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SYNTHESIS AND CHARACTERIZATION OF HAFNIUM BORIDE-BASED
CERAMIC POWDERS

SUMMARY

Hafnium boride is a strategic material as one of the leading members of ultra-high
temperature ceramics. In recent years, there has been an increasing research interest
in transition metal diborides to meet the need for high temperature materials that can
withstand extreme environments. These extreme conditions can include the effects of
high temperature, oxidation, mechanical stress, radiation and wear. Hafnium and
zirconium diborides are identified as the most promising candidates for high
temperature applications due to their relatively good oxidation resistance compared
to other refractory ceramics. Hafnium diboride has a melting point of 3380 °C, which
is higher than many ceramic materials and also higher than few advanced ceramics
whose melting temperatures are over 3000 °C. Additionally, it has remarkable
properties including very high hardness, low thermal expansion coefficient, chemical
inertness, high thermal and electrical conductivities. It exhibits a high oxidation
resistance as a consequence of the stability of the HfO, layer formed on its surface by
oxidation at high working temperatures. Some potential applications for hafnium
diboride include furnace elements, plasma arc electrodes, refractory linings, molten
metal containments, wear resistant coatings, control rods and heating shields in
nuclear reactors. However, majority of recent research has been stimulated by unmet
material needs for thermal protection systems in extreme environments especially for
sharp leading edges of high velocity flights or atmospheric re-entry vehicles.

Hafnium diboride powders have been prepared by a variety of production methods.
The conventional synthesis methods of hafnium diboride include high temperature
borothermal/carbothermal reduction routes over 1500 °C. Apart from the
conventional methods, diverse production techniques including reaction between
elemental powders of Hf and B, solid-state boron carbide reduction methods, self-
propagating high-temperature synthesis (SHS), sol-gel method,
hydrothermal/solvothermal synthesis, chemical vapor deposition (CVD) and milling-
assisted processes have been applied. The conventional borothermal and
borothermal/carbothermal reduction methods of HfO; in which amorphous boron and
B4C are used as boron and boron/carbon sources, are generally carried out at elevated
temperatures above 1500°C. Expensive equipment requirements and relatively high
working temperatures are main drawbacks of these methods. In addition, large
particle sizes induced by high synthesis temperature constitute some drawbacks
during subsequent consolidation operations. Elemental powders have also been used
to produce bulk HfB, ceramics by spark plasma sintering (SPS) and dynamical
consolidation techniques. Although, the reaction between elemental hafnium and
boron is thermodynamically more favorable, it is not a cost-effective method due to
the use of expensive raw materials. Also, solution-based methods have been applied
to synthesize nano-sized HfB, powders with low oxygen content and they offer
homogeneous dispersion of different raw materials. However, high temperatures are
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still needed to ensure following carbothermal reduction. Furthermore, the CVD
methods are generally employed with the aim of obtaining hard surface coatings
rather than powder synthesis in order to improve the surface hardness and
tribological properties of desired materials. Additionally, single crystals of HfB;
were prepared by floating zone method by means of radio frequency (RF) heating.
Furthermore, some attempts were made by milling-assisted annealing processes:
HfO,-HfB, composite powders were produced by high-energy ball milling of HfO,-
B,03-Mg powder blends. In addition, preparation of HfB, nanorods from HfCl;-B
and HfCl;-B-Mg powder mixtures by mechanical activation and isothermal
annealing were suggested. The lowest synthesis temperature was reported as 600 °C
in the case of utilizing a hydrothermal method in an autoclave. However, usage of
relatively few amounts of reactants (in order of mmol) and small capacity equipment
restrict the application of the process. In these studies, HfO, and HfCl, have been
used as the most common hafnium sources depending on their properties in different
synthesis methods. The HfCl, has been extensively utilized in recent production
methods such as low temperature hydrothermal/solvothermal synthesis, sol-gel and
CVD methods with the aim of benefiting from its low boiling point and higher
reactivity over HfO,. Moreover, most commonly used boron sources in various
production methods are amorphous B, B,03, H3BO3, NaBH, powders and BCl; gas.

In this study, it was aimed to prepare hafnium diboride powders with novel methods
provide several advantages such as usage of economical raw materials, utilization of
simple equipment, reduced or low reaction temperature and scalable processes. The
mechanically activated borothermal reduction route was applied to synthesize high
purity and submicron size HfB, powders from HfCl;-B powder blends. In addition,
HfB,-HfO, and HfB, powders were synthesized by mechanochemical synthesis at
room temperature in nano-scale from HfCl;-B,03-Mg and HfCls-B-Mg powder
blends for the first time in the literature according to the best of our knowledge. In
addition, mechanical activation was applied to HfCl,-B,0O3-Mg precursors to enable
the reaction at lower temperatures during the autoclave synthesis. Mechanical
activation induced by high-energy ball milling enables to reduce synthesis
temperature during subsequent heat treatment by the formation of active reactant
particles and their homogeneous distribution throughout the microstructure. Thus, in
the borothermal reduction and autoclave synthesis routes, mechanical activation is
applied to reduce the synthesis temperatures and particle size of the final powders,
and to increase the process efficiency. Also, low temperature autoclave processing
was utilized to synthesize high purity and nano-scale HfB, powders from starting
powders blends of HfCl,-NaBH;-Mg. Although solvothermal autoclave synthesis
methods are quite new methods for preparation of the boride compounds, they
provide some advantageous which are control of size and morphology and preparing
nanopowders in rod, cube or sheet morphologies Moreover, autoclave synthesis is
considered as an environmentally friendly method because the process proceeds in a
closed/isolated system and it saves energy by low synthesis temperature.

In addition, the utilized powder systems were thermodynamically interpreted by the
FactSage™ 6.2 thermochemical software to predict the reaction mechanisms. The
detailed characterization of synthesized powders were performed using X-ray
diffractometer (XRD), particle size analyzer (PSA), stereomicroscope (SM),
scanning electron microscope/energy dispersive spectrometer (SEM/EDS) and
transmission electron microscope (TEM). The synthesized hafnium diboride-based
powders were consolidated by two different sintering techniques. The cold
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pressing/pressureless sintering (without and with Co addition) and spark plasma
sintering techniques were applied to selected powders which were obtained by
optimum process parameters. The densification behaviour and microstructural
characterization of the sintered samples were investigated using density measurement
by Archimedes method and XRD, SM, SEM/EDX techniques. Mechanical properties
of consolidated products were determined in terms of microhardness and wear
properties.

