
Mn 2.5 24 24 0.6 2.2 11.3
Zr 16.9 16.4 16.5 18.7 16.5 17.2
Hf 39.1 39.1 38.4 75.3 40.3 50.3
\Y 26.7 26.2 27.0 3.3 254 10.1

4.3.10 (Hf-Ti-Zr-Mn-Cr-Mo-W)B; composition

As can be seen from the XRD pattern of the seven-component HEB 10 system after
SPS (Figure 4.56), the high-entropy boride phases were formed with sharp and high
peaks. Again, oxide phases are observed at four different peak positions like the HEB
9 composition. All of the binary boride phases that formed after milling turned into the
high-entropy phase.
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Figure 4.56 : XRD pattern of the HEB 10 composition after SPS.

According to the SEM image given at 2500X in Figure 4.57a for the HEB 10
composition, irregular and large shaped particles were distributed on the matrix
consisting of gray areas. Particles containing W have a discrete appearance in
themselves. According to the colored EDS in Figure 4.57b and the analysis results in

Table 4.12, the dominantly yellow Hf element is seen. W, Zr and Mo have almost the
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same weight percentages. Ti is less than 10 wt.%, Mn and Cr are less than 5 wt.%. The
overlap of the peaks are thought to cause this situation which is expressed in Figure
4.43. According to these results, it can be said that there is no homogenous distribution.
The first and second points, representing the light and dark gray regions, show almost
the same general distribution. As expected, the Mn content increased at the third point
in the dark region. With Mn, Ti increased while Hf and W decreased. It also exhibits
a small increase in Cr. At the fifth point, which consists of the light-colored region,
there is a high percentage of Hf and partially Zr, as expected, and approximately 1
wt.% of Mn and Mo. At the fifth point it has amounts close to the general distribution.

W increased while Hf decreased.

Figure 4.57 : (a) SEM and (b) color EDS images of the HEB 10 composition at
2500X.

Table 4.12 : EDS spectral analyses of the HEB 10 composition.

Weight (%) General Point1 Point2 Point3 Point4 PointS5

Ti 8.6 8.5 8.6 11.4 0.0 8.5
Cr 4.8 4.7 4.8 6.4 0.0 4.5
Mn 3.5 2.8 24 11.1 1.2 2.6
Zr 15.0 14.6 14.9 19.2 21.3 15.0
Mo 12.1 12.7 12.9 10.5 0.7 13.1
Hf 36.6 35.6 34.8 24.6 76.8 33.9
\Y 19.4 21.1 21.6 16.8 0.0 22.4

4.3.11 (Hf-Ti-Zr-Mn-Cr-Mo-Ta)B; composition

On the basis of Figure 4.58, for the HEB 11 system, it is seen that the high-entropy
phases are formed with the secondary phase. It is evaluated that the secondary phases
are Hf-Ta-rich phases when the EDS results are examined (Table 4.13). However, a
large number of weak oxide phases were also formed. It is seen that the addition of

TaB instead of the W boride phase causes the formation of the secondary phase. The
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addition of TaB to HEB 4 composition did not cause secondary phase formation in
five-component systems. It is thought that the increase in the number of components

may also cause the formation of the secondary phase.
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Figure 4.58 : XRD pattern of the HEB 11 composition after SPS.

There is a SEM image of HEB 11 composition in Figure 4.59a. On the light and dark
gray matrix layer, rounded particles at different sizes, most of the in white and some
in dark color, stand out. In addition, cracks are seen in these particles. There are color
EDS image and EDS results of HEB 11 composition in Figure 4.59b and Table 4.13,
respectively. According to the general distribution results, Hf and Ta are almost in the
same fractions, and the yellow and blue distributions confirm these ones. Zr and Mo
also have similar ratios. This situation is also evident with the light blue and green
colored distribution in places. Ti and Cr are below 10 wt.%, Mn is below 3 wt.%, the
least common element in the structure is Mn. As seen in other compositions, the
percentages of Mn and Cr are the lowest, as expected from Figure 4.43. When the first
point is examined, as expected, Hf is over 70 wt.% and Zr is around 24 wt.%. Light
colored white dots are Hf-rich regions. The second and third points, light and dark gray
matrix regions gave almost the same results as the general distribution. This situation
is similar to other combinations as well. The second point is the highest concentration
of Cr. At the fourth point, Mn has its highest value. The analysis results are close to
the general distribution. The fifth point is similar to the first point, Hf is the rich region.
There is no homogeneity in this composition like the others and there are some

porosites.
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Figure 4.59 : (a) SEM and (b) color EDS images of the HEB 11 composition at

2500X.