Finaly, | would be honoured if this dissertation can make a contribution to convert
our boron sources into technological products with high added value.
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HAFNiYUM BORUR-ESASLI SERAMIiK TOZLARIN SENTEZLENMESI
VE KARAKTERIZASYONU

OZET

Hafniyum diboriir ultra yiiksek sicaklik seramiklerinin bir {iyesi olarak stratejik bir
malzemedir. Son yillarda, zorlayict kosullara dayanabilecek yiiksek sicaklik
malzemelerine olan ihtiyacin karsilanmasi amaciyla gegis metalleri diboriirleri
lizerinde artan bir arastirma ilgilisi gozlenmektedir. Bu zorlayic1 kosullar yiiksek
sicaklik, oksidasyon, mekanik kuvvetler, radyasyon ve asinma etkilerini igerir.
Hafniyum ve zirkonyum dibortirler, diger refrakter seramiklere gore oldukea iyi
oksidasyon dayanimlari nedeniyle yiiksek sicaklik uygulamalari i¢in en umut vaat
eden malzemeler olarak gosterilmektedir. Hafniyum diboriir 3000 °C’1 asan ve ayni
zamanda ileri seramiklerden bir¢ogunun fizerinde olan ¢ok yiiksek bir ergime
noktasina sahiptir. Bunun yaninda, c¢ok yiliksek sertlik, diisiik termal genlesme
katsayisi, kimyasal inertlik, yiiksek termal ve elektriksel iletkenlik gibi {istiin
ozellikleri bulunmaktadir. Yiiksek sicakliklarda ylizeyinde olusan HfO, tabakasinin
kararlilig1 sayesinde oldukga iyi bir oksidasyon direncine sahiptir. Hathiyum diboriir
icin baz1 potansiyel uygulamalar firin elemanlari, plazma ark elektrotlari, refrakter
astarlamalar, ergimis metal potalari, asmmmaya dayanikli kaplamalar, niikleer
reaktorler i¢cin kontrol rodlart ve 1s1 kalkanlarini igerir. Fakat son arastirmalarin
bir¢ogu, ozellikle yiiksek hizli ucaklarin ya da atmosfere tekrarli giris araglarinin
kanat on kisimlart igin termal bariyerlerin gelistirilmesine yonelik bir cabayla
yapilmaktadir.

Hafniyum diboriir tozlar1 gesitli iiretim yontemleri ile hazirlanmaktadir. Hafniyum
diboriiriin geleneksel sentez metotlar1 1500 °C’nin iizerindeki yiiksek sicakliklarda
gergeklesen borotermal-karbotermal rediiksiyon yollarini igermektedir. Geleneksel
iretim yontemlerinin disinda elementer Hf ve B tozlar1 arasindaki direkt kat1 faz
reaksiyonlari, kati1 hal bor karbiir rediiksiyon metodu, kendiliginden ilerleyen yiiksek
sicaklik sentezi (SHS), sol-gel yontemi, solvotermal sentez, kimyasal buhar
biriktirme (KBB) ve 06glitme destekli prosesler de uygulanmaktadir. HfO;’in
geleneksel borotermal ve borotermal-karbotermal rediiksiyonlari, amorf borun veya
B4C’lin bor ve bor-karbon kaynagi olarak kullanildigr yiiksek sicakliklarda
gergeklestirilir. Pahali ekipman gereksinimi ve oldukca yiiksek ¢alisma sicakliklari
bu yontemlerin baslica dezavantajlaridir. Spark plazma sinterleme (SPS) ve basinglh
sinterleme tekniklerinden yararlanilarak elementer tozlardan yigin yapidaki HfB;
seramiklerin iretimi de s6z konusudur. Elementer hafniyum ve bor arasindaki
reaksiyonun termodinamik olarak elverisli olmasina ragmen, pahali hammaddelerin
kullanim1 nedeniyle uygun maliyetli bir yontem degildir. Ayrica, ¢ozelti-esash
metotlar nano boyutlu HfB, tozlarmin diisiik oksijen igerigi ile tretiminde
uygulanmaktadir ve bu metotlar hammadde karigimlarinin homojen olarak
dagitilmasin1  kolaylastirmaktadir. Bununla birlikte, takip eden karbotermik
rediiksiyonun gergeklesmesi i¢in halen yiliksek sicakliklara ihtiya¢ duyulmaktadir.
Bunun disinda, KBB metotlar1 genel olarak malzemelerin ylizey sertliklerini ve
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tribolojik ozelliklerini gelistirmek amaciyla toz sentezinden ziyade sert yiizey
kaplamalarinin elde edilmesinde kullanilir. Arastirmacilar, hafniyum diboriir tek
kristallerinin hazirlanmasi i¢in zon ergitme yontemlerini de ¢alismislardir. HfB,-
HfO, kompozit tozlarinin iretimi i¢in Oglitme destekli tavlama prosesleri
kullanilarak yiiksek enerjili degirmenlerde HfO,-B,O3-Mg toz karisimlarinin
ogitiilmesini ve takiben tavlanmasini igeren bazi calismalar yapilmistir. Ayni
zamanda, HfCl;-B ve HfCl;-B-Mg toz karisimlarinin mekanik aktivasyonu ve
takiben isotermal tavlanmasi ile nanorod morfolojisindeki HfB; tozlarinin iiretimi
Onerilmistir. Hafniyum diboriir sentezi i¢in en diisiik sentezleme sicakligi
solvotermal metot kullanilarak 600 °C olarak bildirilmistir, fakat bu yontemde mmol
mertebelerinde oldukca az miktarda reaktanlarla ¢alisilmasi ve oldukea kiigiik dl¢ekli
ekipman kullanimi prosesin uygulanmasini kisitlayacak niteliktedir. Bu ¢aligmalarda
kullanilan en yaygin hafniyum kaynaklar1 HfO, ve HfCl; bilesikleridir ve bu
hammaddelerin farkli sentezleme metotlar1 igin Ozelliklerine gore secilmesi soz
konusudur. HfCl, o6zellikle diisiik sicaklikta gergeklesen hidrotermal/solvotermal
sentezler, sol-gel ve CVD metotlar gibi giincel tiretim metotlarinda, diisiik kaynama
noktas1 ve HfO; gore daha yiiksek kimyasal reaktiflige sahip olmasi nedeniyle tercih
edilmektedir. Cesitli iiretim yontemlerinde en yaygin olarak kullanilan bor
kaynaklar1 ise amorf B, B,O3, H3BO3, NaBHj, tozlar1 ve BCl3 gazi olarak sayilabilir.