Table 4.13 : EDS spectral analyses of the HEB 11 composition.

Weight (%) General Point1 Point2 Point3 Point4 Point5

Ti
Cr
Mn
Zr
Mo
Hf
Ta

8.4

7.6

2.8

13.8
15.5
27.8
24.1

0.1
0.4
0.2
24.1
0.0
73.1
2.1

9.3

8.3
2.7
12.6
16.5
23.9
26.7

8.8
7.7
2.8
12.8
15.9
24.7
27.3

6.9

6.4

5.7

13.6
11.4
32.1
23.9

0.2
0.2
0.2
22.6
0.3
73.9
2.6

4.3.12 (Hf-Ti-Zr-Mn-Cr-W-Ta)B; composition

The XRD pattern of HEB 12 composition sintered with SPS at 2000°C is displayed in

Figure 4.60. Similar to the HEB 11 composition, besides the high-entropy boride peaks

formed as the severe and main phase, secondary phase formation was also observed.

When the EDS analyses and Table 4.14 results are examined, it is predicted that the

secondary phases could contain Hf-Ta-W. However, verification could not be made

with ICDD cards. In addition, the oxide phase appeared at low intensity and at three

different peak positions. Although secondary phases are also formed in seven-

component systems, sharp high-entropy boride phases could be obtained as the main

component.

110



+ HEB
* ® Hf, Zr oxide
# Secondary phase
S
8
>
=
(7]
5 *
-
E| *
& *
- *
-
o I2 e
T T T T T T
20 30 40 50 60 70 80 90
20 (Degree)

Figure 4.60 : XRD pattern of the HEB 12 composition after SPS.

The SEM image in Figure 4.61a shows particles dispersed on the light and dark gray
matrix. These particles are irregularly shaped and have different sizes from each other.
In the colored EDS images in Figure 4.61b, predominantly yellow, blue and orange
colors are evident. In places, pink, purple or orange colors are also seen. The EDS
results in Table 4.14 confirm the color SEM images. There are almost the same
fractions of Hf, Ta and W elements in the composition of the general distribution
(approximately 24-25 wt.%). The zircon element is about 11 wt.%. Ti, Mn and Cr are
all below than 10 wt.%. The possible explanation which cause this situation is given
in Figure 4.43. At the first point, Ti decreased while W significantly increased in
weight. This region is the W-rich region. A high amount of decrease is also seen in the
Zr element. Boron element was detected when Zr decreased below 10 wt.%. Boron
element was also detected in another composition (HEB 6) which did not contain ZrB:
phase. The second point gave close results with the general distribution. When the
third point is examined, it is seen that Hf and Mn increase in large amounts. The third
point is the Mn-rich region. At the same point, it should be noted that the Ta and W
elements are greatly reduced. At the fourth and fifth points, it gives close results with

the general distribution. The fourth point is the region with the highest Cr content.
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Figure 4.61 : (a) SEM and (b) color EDS images of the HEB 12 composition at
2500X.

Table 4.14 : EDS spectral analyses of the HEB 12 composition.

Weight (%) General Point1 Point2 Point3 Point4 PointS5

Ti 6.1 1.6 6.7 2.8 6.1 6.1
Cr 53 5.2 5.7 3.1 6.2 4.9
Mn 4.5 3.9 4.5 14.7 53 5.5
Zr 11.4 9.7 12.3 17.2 12.0 13.0
Hf 24.6 24.4 24.6 44.6 253 26.5
Ta 23.7 22.2 22.4 9.0 22.5 21.3
Y 24.4 32.6 23.8 8.6 22.6 22.7
B 0.0 0.4 0.0 0.0 0.0 0.0

4.3.13 (Hf-Ti-Zr-Mn-Cr-Mo-W-Ta)B; composition

For the last composition, the XRD pattern after SPS is shown in Figure 4.62. Even
when all boride phases are combined, the formation of high-entropy boride phases is
complete without a secondary peak. The peaks, which belong to hafnium and
zirconium oxide, are sharp with very low intensities. According to the SEM/EDS
analysis, secondary phase may be considered with Hf-Ta-rich phase. However, this

cannot be verified with ICDD cards.

SEM and color EDS analysis images of the HEB 13 composition sintered with SPS
and values of these images are given in Figure 4.63a-b and Table 4.15, respectively.
The eight-component system has a microstructure similar to the five-component HEB
3 system. The darker regions draw attention. It is seen that the darkly colored regions
are distributed on the matrix. These regions have different shapes and sizes. There is

an inhomogeneous system.
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Figure 4.62 : XRD pattern of the HEB 13 composition after SPS.

When the results of the general analysis are examined, it is seen that Hf and Ta
elements are dominant. Zr, Mn and Mo are in the range of 10 to 15 wt.%. Ti is below
than 10 wt.%, Mn and Cr below 5 wt.%. This is expected, as summarized in Figure
4.43. The blue distribution confirms the predominance of Hf and Ta. The first, third,
fourth and fifth points have almost the same fractions as measured the general
distribution. The third point is the region with the most intense W. At the second point,
as observed in other compositions, Hf is about 75 wt.%, while Zr is about 23 wt.%.

This region is the Hf-rich region. A sharp decrease is observed in other elements.

30 pm ——f

A 250 m CBS Al 126mm 553E-4 Pa 11:12:56 AN 20.00 5.0 High vacuum  CBS Al 12.6 mm

Figure 4.63 : (a) SEM and (b) color EDS image at 2500X of the HEB 13
composition.
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Table 4.15 : EDS spectral analyses of the HEB 13 composition.

Weight (%) General Point1 Point2 Point3 Point4 Point5

Ti 7.5 8.1 0.2 7.8 8.6 8.1
Cr 4.7 4.8 0.3 4.6 4.6 4.7
Mn 33 2.7 0.2 2.9 3.3 3.1
Zr 12.0 12.2 23.3 9.9 12.6 11.3
Mo 10.6 11.7 0.2 9.3 11.6 10.5
Hf 27.8 243 74.4 26.9 24.4 24.6
Ta 21.1 22.4 1.3 232 20.7 233
\Y 13.0 13.8 0.1 15.4 14.2 14.4

Depending on the composition, the diffusion rates of the elements and their dissolution
in each other, the microstructures contain differences in terms of shape, irregularity
and size of the dispersed particles. According to the EDS results, when all samples are
examined, Hf is the most dominant element. Mn and Cr are below 10 wt.%. in all
compositions except the HEB 7 composition, which does not contain HfB2. The
heavier elements could suppress the lighter ones. There is an inhomogeneous
distribution in all compositions according to the both SEM and EDS images. In the
SEM images of all compounds, it is seen that the elements exhibit semi-homogeneous
distribution even in micron scale. This indicates that the solid-solution has been
completed (Chen et al, 2019). There are some porosities throughout the structure as
well. Qin et al. (2021) also determined the porosities in their samples’ microstructure.
In addition, while most elements are homogeneously distributed, there are also
elements that do not exhibit homogeneous distribution. Barbarossa et al. (2021b)
similarly emphasized that the elements are not homogeneously distributed at every
point of the surfaces they examined. In another study they carried out, they stated that
they encountered porosity as a result of the synthesis and they calculated the amount
of porosity as 2.2 + 0.2 vol.% (Barbarossa et al, 2021a). Besides, Chen et al. (2019)

stated that necking between grains causes porosity.

In all samples, high-entropy boride structure was obtained after SPS. On the other
hand, as mentioned in earlier studies, the solid solubility of CrB2 in HfB: and ZrB: is
limited (Post et al, 1954). But similarly, Gild et al. (2016) showed that single-phase
high-entropy structure can be formed by the SPS method in compositions containing
CrBa. Several studies with different compositions have shown that single-phase high-
entropy boride ceramics are synthesized similarly after spark plasma sintering
(Barbarossa et al, 2021b; Gild et al, 2016, 2020; Murchie et al, 2022; Qin et al, 2020a,
2020b, 2021; Y. Wang et al, 2018; Y. Zhang et al, 2019a, 2019b, 2021a, 2021b). As

114



mentioned in previous studies in the literature, single-phase high-entropy boride has
AlB:2 type hexagonal close-packed (HCP) crystal structure with P6/mmm space group
(D. Liu et al, 2019; Mayrhofer et al, 2018; Y. Wang et al, 2018). With high-entropy
boride phases, there are weak oxide peaks in the XRD pattern. In different studies, in
which high-entropy boride phases were produced by different or the same routes, low
amounts and weak (Hf, Zr)O2 phases in low amounts were observed (Gild et al, 2019b;
Gu et al, 2019; Tallarita et al, 2020; Y. Zhang et al, 2019a, 2019b). Qin et al. (2021),
in their study, predicted that oxide phases can be removed if extra boron is added to

the composition. However, this situation disrupts the stoichiometric diboride structure.