Bu tez calismasinda, yenilik¢i iiretim teknikleri kullanilarak hafniyum diboriir
tozlarinin tretimi hedeflenmistir. Bu teknikler ekonomik hammadde ve basit
donanim kullanimi, oda sicakliginda ya da diisiik sicakliklarda gergeklesen ve
Olceklendirilebilir prosesler olmalari gibi bazi avantajlar saglamaktadir. Yiiksek
safiyette ve mikron alti boyutlarda HfB; tozlarmin HfCl4-B toz karisimlarindan
sentezlemesi i¢in mekanik olarak aktive edilmis borotermal rediiksiyon yontemi
uygulanmistir. Yapilan literatiir taramalarina gore, nano boyutlu HfB,-HfO, ve HfB,
tozlarinin  HfCl4-B,03-Mg ve HfCl4;-B-Mg toz karisimlarindan mekanokimyasal
yontemle, oda sicakliginda iiretimi ilk kez bu doktora calismasi g¢ergevesinde
gergeklestirilmistir. Ayrica, HfCl,-B,O3-Mg toz karigimlarina mekanik aktivasyon
uygulanarak otoklav sentezi sirasinda reaksiyonun diisiik sicaklikta ve daha yiiksek
verimle gerceklesmesi saglanmistir. Yiiksek enerjili bilyeli degirmende 6giitme ile
elde edilen mekanik aktivasyon, aktif reaktan partikiillerinin elde edilmesini ve bu
partikiillerin mikroyap1 icerisinde homojen dagilimin1 saglayarak takip eden 1sil
islemler sirasinda reaksiyonun daha diisiik sicakliklarda gerceklesmesine olanak
verir. Bu nedenle, sentezleme sicakligini diigiirmek, toz triinlerin partikiil boyutlarini
azaltmak ve proses verimliligini arttirmak i¢in borotermal rediiksiyon ve otoklav
sentezi yontemleri dncesinde toz karigimlarina mekanik aktivasyon uygulanmistir.
Yiiksek safiyette ve nanoboyutta HfB, tozlarmin iiretimi ig¢in diger bir yontem
olarak, HfCl;-NaBH4-Mg toz karigimlari kullanilarak diisiik sicaklikta gergeklesen
otoklav prosesi uygulanmistir. Otoklav prosesi boriir tozlarinin sentezlenmesinde
olduk¢a yeni bir metot olmasmna ragmen boyut ve morfoloji kontrolii ile nano
tozlarm ¢ubuk, kiip ya da pul seklinde hazirlanmasina imkan vermektedir. Dahasi
otoklav prosesleri, kapali/izole sistemlerde gerceklesmeleri ve diisiik sicaklikta
uygulanmalar1 nedeniyle ¢evreye duyarli yontemler olarak kabul edilmektedir. Farkli
yontemler i¢in kullanilan toz sistemleri reaksiyon mekanizmalarinin 6ngoriilebilmesi
amaciyla FactSage™ 6.2 termodinamik yazilimlar1 kullanilarak yorumlanmistir,
Sentezlenen hafniyum boriir tozlarinin  detayli karakterizasyonu  X-1s1n1
difraktometresi (XRD), partkiil boyutu analizérii (PSA), stereo mikroskop (SM),
taramal1 elektron mikroskobu/enerji dagilimli spektrometre (SEM/EDS) ve gecirimli
elektron mikroskobu (TEM) kullanilarak gergeklestirilmistir. Son olarak, iiretilen
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hafniyum diboriir tozlar iki farkli sinterleme teknigi kullanilarak y1gin yapilar haline
getirilmistir. Segilen optimum liretim parametreleri ile elde edilmis yiiksek kalitedeki
tozlara soguk presleme/basingsiz sinterleme (Co katkisi ile veya katkisiz) ve spark
plasma sinterleme teknikleri uygulanmigtir. Sinter numunelerin yogunluklart ve
mikroyapisal ozellikleri Archimed metodu ve XRD, SM, SEM/EDX teknikleri ile
belirlenmistir. Ayrica, sinter Urlinlerin mekanik 6zellikleri mikrosertlik ve aginma
Ozellikleri olarak degerlendirilmistir.

Son olarak, bu c¢alisma bor madenlerimizin katma degeri yiiksek {iriinlere
doniistiiriilmesi yolunda ilerlemeye katki verirse bundan onur duyarim.
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1. INTRODUCTION

Transition metal diborides are promising materials for a variety of high temperature
structural applications and they are referred to as ultra-high temperature ceramics
(UHTCs). In recent years, the UHTCs have drawn considerable attention especially
by the emerging developments in the hypersonic aerospace vehicles and rocket
propulsion (Montreverde et al., 2008; Simonenko et al., 2013; Upadhya et al., 1997).
Hafnium diboride (HfB,) is one of the leading members of this class of materials. It
has a melting point of 3380 °C, which is higher than many ceramic materials and
also higher than few advanced ceramics whose melting temperatures are over
3000 °C (Post et al., 1954; Upadhya et al., 1997). Hafnium diboride has a high
oxidation resistance as a consequence of the stability of the HfO, layer formed on its
surface by oxidation at high working temperatures (Fahrenholtz et al., 2007).
Additionally, it has remarkable properties including high hardness, low thermal
expansion  coefficient, high  thermal and  electrical  conductivities
(Fahrenholtz et al., 2007; Post et al., 1954; Upadhya et al., 1997). Because of its very
high melting point, corrosion resistance and thermal shock resistance, HfB, has been
considered and investigated as a candidate for thermal protection systems in extreme
environments especially for sharp leading edges of high velocity flights or
atmospheric re-entry vehicles (Monteverde et al., 2008; Simonenko et al., 2013). It
has found several applications as furnace elements, plasma arc electrodes, refractory
linings, wear resistant coatings, control rods and heating shields in nuclear reactors
owing to these superior characteristics (Cheminant et al., 1997; Fahrenholtz et al.,
2007; Jayaraman et al., 2006; Monteverde and Bellosi, 2005; Opeka et al., 1999; Post
et al., 1954; Savino et al., 2008; Wang et al., 2002).

Hafnium diboride has been prepared by various techniques including reaction
between elemental powders of Hf and B, solid-state borothermal and boron carbide
reduction methods, self-propagating high-temperature synthesis (SHS), sol-gel
method, hydrothermal synthesis, chemical vapor deposition (CVD) and

milling-assisted processes. Although the reaction between elemental hafnium and
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boron is thermodynamically more favorable, the use of expensive raw materials
cannot be considered as a commercial method. Elemental powders have also been
used to produce bulk HfB, ceramics by spark plasma sintering (SPS) and dynamical
consolidation techniques (Anselmi-Tamburini et al., 2006; Brochu et al., 2008; Musa
et al., 2013). The conventional borothermal and borothermal/carbothermal reduction
methods of HfO, in which amorphous boron and B4C are used as boron and
boron/carbon sources, is generally carried out at elevated temperatures above
1500 °C (Guo et al., 2012b; Ni et al., 2008; Ni et al., 2010; Peshev et al., 1968;
Sonber et al., 2010; Zhang et al., 2009). Expensive equipment requirements and
relatively high working temperatures are main drawbacks of these methods.
Moreover, the lowest synthesis temperature was reported as 600 °C in the case of
utilizing a hydrothermal method in an autoclave starting from HfCl, and NaBH,
powders (Chen et al., 2004c). However, the usage of relatively few amounts of
reactants (in order of mmol) and relatively small scale of the equipment restrict the
application of process. Formerly, nano-sized HfB, powders with low oxygen content
were synthesized by means of solution-based methods (Venugopal et al., 2013;
Venugopal et al., 2014; Wang et al., 2014b). Wang et al. (2014) synthesized HfB,
powders by boro/carbothermal reduction method using solution-based mixing route
from HfCly, B4C and phenolic resin in SPS apparatus between 1300-1500 °C.
Venugopal et al. (2013) used sol-gel synthesis method for the preparation of HfB,
powders: HfCl, and H3BO3 as soluble compounds and phenolic resin as a reducing
carbon source were mixed in a solution medium which enhances the homogeneous
dispersion of raw materials and they were annealed at 1300 °C for 25 h or at 1600 °C
for 2 h. Although sol-gel method provides homogeneous dispersion of different raw
materials, high temperatures are still needed to ensure the following carbothermic
reduction. Furthermore, the CVD methods are generally employed with the aim of
obtaining hard surface coatings rather than powder synthesis in order to improve the
surface hardness and tribological properties of desired materials (Jayaraman et al.,
2005; Jayaraman et al., 2006; Yang et al., 2006). Electrochemical fabrication of HfB,
coatings with columnar structure was carried out in the NaCl-KCI-KBF;—K;HfFg
molten salt at a temperature range of 700-850 °C and a cathode current density of
5-50x10°A.cm™ (Kuznetsov, 2012). Additionally, single crystals of HfB, were
prepared by floating zone method by means of radio frequency (RF) heating (Otani
et al., 1998). Furthermore, some attempts were made by milling-assisted annealing
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processes: HfO,-HfB, composite powders were produced by high-energy ball milling
(5, 7, 11 and 30 h) and annealing (at 900, 1100 and 1300 °C for 6, 12 and 18 h) of
HfO,-B,03-Mg powder blends (Balci et al., 2010). Barraud et al. (2005) synthesized
HfB, nanorods from HfCl,-B and HfCl4;-B-Mg powder mixtures by mechanical

activation and isothermal annealing.

On the other hand, there are intense research efforts to develop efficient methods for
preparing these transition diborides in high purity, small particle size and various
morphologies. Also, new synthesis methods utilizing low energy consumption,
simple precursors with low-cost and environment-friendly production have gained

importance in recent years.

In this study, it was aimed to prepare hafnium diboride powders with novel methods
which provide several advantages such as usage of economical raw materials,
utilization of simple equipment, reduced or low reaction temperature and scalable
processes. Apart from the above mentioned methods, mechanochemical synthesis,
mechanically activated synthesis and low-temperature autoclave synthesis routes
were investigated using hafnium tetrachloride as hafnium source and using different
boron compounds which are B,O3, amorphous B and NaBH, as boron sources. In
this dissertation, mechanochemical synthesis of hafnium diboride powders from
HfCl4-B,03-Mg and HfCl;-B-Mg powder blends were applied for the first time in the
literature according to the best of our knowledge. In addition, mechanical activation
was applied to some precursors to enable the reaction at lower temperatures during
the autoclave synthesis and the borothermal synthesis routes. Also, low temperature
autoclave synthesis was investigated as an alternative method to the conventional

high temperatures methods.

Mechanical activation induced by high-energy ball milling enables to reduce the
synthesis temperature during subsequent heat treatment due to the formation of
active reactant particles and their homogeneous distribution throughout the
microstructure. During the activation process, high amount of energy evolved by ball
to ball or ball to wall collisions can be accumulated in the particles in the form of
structural defects (such as stacking faults, dislocations, vacancies in crystalline
lattice, etc.) (Balaz, 2008; Boldyrev and Tkacova, 2000; Butyagin, 1984; McCormick
and Froes, 1998; Murty and Ranganathan; 1998; Sopicka-Lizer, 2010;

Suryanarayana, 2001). Thus, in the borothermal reduction and autoclave synthesis
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routes, mechanical activation is expected to create active particle surfaces, to
distribute these particles homogeneously throughout the microstructure, to reduce the
synthesis temperature and particle size of the final powders, and to increase the

process efficiency.

Although autoclave or solvothermal synthesis methods are quite new applications for
preparation of boride compounds, they have been attracting great research interest
owing to some their advantages. These methods enable to control size and
morphology and to obtain the nanopowders in rod, cube or sheet morphologies
(Chen et al., 2012; Ma et al., 2003). Moreover, autoclave synthesis is considered as
an environmentally friendly method because the process proceeds in a
closed/isolated system and it saves energy by using low synthesis temperatures (Feng
and Li, 2011; Feng and Xu, 2001). It was stated that the usage of relatively mild
temperatures which are high enough to trigger crystallization but still low enough to
avoid excessive grain growth, ideally in the range of 500-900 °C, enables to obtain
nanostructures (Portehault et al., 2011). In a previous study, HfB, powders were
prepared by a reaction of HfCl, with NaBH,4 at 600 °C in an autoclave and it was
stated that the powders had small particle morphology with a particle size in the
range of 20-30 nm in diameter (Chen et al., 2004c). Also, in some studies, it was
shown that various boride compounds such as ZrB,, TiB, and LaBs could be
produced by autoclave synthesis route in different morphologies like rods, cubes or
flakes (Chen et al., 2012; Ma et al., 2003; Zhang et al., 2008 ).

Densification of monolithic HfB, powders is fairly difficult and requires harsh
conditions due to the strong covalent character of bonding and low self-diffusion
rates (Sonber et al., 2010; Sonber and Suri, 2011; Telle et al., 2000). In earlier studies
(1970s or earlier) hot-pressing was the most common densification method for the
HfB,-based ceramics (Fahrenholtz et al., 2007; Fahrenholtz et al.,, 2014;
Zhang et al., 2009). However, researches have been focused on activated sintering
and modern sintering techniques such as spark plasma sintering in recent years.
Metallic additives and liquid-phase sintering aids are applied to promote
densification so that larger components with more complex shapes can be produced
rather than hot-pressing (Fahrenholtz et al., 2007). Various additives have been
added to enhance the densification rates of hafnium diboride such as SiC, HfN, HfC
and MoSi, (Fahrenholtz et al., 2007). As an example, Monteverde et al. (2005)



reached full density for HfB,-30 vol.% SiC by SPS technique applying at 2100 °C
with 2 min hold time under 30 MPa. On the other hand, there is limited number of
studies on the consolidation of HfB,-HfO, ceramics. Li et al. (2009) investigated the
preparation of ZrB,-ZrO, ceramics by hot pressing and it has been stated that the

71O, content is beneficial for the densification of ZrB,.

In this dissertation, novel synthesis methods and simple raw materials were
employed for the synthesis of hafnium diboride-based powders. HfCl, powders were
used as hafnium source while B/B,Os/NaBH, and Mg were used respectively as
boron sources and metallic reducing agent. The mechanically activated borothermal
reduction, mechanochemical synthesis and low-temperature autoclave synthesis
(without and with mechanochemical activation) routes were applied to different
reactant blends. Hafnium diboride (HfB,) powders were synthesized by mechanically
activated borothermal synthesis from HfCl;-B blends. In addition, mechanochemical
synthesis route was applied to HfCls-B,0O3-Mg and HfCl,-B-Mg blends for preparing
HfB,-HfO, and HfB, powders. Moreover, mechanically activated autoclave
synthesis was investigated to synthesis of HfB,-HfO, powders starting from
HfCl4-B,03-Mg blends. Furthermore, HfCl,;-NaBH4-Mg blends were utilized for
production of HfB, powders by low-temperature autoclave process. The applied
powder systems were thermodynamically interpreted by utilizing the FactSage™ 6.2
thermochemical software to predict the reaction mechanisms. The detailed
characterization investigations of synthesized powders were performed using X-ray
diffractometer (XRD), particle size analyzer (PSA), stereomicroscope (SM),
scanning electron microscope/energy dispersive spectrometer (SEM/EDS) and
transmission electron microscope (TEM). The synthesized HfB,-based powders were
consolidated by two different sintering techniques. The cold pressing/pressureless
sintering (with and without Co addition) and spark plasma sintering techniques were
applied to selected high quality powders which were obtained by optimum process
parameters. The densification behaviour and microstructural characterization of the
sintered samples were investigated using density measurement by Archimedes
method and XRD, SM, SEM/EDX techniques. Mechanical properties of consolidated
products were determined in terms of microhardness, wear properties, elastic

modulus, indentation behaviour and fracture toughness.