4.4 Physical Characterization of Sintered Samples

Table 4.16 and Figure 4.64 show the average Archimedes’ densities values of the
sintered specimens. The highest density value is seen in the HEB 13 composition
consisting of (Hf-Ti-Zr-Mn-Cr-Mo-W-Ta)B2, and the lowest density value is seen in
the HEB 7 composition consisting of (Ti-Zr-Mn-Cr)Ba. It was observed that the
average density values increased after SPS in all samples, except for the HEB 7
composition, which did not contain the HfB2 phase. When the four-component systems
are compared with each other, it is seen that the HEB 5 composition, which does not
contain the TiB2 phase, has the highest density value. Except for the HEB 5
composition, the average density values of all four component systems are lower than
that of the HEB 1 composition. In the five-component ones, it is understood that the
addition of TaB gradually increased the density compared to the addition of Cr boride.
In six-component systems, the addition of W boride changed the density positively in
comparison with the addition of Mo boride. When we look at the seven and eight
components, it is seen that the addition of Mo boride decreases the density, while the
additions of W boride and TaB increase the density. The eight-component
composition, on the other hand, has a higher density value than densities of the seven-
components. As a result, there is no correlation between the number of components
and the measured average density values. In the compositions HEB 6, HEB 7, HEB
11, HEB 12 and HEB 13 where secondary phases are present, it should be considered
that the secondary phases also affect the density values. In addition, low amounts of
porosity are present in the compositions, as can be seen from the SEM images. It is

predicted that the porosity may affect the density values. It is difficult to produce a
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fully dense sample, as evidenced by the porous structures. First, strong chemical bonds
cause slow diffusion, and second, oxygen contamination causes coarsening (Gild et al,

2020).

Tallarita et al. (2020) synthesized a (Hfo2Mo0o.2Tao2Nbo.2Tio.2)B2 composition with a
density of 8.07 + 0.01 g/cm®. Also, Zhang et al. (2022) synthesized
(Hfo.25Zr0.25T20.25S¢0.25)B2 ceramics with 7.97 g/cm?®. Yang et al. (2022), on the other
hand, found the densities to be between 6.86 g/cm? and 7.36 g/cm? in their study. The
measured density values are seen as average when compared with those of the

literature.

Table 4.16 : Average density Archimedes’ values of the sintered samples.

Sample Code Average Density (g/cm?)

HEB 1 6.7289 + 0.0016
HEB 2 6.5427 + 0.0048
HEB 3 6.2544 +0.0118
HEB 4 7.4347 + 0.0025
HEB 5 7.2559 4+ 0.0022
HEB 6 6.4691 + 0.0067
HEB 7 4.7517 £ 0.0015
HEB 8 6.3631 + 0.0044
HEB 9 7.0504 + 0.0034
HEB 10 7.0766 + 0.0019
HEB 11 6.9134 +0.0032
HEB 12 7.3325 +0.0067
HEB 13 7.4794 + 0.0065
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Figure 4.64 : Average Archimedes’ density values of the sintered samples.
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4.5 Mechanical Characterization of Sintered Samples

4.5.1 Hardness measurement

The hardness measurement results of the samples sintered with SPS can be found in
Table 4.17 and Figure 4.65. The lowest hardness value was measured in the eight-
component HEB 13 composition, and the highest hardness value was measured in the
HEB 6 composition, which does not contain the ZrB2 phase. The hardness value of
HEB 1 composition, which is the main composition, is higher than the HEB 2, HEB
5, HEB 8, HEB 9, HEB 12 and HEB 13. When the four-components are compared
with each other, the highest value is seen in the HEB 6 composition, and the lowest
value is seen in the HEB 7 in the absence of the HfBo. It is understood that the addition
of Mn boride reduces the hardness. When the five-components were compared, it was
observed that the TaB phase (HEB 4) significantly reduced the values compared to the
Cr-B one (HEB 3). Looking at the HEB 2 and the HEB 3 compositions, the addition
of the Cr-B phase increased the hardness again (HEB 2). When we look at the HEB 8
and the HEB 9 in six-component systems, it is understood from the HEB 9 composition
that the addition of W boride significantly reduces the hardness. However, it is seen
that the addition of both Mo boride and W boride reduces the hardness according to
the composition of HEB 3, which is the base alloy. The addition of TaB reduced the
hardness of seven-components. The W boride phase in the HEB 12 composition
provided an insignificant increase in hardness compared to presence of the Mo boride
in the HEB 11 composition. Since the HEB 6 composition contains a secondary phase,
this secondary phase can be considered to increased the hardness value. Similarly,
HEB 7, HEB 11, HEB 12 and HEB 13 compositions also contain secondary phases,
which are predicted to affect the hardness values. As a result, it was observed that the

addition of TaB significantly reduced the hardness in all compositions.

The order of hardness calculated in the study of Zhou et al. (2015) is as follows:
TiB2 > ZrB2 > HfB2 > TaB2 > CrB2 > MoB2 > WBa. According to this calculation, the
composition without the ZrB: phase is not expected to have high hardness. In general,
it is predicted that the MoB2 and CrB:2 phases have lower hardness than the whole
Group IV diborides (Mahesh et al, 2015; Y. Zhou et al, 2015). This means that in HEB
ceramics containing MoB2 and CrB:2 phases is expected to have lower hardness. Also,

MoB:2 does not have a stable phase at room temperature, so there is no hardness value
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obtained as a result of experimental calculations, but it is estimated as a result of
discrete fourier transform (DFT) studies that the hardness value is low (Y. Zhou et al,
2015). However, in this study, Mo-B and especially Cr-B systems increased the values.
Similarly, in the study of Gild et al. (2020), additions to MoB2 and CrB2 seem to
increase hardness (parameters: 200 gf, 15 sec). Similarly, in another study,
compositions containing MoB2, CrB2 and WB:2 were found to have higher hardness
(Qin et al, 2020b). In a study by Zhang et al. (2019), the hardness values of
(TiZrNbHfTa)B2, (TiZrNbHfMo)B2 and (TiNbMoHfTa)B2 compounds were
measured at 21.7 = 1.1 GPa, 26.3 + 1.8 GPa, 27 + 0.4 GPa, respectively. Again, the
system containing Mo-B has a higher hardness value. In a study conducted in the
literature, they calculated hardness of (TiZrNbHfTa)B: and (TiZrWHfMo)B2, which
resulting in values of 20.5 + 1 GPa, 29.4 + 1.7 GPa, respectively. It was determined
that the secondary phases changed the hardness values and higher hardness values
were obtained after densification (Y. Zhang et al, 2020). Feng et al. (2021) observed
that the secondary phases affect the hardness values. Failla et al. (2020) synthesized
compositions (TiZrCrHfTa)B2, (TiZrHfTa)B:, (TiZrHfCr)B2, (TiCrHfTa)Bx,
(ZrCrHfTa)B2 and (TiZrCrTa)B2. They measured the hardness values of these
compositions at three different loads (1 kgf, 500 kgf and 200 kgf, 15 sec). The
composition that does not contain the TiB2 phase has the lowest hardness value under
all conditions. However, similar to this study, the composition without the TaB: phase
had the highest hardness values. It was observed that the hardness decreased when
TaB: was added. Another study of Qin et al. (2020a), in their study, measured the
hardness values of the (TiZrNbHfTa)B2 ceramic with a loading force of 1 kgf and 200
gf, and a holding time of 15 sec. The results were 19.4 + 1.3 GPa and 20.2 + 1 GPa,
respectively. It is observed that the hardness value increases as the load force

decreases.

Solid-solution hardening has improved hardness. Furthermore, the composition and
elements contained in the solid-solution have a significant impact on hardness values.
The lattice parameter of each metal boride in the composition is different, it states that
it forms solid-solution in different ways and changes the properties of chemical bonds.

As a result, hardness values are affected (Feng et al, 2021; Z. Zhang et al, 2022).
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Table 4.17 : Hardness values of the sintered samples.