2. LITERATURE REVIEW

The refractory borides have several distinct properties and many of these properties
are of great interest for technical applications. Diborides of 1\VV-B group transition
metals (TiB,, ZrB, and HfB,) are referred as ultra-high temperature ceramics
(UHTCs) (Fahrenholtz et al., 2007; Simonenko et al., 2013). They are characterized
by relatively high melting point, great hardness and most of them, good electrical and
thermal conductivity. They also exhibit further characteristics such as good corrosion
and wear resistance and a thermal shock resistance much better than that of oxide
ceramics (Fahrenholtz et al., 2007; Mallik et al., 2012; Monteverde et al., 2008).
Among all refractory metal borides, ZrB, and HfB, are considered as potential
candidates to withstand temperatures in the 1900-2500 °C range, by means of their
very high melting point and superior oxidation resistance which is attributed to the
stability of the ZrO, and HfO, scales. The leading features of these materials make
them candidates for use in various high temperature applications, such as hypersonic
vehicles, and high temperature shielding (Fahrenholtz et al., 2007; Telle et al., 2000;
Wang et al., 2002; Upadhya et al., 1997)

2.1 Physical, Chemical and Structural Properties and Application Areas of

Hafnium Didoride

Hafnium diboride (HfB,) is one of the leading members of UHTCs family. The most
common definition for UHTCs is a material has a melting point over 3000 °C. Very
few materials meet this criterion (Fahrenholtz, 2014) as shown in Figure 2.1. Along
with zirconium and hafnium diborides, several carbides and nitrides of the 1B and
VB transition metals are also considered as UHTCs, based on melting temperature
over 3000 °C and other properties (Fahrenholtz, 2014; Telle et al., 2000). HfB, has
leading properties including very high melting point (3380 °C) which is higher than

many ceramic materials and also higher than few advanced ceramics
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Figure 2.1 : Materials with the highest reported melting temperature grouped by
material family, adapted from Fahrenholtz, 2014.

whose melting temperatures are over 3000 °C (Monteverde et al., 2008; Post et al.,
1954; Upadhya et al., 1997;). It has a high oxidation resistance as a consequence of
the stability of the HfO, layer formed on its surface by oxidation at high working
temperatures (Fahrenholtz et al., 2007). Of the known diborides, HfB, has the
highest bulk hardness (29 GPa) (Fuller and Sacks, 2004; Jayaraman et al., 2006).
Additionally, it has low thermal expansion coefficient, high thermal and electrical
conductivities (Ghosh and Subhash, 2013; Telle et al., 2000). The summary of

Table 2.1 : Summary of some structural and physical properties of HfB,, adapted
from Fahrenholtz, 2007.

Property

Crystal System Hexagonal

Lattice parameters (nm) a=b=0.314, ¢=0.347
Density (g/cm®) 11.212

Melting point (°C) 3380

Young’s modulus (GPa) 480

Bulk modulus (GPa) 212

Hardness (GPa) 28

Coefficient of thermal expansion (K)  6.3x10®
Heat Capacity at 25°C (J.(mol.K)™) 495
Electrical conductivity (S/m) 9.1x 10°
Thermal conductivity (W.(m.K)™) 104




structural and physical properties of HfB, is presented in Table 2.1. The effect of
mainly covalent character of chemical bonds in HfB, shows itself in the properties
such as high elastic modulus, chemical stability at room and high temperatures
(Ghosh and Subhash, 2013). On the other hand, HfB, has a good combination of
properties which observed both in metals and ceramics (Ghosh and Subhash, 2013;
Fahrenholtz et al., 2007). The high melting point, high elastic modulus (>400 GPa),
and thermo-chemical stability are in accordance with ceramic character.
Additionally, it surprisingly has high electrical and thermal conductivity in contrast
to typical structural ceramics. The exact mechanism of high electrical conductivity in
Hf(Zr)B, ceramics is not known, but it was proposed that it originates from
Hf(Zr)-Hf(Zr) metallic bonding (Ghosh and Subhash, 2013; Zhang et al., 2008).

Although there exists a mature literature information on processing of these
composites, further investigations are still needed to be carried out on the mechanical
properties of these advanced ceramics both on room and elevated temperatures
(Ghosh and Subhash, 2013).

The wide scattered data in the mechanical properties such as hardness, elastic
modulus and fracture strength of HfB, is probably due to differences in consolidation
techniques, consolidation parameters, purity and grain size of starting powders
(Fahrenholtz et al., 2007). The evaluated values for some mechanical properties of
HfB, determined in different studies are given in the Table 2.2. It was stated that
large grain size are detrimental to mechanical strength due to residual thermal
stresses that is caused by thermal expansion anisotropy.

Young’s modulus of HfB, was evaluated in the range of 480-510 GPa (Fahrenholtz
et al., 2007; Ghosh and Subhash, 2013). It was reported in the former studies that the
elastic modulus was affected by the dispersed particulates (Ghosh and Subhash,
2013). Hardness values of HfB, ceramics and their composites are mainly reported as
Vickers. Hardness values are generally relatively high because of the covalent
character of chemical bonds. For the monolithic HfB, ceramics, the maximum
hardness value was reported as 28 GPa (Telle et al., 2000). However, hardness values
were generally determined in the range of 8.7-16 GPa in the literature, as a result of
relative density, grain size, load and porosity (Ghosh and Subhash, 2013;
Fahrenholtz et al., 2007). Because of relatively high melting temperature of HfB,, it

is very hard to reach full density even after utilizing modern sintering techniques.
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Thus sintering aids such as SiC, B,C, HfN HfC, WC, etc. are generally used as
secondary phases (Ni et al., 2012a; Ni et al., 2012b; Sciti et al., 2008; Wang et al.,
2012; Wang et al., 2014a; Zou et al., 2010; ). These phases affectthe hardnesses of
HfB, composites and generally higher hardness values were observed mainly due to

higher relative density and restricted grain growth (Ghosh and Subhash, 2013).

The Young’s moduli of HfB; are high similarly due to the highly covalent character
of bonding and are at around 500 GPa with and without SiC addition. However, they
decrease gradually above the temperature of 800 °C, as can be seen in Table 2.3
(Rhodes et al., 1970; Ghosh and and Subhash, 2013).

Table 2.2 : The mechanical properties of HfB, and HfB, composites depended on
sintering techniques, conditions and composition.