Sample Code Hardness (GPa)

HEB 1 24.61 £2.61
HEB 2 23.58+£2.10
HEB 3 26.55+1.42
HEB 4 24.68 £ 1.41
HEB 5 2324+ 1.84
HEB 6 26.74 +1.85
HEB 7 24.72 £ 2.30
HEB 8 24.57 +2.55
HEB 9 2226 £3.76
HEB 10 25.13+£2.97
HEB 11 23 +£2.31
HEB 12 23.90 +2.81
HEB 13 17.08 +2.32
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Figure 4.65 : Hardness values of the sintered samples.
4.5.2 Wear volume loss

Relative wear resistance and wear volume loss values of the sintered samples are given
in 0 and Figure 4.66, respectively. The most wearing composition belongs to the eight-
component system. The composition with the lowest hardness is HEB 13. The highest
wear resistance belongs to the (HfTiZrMnCrMo)B2 composition. When the third and
four-component systems are examined, it is seen that their wear resistance can be
characterized as low and similar to each other. The addition of Mn boride (HEB 2) has
higher resistance than that of the base alloy (HEB 1). The absence of the TiB2 phase
(HEB 5) increased the wear resistance compared to the absence of the HfB2 (HEB 7)
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and ZrB2 (HEB 6) phases. The HEB 6 composition has almost the lowest one. Wear

volume losses and relative wear resistances of the sintered samples.

Sample Code Wear Volume Loss (mm?) Relative Wear Resistance

HEB 1 0.00077 £+ 9.4x10° 3.81
HEB 2 0.00067 = 0.00019 4.36
HEB 3 0.00084 + 0.00011 3.47
HEB 4 0.00081 £ 0.00011 3.61
HEB 5 0.00068 + 0.00061 4.33
HEB 6 0.00272 £ 0.00064 1.08
HEB 7 0.00146 + 0.00065 2.00
HEB 8 0.00023 + 8x107 12.52
HEB 9 0.00036 + 1.8x107 8.17
HEB 10 0.00024 + 1.5x107 11.95
HEB 11 0.00024 + 3.4x107 12.10
HEB 12 0.00056 = 0.00019 5.19
HEB 13 0.00293 + 0.00188 1
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Figure 4.66 : Wear volume loss values of the sintered samples.

Although the addition of TaB (HEB 4) decreased the hardness, it increased the wear
resistance compared to the HEB 3 composition. It is also seen that the addition of Cr
boride did not improve the wear resistance in compared with the HEB 2 composition.
When W boride was added, the resistance of the six-component systems decreased
significantly. When the seven-component systems are compared with each other, the
highest one is seen in the HEB 12 composition, where Mo boride and TaB additions
are made together. A high decrease is observed in the composition (HEB 12), which
includes the W boride and TaB phases together. Looking at all the results, it is seen

that the additions of Mo boride and/or TaB increase the wear resistance.

120



Figure 4.67 : Optical microscope images of wear tracks at 50X : (a) HEB 1, (b) HEB
2, (c) HEB 3, (d) HEB 4, (¢) HEB 5, (f) HEB 6, (g) HEB 7, (h) HEB 8, (1) HEB 9, (i)
HEB 10, (j) HEB 11, (k) HEB 12, (1) HEB 13.
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The images of the wear tracks taken with an optical microscope at 50X magnification
are shown in Figure 4.67a-1. Each wear track having different widths and lengths
confirms that the results are different from each other. Also, some tracks are are
insignificantly visible. This is an indication that the wear marks remain on the surface
and enhanced they cannot deptly abrade the surface. The high hardness of the samples
makes it difficult to wear. High-entropy boride ceramics are wear resistant materials

as expected.

Figure 4.68 : SEM images of wear tracks at 150X (a) and 250X (b-f) of the
representative samples : (a) HEB 3, (b) HEB 4, (c) HEB 5, (d) HEB 10, (¢) HEB 11,
(f) HEB 12.

SEM images of some representative samples (HEB 3, HEB 4, HEB 5, HEB 10, HEB
11, HEB 12, respectively) taken at different magnifications (150X and 250X) of the
wear tracks are given in Figure 4.68. Wear tracks are clearly visible in the HEB 3,

HEB 5 and HEB 12 compositions. However, these are not evident in HEB 4, HEB 10
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and HEB 11 compositions. The correlation between the relative wear resistance and
the apparent wear marks in the SEM images is not so accurate due to the high standard

deviations.

2-D profiles taken from the surface of the wear tracks are shown in Figure 4.69a-h. It
is understood that the wear tracks have different depths and widths. Elemental
differences of compositions is the main factor of the wear resistances. Also, pore size,
grain size, phase fractions and porosity are effect the resistance (Kavak et al, 2022b).
Kavak et al. (2022b) synthesized (HfTiZrW)B2 ceramics at different temperatures in
their study. They observed that as the amount of porosity increases, the relative wear
resistances decreases and the HEB ceramics wear more easily. When the literature
studies are examined, there are a limited number of studies on the calculation of the

relative wear value and dicrostructural analysis of wear trace in high-entropy borides.
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Figure 4.69 : 2-D profiles of the sintered samples: (a) HEB 1, (b) HEB 2,
(c) HEB 3, (d) HEB 4, (¢) HEB 5, (f) HEB 6, (g) HEB 7, (h) HEB 8, (1) HEB 9,
(1) HEB 10, (j) HEB 11, (k) HEB 12, (1) HEB 13.
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Figure 4.69 (continued) : 2-D profiles of the sintered samples: (a) HEB 1, (b) HEB
2, (c) HEB 3, (d) HEB 4, (e) HEB 5, (f) HEB 6, (g) HEB 7, (h) HEB 8, (1) HEB 9, (i)
HEB 10, (j) HEB 11, (k) HEB 12, (1) HEB 13.
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5. CONCLUSIONS

Experimental studies and their literature comparison are given extensively in the
results and discussion chapter. In this section, the general experimental results are

summarized as follows:

e The synthesis of metal boride powders was completed in the lab-scale by
mechanochemical synthesis using related metal oxides, native boron oxide and
magnesium reductant and by purification. The optimum conditions for the
production of metal boride powders are given below. The powders were

synthesized in large amounts from the optimum conditions.

- TiB2 phase was synthesized from the starting powders of TiO2-B203—-Mg
prepared in stoichiometric ratio, which were milled for 5 h and 6 M

leached.

- HfB2 phase was synthesized from the starting powders of HfO.—B203—Mg
prepared in stoichiometric ratio, which were milled for 12 h and 6 M

leached.

- ZrB2 phase was synthesized from the starting powders of ZrO>—-B>0O3—Mg
prepared in stoichiometric ratio, which were milled for 20 h and 4 M

leached.

- TaB phase was synthesized from the starting powders of Ta205—B203—Mg
prepared in 50 wt.% excess B203, which were milled for 10 h and 4 M
leached.

- Mn-B phase were synthesized from the starting powders of MnO2>—B203—
Mg prepared in 100 wt.% excess B203 and 50 wt.% excess Mg, which were
milled for 10 h, 4 M leached and annealed at 1100°C.

- Cr-B phase were synthesized from the starting powders of Cr203—B20s3—
Mg prepared in 100 wt.% excess B203 and 25 wt.% excess Mg, which were
milled for 5 h, 4 M leached and annealed at 1100°C,
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- Mo-B phase was synthesized from the starting powders of MoO3—B203—
Mg prepared in 100 wt.% excess B203 and 50 wt.% excess Mg, which were
milled for 6 h and 4 M leached.

- W-B phase was synthesized from the starting powders of WO3—B203—-Mg
prepared in 100 wt.% excess B203 and 50 wt.% excess Mg, which were

milled for 20 h and 4 M leached.

The synthesized metal boride powders were converted into systems with 3, 4,
5, 6, 7 and 8 components and were mechanically alloyed. (Hf-Ti-Zr)B2 system
(HEB 1) was choosen as a main system. Only this system was planetary ball
milled in various hours (30 h, 60 h, 100 h) and ball-to-powder weight ratios
(10:1, 20:1, 30:1). As a result the expected peak formation which corresponds

to single-phase was not observed.

After that, the HEB 1 composition were high-energy ball milled at 6 h, 10 h,
15 h and 20 h. After mechanical alloying, hybrid phases began to form, but
were not completed. As a result of mechanical alloying, besides hybrid phases,
binary boride compounds and very slight contamination (WC) from vials were
formed. Acoording to the peak intensities and broadenings, 6 h was choosen as

an optimum duration.

Particle size analyses shows bimodal or multi-modal distributions. It is seen

that all powders are synthesized at the micron level.