- Operating Density, Hardness Modulus
Composition Tech. Conditions % (GPa) (GPa) Reference
2160°C, 3sa,
HfB, HP 7.3 MPa 445 Opeka et al., 1999.
HfB, PS 2350°C,2 h 85.6 - - Zou et al., 2010.
HfB,-2w.t% B,C PS 2200 °C,2 h 98 19.5 529 Zou et al., 2010.
HfB,-15vol.%MoSi, SPS 1700 °C 94.7 15.7 519 Sciti et al., 2008.
. 2000 °C, 1h
- 0, s 3 _
HfB,-20vol.%SiC HP 30 MPa 93.8 18.3 Weng et al., 2009.
HfB,-22vol.%SiC- o Monteverde and
6vol.%6HfC HP =00 °C 99.2 19 520 Bellosi, 2005.

The flexural strength of HfB, can also show variations because of differences in
process conditions, grain size and impurities. Higher strength values are generally
obtained with finer grain size. The residual impurities can be points of stress in the
material and limits the strength of HfB,. According to Table 2.3, strength decreases

above 800 °C, however these results have not been confirmed (Ghosh and Subhash,
2013).

Table 2.3 : The mechanical properties of HfB, and HfB, composites depended on
temperature (Rhodes et al., 1970; Ghosh and Subhash, 2013)

Temp. Young’s  Flexural Poisson’s Hardness
Material (°C) Modulus  Strength Ratio (GPa)
(GPa) (MPa)

HfB, 23 530 480 0.12 21.2-28.4
800 485 570 - -
1400 300 170 - -
1800 - 280 - -
HfB,-20vol.%SiC 23 540 420 - -
800 530 380 - -
1400 410 180 - -
1800 - 280 - -
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There exist different values for the electrical resistivity of HfB, in literature which
vary between 6.3-16.6 pQ.cm (Samsonov et al., 1971). The different values reported
in the literature are based on the strong influence of production parameters, purity of
product and grain size of the constituent phases and relative density of composite.
The thermal conductivity of HfB, at 25 and 1027 °C were reported as 105 and 60
W/mK, respectively (Cutler, 1991; Opeka et al., 1999). The high thermal
conductivity can cause good thermal shock resistance at the same time, as a result of
fast removal of heat from a local area so that thermal gradients can be kept minimum
(Mallik et al., 2012). In addition, the thermal shock resistance is partially depends on
coefficient of thermal expansion (CTE) which related with thermal stress introduced
in to material during a high temperature application (Mallik et al., 2012). The
thermal expansion coefficient for the monolithic HfB, was reported as
6.3x10°° K™' (Cutler, 1991). Addition of SiC with lower CTE is shown to reduce the
thermal expansion of HfB,, which is expected to improve the dimensional stability
(Mallik et al., 2012).

HfB, and ZrB, encountered oxidizing conditions (at elevated temperatures), reactive
environments (e.g., molten slags) and erosive conditions in many proposed
applications. Thus, the oxidation properties of these materials have been investigated
extensively. These diborides are capable in withstanding high temperatures in the
range of 1900-2500 °C as a result of their high melting point and their ability to form
refractory oxide scales. It was shown that HfB, undergoes an oxidation reaction
when it is contacted with air at elevated temperatures, where HfO, and B,O3 form on

the surface according to (2.1).

HfB, + 0, — HfO, + B,O3  AG°=-1977 + 0.361 T (kJ) (2.1)

Berkowitz-Mattuck (1966) investigated the oxidation of zone melted HfB, between
927 and 1727 °C with the oxygen partial pressure of 1-700 Torr in helium. Pertinent
TGA analyses have showen that negligible amounts of mass gain up to 700 °C,
whereas below 1100 °C, HfO, and B,O3; formed and a passive oxidation protection
was provided (Bargeron et al., 1993; Fahrenholtz, 2014). It was concluded that the
rate limiting step for oxidation was the oxygen transport through B,Oswhich resulted
in mass gain or reaction layer thickness (Fahrenholtz et al., 2007; Savino et al.,
2008). In the temperature range between 1100 and 1400 °C, a combined effect of
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mass gain and loss due to the evaporation of B,O3; and the formation of condensed
oxides were observed (Fahrenholtz et al., 2007; Savino et al., 2008). A porous layer
of HfO, forms by B,03 evaporation under the small amount of remained B,0O3 and
mass gain was generally dominant. Moreover, at the exceeding temperatures over
1400 °C, oxide layer was not protective anymore and rapid mass gain kinetics were
recorded. Additionally, an increase in the rate of oxidation was reported at around
1700 °C, with monoclinic to tetragonal phase transformation of HfO, (Berkowitz-
Mattuck, 1966, Carney et al., 2014; Fahrenholtz, 2007; Levine et al., 2002;
Monteverde and Bellosi, 2005).
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Figure 2.2 : Evolution of structures in Zr(Hf)B,-SiC composites during oxidation at:
(a) 1000 °C, (b) 1200 °C, and (c) 1500 °C, adapted from Ghosh and Subhash, 2010.

The sintering additives give rise to differences in the oxidation behavior of HfB,. It
was stated that SiC which is most common additive reduces the oxidation rate by
forming a silica-rich scale (Nguyen et al., 2004; Montreverde and Bellosi, 2005;
Tripp and Graham, 1971). The addition of SiC does not change the oxidation
behavior of HfB, and ZrB, below 1100 °C since the oxidation rate of SiC is much
lower than those of diborides up to this temperature (Nguyen et al., 2004). Over this

temperature, there exist two factors that affect the oxidation behavior: SiC oxidation
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becomes faster and SiO, particles and CO and CO, gases form, at the same time, the
rate of B,O3 evaporation increases significantly. The weight change of ZrB, and
ZrB-20 vol.% SiC during heating to 1500 °C was measured by thermal gravimetric
analysis (TGA) by Opeka et al. (2004). According to Figure 2.2., HfB,—SiC shows a
mass loss between 1200 and 1300 °C due to B,O3 evaporation and then mass gain is

observed by protective behavior of silica-rich layer up to 1600 °C.

In terms of chemical properties, hafnium diboride is attacked by different acids at
room temperature such as HNO3 and H,SO,4 and it is soluble in some boiling acids
(Weimer, 1977). The solubility of hafnium diboride in water and different acids is

given in Table 2.4,

Table 2.4 : Effect of reagent and treatment on solubility of hafnium diboride
(stability of 10-15 um), adapted from Weimer, 1997.