According to the density measurement results of the powders conducted using
pycnometer, the highest density value is measured in the composition HEB 12
as 7.1379 + 0.0057 g/cm?, and the lowest density is seen in the composition
HEB 7 as 4.9708 + 0.005 g/cm®. When all compositions are examined, it is
seen that the Mo-B phase decreases the density value, while the HfB2, TaB and

W-B phases increase the density value.

After SPS, high-entropy boride phases were formed as the major phase in all
systems. However, there are also peaks of low intensity (Hf, Zr) oxide phases
in the all compositions. Besides, secondary phases were formed in HEB 6,

HEB 7, HEB 11, HEB 12 and HEB 13 compositions.

126



Density values of the samples sintered with SPS were measured by
Archimedes’ method. While the highest density value was observed in the
composition HEB 13 as 7.4794 £ 0.0065 g/cm’, the lowest density value was
observed in the composition HEB 7 as 4.7517 + 0.0015 g/cm®. Density value
increased after sintering in all samples except HEB 7 composition. It is thought
that the density value of HEB 6, HEB 7, HEB 11, HEB 12 and HEB 13 are
affected by the secondary phases.

When the SEM and EDS analyses are examined, it is seen that there is an
inhomogeneous distribution in all microstructures. Hf is the most dominant
element in all compositions except HEB 7 which does not contain Hf.
Compositions containing Ta (HEB 4, HEB 11, HEB 12, HEB 13), it evaluated
that Ta dominates the system after Hf element. Mn and Cr elements are below
10 wt.% in all compositions except HEB 7. The microstructure of the samples
is similar to each other except the HEB 1, which is the main structure, and HEB

7 composition, which does not contain the HfB: phase.

The highest hardness value of the samples sintered with SPS belongs to the
HEB 6 composition with 26.74 + 1.85 GPa and the lowest hardness value
belongs to the HEB 13 composition with 17.08 + 2.32 GPa. The average
hardness value is about 24 GPa. The addition of Cr-B increased the value,

while the addition of TaB decreased the value.

The lowest wear resistance composition is HEB 13, while the highest
composition is HEB 8. Among all compositions, additions of Mo-B or TaB

appear to increase wear resistance.

The contribution of the eight-component sample to the mechanical values is
negative. However, when all compositions are examined, there is no

correlation between the number of components and values.

As a result of all the experimental studies carried out until the completion of the

project, some points as suggestions are summarized below:

Since the mechanochemical synthesis method for the synthesis of metal boride
powders from metal oxides is carried out at room temperature and has a low

investment cost, it can be scaled up for the further large volume experiments.
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e Asaresult of sintering studies with SPS, high hardness values and high density
results were found together with high-entropy peaks. The use of the SPS
method is suitable for the production of high-entropy boride ceramics. It would

be appropriate to design dies for larger material productions.
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APPENDIX A

Table A.1 : Approximate XRD peak positions of the as-blended powders.

HEB
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29,34, 29,34, 29,34, 29,34,
MnB: 34,46 7, # 4660 4661 293446 34466179 34,46,61,79  34,46,61,79 34,46,61,79 34,46,61,79  34,46,61,79
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Table A.1 (continued) : Approximate XRD peak positions of the as-blended powders.

20 (Degr

HEB HEB HEB HEB HEB HEB

) 3 s 5 4 ; HEB 8 HEB 9 HEB 10 HEB 11 HEB 12 HEB 13
MoBs - - - - - 4 28,61,69 C 28,61,69 28,61,69 - 28,61,69
Mo:B 2 - . - - - 40,72 - 31,40,72 31,40,72 - 31,40,72
25,34,35,40, 25,34,35,40, 25,34,35,40, 25,3435,

Mo:Bs - - - - - - 46,49,52,61, - 46,49,52,61, 46,49,52,61, . 46,49,52,61,
68,72,84 68,72 68,72 68,72,84

22,32,37,40, 22,32,37,40, 22,32,37,40, 22,32,37,40,

44,46,50,51, 44,46,50,51,

W:B - - - - - - - 44,46,50,51, 44,46,50,51, - 6709172 670917

66,70,71,72, 84 66,70,71,72 e e
WB - - - - - - - 32,42,52 32,42,52 - 32,42,52 32,42,52

WBs - - - - - - - 25,34,35,68 25,34,35,68 - 25,34,35,68 25,34,35,68
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