Reagent Treatment Solubility, % Degree of oxidation with
gases weight gain (g/m°)
H,O 100 °C 0 -
HCI 20°C,2h 20-40 -
100°C, 2 h 100 -
H,SO, 2h 100 -

HNO;3; Boiling, 30 min 100 -
H3PO,4 Boiling, 2 h 100 -

NH,OH 2h 0 -
H,0; 2h 0 .
Air 500-600 °C - None

HfB, is considrede as a radiation shielding, control rod in fission reactor power
plants (pressurized water reactors (PWR)) and it has potential usage in fusion
facilities, e.g. fist wall of fusion reactors due to the existence of boron which has a
high thermal neutron cross section and its good thermal and mechanical properties
(Cheminant-Coatanlem et al., 1998; Nasseri, 2015). Moreover, its relatively low cost
of fabrication, high melting point and low neutron activity after irradiation, make it
attractive for such applications (Cheminant et al., 1997). However, the behavior of
these materials under irradiation has not been thoroughly understood yet (Simeone et
al., 1997). Of the HfB, elements, boron (B) has two naturally stable isotopes 'B
(80.1% isotopic abundance) and '°B (19.9% isotopic abundance), at that '°B isotope

has a larger neutron cross-section than *'B isotope with 3980 barn. The Y“Hf and
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1804 (with 0.0006% isotopic abundance) isotopes have neutron cross-section of 14
and 1500 barn, respectively (Nasseri, 2015). In a former study, the behaviors of
different high density boride pellets under neutron irradiation were investigated by
irradiating them in the temperature range between 350-500 °C in a reactor. The
results showed that especially HfB, has low swelling rate and lowest helium release
during the subsequent annealing (Gosset and Kryger, 1993). In addition, HfB,-B4C
composites illustrated better thermo-mechanical properties as compared to pure B,C
such as the thermal gradients for crack initiation by thermal shocks were higher
(Gosset and Kryger, 1993). It was also asserted that the higher melting point,
chemical inertness and good mechanical properties of HfB, provide some
advantageous in regard of safety point. As a result, neutron absorption properties of
boron coupled with the high temperature properties of HfB, makes these borides the
ideal candidates for control/shutoff rod material for high temperature in compact type

nuclear reactors (Gosset and Kryger, 1993; Nasseri, 2015).

HfB, has a primitive hexagonal Bravais Lattice and AIB,-type crystal structure
(space group P6/mmm) and consists in a repeated stacking of a graphite-like boron
layers separated Dby hexagonal closed-packed transition metal layers
(Barraud et al., 2005; Fahrenholtz et al., 2007). The unit cell contains one MB;
formula unit. The structure consists of layers of B atoms in graphite-like 2D nets and
hexagonal close-packed M layers. Each hafnium atom belongs to 12 trigonal prisms
and the composition is simply M6/12B. A schematic representation of the crystal
structure of HfB; is illustrated in Figure 2.3 (a) and (b), adapted from Sichkar and
Antonov (2013) and Fahrenholtz et al., 2007. The inter-layer interaction is strong in
this structure despite the Hf layers alternate with the B layers in their crystal
structure. The hafnium atoms are located at the centers of boron hexagons with the
three nearest neighbor boron atoms in each plane. The boron atoms sit at the corner
of hexagons with the three nearest neighbor boron atoms on each plane (Barraud et
al., 2005; Sichkar and Antonov, 2013; Zhou et al., 2014). In addition, it was stated
that it can be expected that the physical properties of diborides are highly anisotropic
because of their layered structure and the extent of the anisotropy varies depending
on c/a axial ratios. On the other hand, due to the difficulties in growing monocrystals

of transition metal diborides mainly as a result of their high melting point, very little
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is known about how their physical properties change with crystallographic directions
(Okamoto et al., 2010).
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Figure 2.3 : The schematic representation of crystal structure and the AlB; type
structure of HfB, adapted from Fahrenholtz et al., 2007.

The Hf-B binary phase diagram is given in Figure 2.4 (Massalski, 1990). The
experimental data for Hf-B phase diagram was published by Rudy and Portnoi
(1972) and critically assessed by Okamoto et al. (2010) (Cacciamani et al., 2011).
The accepted melting points of zirconium free hafnium and boron are given as 2231
and 2092 °C, respectively. The o/f transformation temperature for hafnium is stated
as 1743 °C. The solubility of B in o Hf is limited (< 0.5 at.% B) at lower
temperatures although it increases with increasing temperature and lead to peritectoid
decomposition of the a-Hf solid solution into B-Hf and HfB at around 1800 °C. An
interstitial solution is suggested for B in the a-Hf and B amount in B-Hf at the
eutectic temperature was reported as less than 2 at.%. In addition, HfB, melts
congruently at 3380 °C, the highest among the refractory borides and HfB forms by a
peritectic reaction at around 2100 °C (Bittermann and Rogl, 1997; Cacciamani et al.,

2011; Massalski, 1990).

Making use of the advantages of above mentioned properties such as high melting
point, high hardness, chemical and thermal stability, high thermal and electrical
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conductivity, the application areas of HfB, are those which endure extreme chemical
and thermal environments.
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Figure 2.4 : The Hf-B binary phase diagram, adapted from Massalski, 1990.

Owing to chemical inertness with molten metals, potential industrial usage areas for
HfB, are foundry or refractory processing of materials such as electrodes in arc
furnace, refractory lining, metal crucibles and wear resisting coatings and as parts for
electrical devices such as heaters and igniters (Gasch et al., 2004; Upadhya et al.,
1997). Similarly, they are used as cathode materials in Hall-Heroult cell cathodes and

thermowell tubes for steel refining (Bellosi et al., 2006).

Because of recent efforts to develop hypersonic aerospace vehicles and re-usable
atmospheric re-entry vehicles, interest in UHTCs has increased significantly in the
past few years (Gasch et al., 2004; Levine et al., 2002). HfB, and ZrB, are potential
materials for used as thermal protection systems in extreme conditions especially for
scramjet propulsion, rocket propulsion, atmospheric re-entry vehicles, and sharp
leading edges of hypersonic aircraft (Levine et al., 2002; Upadhya et al., 1997). The
UHTCs have recently gained importance by their combined properties as enduring
materials in the ultrahigh temperature regime (considered to begin at 1600 °C) and in
highly oxidizing environments (Fahrenholtz et al., 2007; Monteverde et al., 2008).
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Thus, they are in high demand for thermal shields parts of hypersonic aerospace
vehicles and re-usable atmospheric re-entry vehicles. The sharp nose tips and wing
leading edges (WLEs) shown in Figure 2.5, in the high-performance hypersonic
vehicles provide reduced drag of vehicle and enhance maneuverability and
performance (Ghosh and Subhash, 2013). Due to the convective heating of sharp
WLEs, surface temperature on the stagnation region has the potential of heating over
2000 °C. The dimensional and structural integrity and mechanical strength at these
high temperatures are the main challenges in such a design. The thermal conductivity
plays an important role on the conduction of heat away to the cooler region of
leading edge (Figure 2.6.) (Cheminant et al., 1997; Jayaraman et al., 2006;
Fahrenholtz et al., 2007; Monteverde and Bellosi, 2005; Savino et al., 2008; Opeka et
al., 1999; Post et al., 1954; Wang et al., 2002).

7B Sharp Nose

Figure 2.5 : The leading edges in the high performance hypersonic vehicles, adapted
from Url-1.

Attachment region

Radiation back o remains relatively cool

the environment

. Conduction away
| from the nose

High heat flux to the
stagnation region

Figure 2.6 : A schematic of the thermal management process in the UHTC leading
edge component, adapted from Ghosh and Subhash, 2013.

Indeed, the investigations of dense diboride ceramics were initially motivated by
nuclear field that high neutron absorption cross sections were needed. Afterwards,
researches shifted to aerospace applications. HfB; is a potential material as a neutron
absorber in nuclear reactor control rods and heating shields in nuclear reactors
(Cheminant et al., 1997; Opeka et al., 1999; Post et al., 1954; Wang et al., 2002).
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2.2 Production and Sintering Techniques of Hafnium Diboride

2.2.1 Production techniques

Hafnium diboride has been synthesized by various production techniques such as
borothermal reduction, carbothermal/borothermal reduction, self-propagating high-
temperature synthesis (SHS), sol-gel method, mechanochemical synthesis, reactive
spark plasma sintering, solvothermal processes and chemical vapor deposition routes.
Synthesis of hafnium diboride from elemental powders of Hf and B was investigated
by various researchers. In general, self-propagating high temperature synthesis,
reactive spark plasma sintering and mechanochemical synthesis routes were applied
for this purpose.

Brochu et al. (2008) used shock consolidation process to produce HfB, powders

according to the reaction 2.2:

Hf + 2B — HfB, AG®1000 k: -324.5 kd/mol (22)

The elemental powders of hafnium and crystalline boron were mixed in a mortar
with isopropyl alcohol medium, then the powder mixture was cold pressed in
seamless steel tubing (65% theoretical density was reached) and the end plugs were
welded. In the shock consolidation process, a single tube cylindrical implosion
system was used to consolidate the powder mixtures. The test tubes were centered in
a cardboard tube and filled with ammonium nitrate/fuel oil explosive. After the
compaction, consolidated samples were removed by machining. Then a heat
treatment was applied to samples at 1600, 1800 and 2000 °C for 1 h in a controlled
atmosphere furnace equipped with tungsten heating element. A relative density of
62% was obtained and it was stated that the heat treatment temperature did not have
any particular effect on the final density. This low densification value was attributed
to the covalent character of Hf-B bonds and low volume and grain boundary
diffusion rates in diborides. The angular shape pores were still observed after the
heat treatment at 2000 °C, so the temperature range of the heat treatment was thought

to be too low to promote the any change in pore morphology (Brochu et al.; 2008).

Musa et al. (2013) synthesized hafnium diboride powders via self-propagating
combustion and reactive spark plasma sintering techniques. Hf and amorphous B as

starting powders were mixed for 20 min using a SPEX 8000 shaker mill in plastic
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bottle with zirconia balls. The powder mixture was pressed into cylindrical pellets
and then reacted by SHS to fabricate HfB, powders according to reaction 2.3:

Hf + 2(1+x) B — HfB, (2.3)

X-ray diffraction (XRD) spectra of the SHS products having different B/Hf atomic
ratios indicated the presence of residual elemental Hf when started from
stoichiometric ratios. B deficiency because of volatile B,O3; formation caused by this
situation. To compensate this loss, molar ratio of x was utilized as 0.1 in reaction
(2.3). In addition, spark plasma sintering was applied to synthesized HfB, powders
although maximum relative density achieved was only 93%. Due to the
unsatisfactory densification obtained by SHS technique, simultaneous synthesis and
densification by reactive spark plasma sintering (RSPS) of Hf and B powders was
alternatively applied. In this method, HfB, formation occurs simultaneously for the
duration of consolidation. A combustion synthesis reaction was stated to take place at
temperatures between 500 and 600 °C during the RSPS process. Relatively high
densification rate (almost 99% relative density) was obtained in 30 min with 1350 A
under 20 to 50 MPa just after the formation of the synthesis reaction. On the other
hand, composites reinforced with SiC whiskers could not be produced by RSPS due
to the heat created by reaction which gave rise to whiskers degradation (Musa et al.;
2013).

Anselmi-Tamburini et al. (2006) utilized a similar reactive spark plasma sintering
route to synthesize HfB, from elemental powders. The simultaneous synthesis and
consolidation of diboride (reactive sintering) from stoichiometric amounts of Hf and
B were conducted at 1700 °C with a holding time of 10 min and an applied uniaxial
pressure of 95 MPa. The reaction between the elements was recorded at temperatures
as low as 1100 °C and was completed relatively at a wide temperature range. In
addition, the densification was observed after diboride formation completed
(Anselmi-Tamburini et al.; 2006).

As an another example for HfB, synthesis from elemental powders, HfB, powders
were prepared through mechanochemical synthesis route from elemental Hf and B
powder mixtures in a planetary ball mill (Makarenko et al., 2015). The ball-to-
powder weight ratio was 20:1 and steel balls with diameter of 9.5 mm were used. It

was stated that the HfB, formation started after 10 min of milling in the presence of
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metastable HfB phase. The single-phase HfB, composition was obtained after 60 min
of milling (Makarenko et al., 2015).

Additionally, ZrB, powders were synthesized from elemental Zr and B powders by
mechanical alloying in a planetary ball mill at 250 rpm for 10-20 h. Tungsten carbide
vial and balls were utilized and the ball to powder weight ratio was 10:1. The
mechanism of formation was explained as mechanically induced combustion
synthesis which starts when the temperature during the milling exceeds the ignition

temperature of reaction (Wu et al., 2013).

Several reduction processes are applied to prepare diborides. The most common
reducing agents are boron and carbon, but boron carbide (B4C) and aluminum (Al)
are also utilized. In addition, combinations of these reducing agents such as B4C-C
are utilized. The general reduction reactions can be used in diboride synthesis are
summarized in Table 2.5 (Fahrenholtz et al., 2007; Guo et al., 2012; Peshev and
Bliznakov, 1968; Sonber et al., 2010).

Table 2.5 : Examples of reduction reactions that can be used to synthesize hafnium
diborides, adapted from Fahrenholtz et al., 2007; Guo et al., 2012b; Peshev and
Bliznakov, 1968; Sonber et al., 2010.

Category Example
Carbothermal HfO,(s) + B,Oz(1)+ 5C(s)— HfBy(s) + 5CO(g)
Borothermal HfO,(s) + 4B(s) —HfBy(s) + B,0,(s)

Aluminothermal  HfO,(s) + B,Os(1) + 10Al(1) —3HIB,(s) + 5Al,05(s)
Boron Carbide  7HfO,(s) + 5B4C(s) — 7HfBy(S) +3B,05(l) + 5CO(Q)
Combined 2HTO,(s) + B4C(s) + 3C(s) — 2H{B,(s) + 4CO(Q)

Borothermal reduction is a commonly applied conventional method for hafnium
diboride synthesis. Borothermal reduction of hafnium oxide involves use of
amorphous B according to reaction (2.4) and requires temperatures higher than
1500 °C. The excess boron addition is needed to compensate the boron loss due to
sublimation of boron suboxides. Boron does not sublimate only in the form of B,O3,
but also boron suboxides such as B,O and B,O, form according to reaction (2.5) and
the lack of boron causes to wunreacted hafnium oxide impurity
(Fahrenholtz et al., 2007).
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3HfO, + 10B — 3H{B, + 2B,03 (24)
2B,03; + 2B — 3B,0, (25)

Zhang et al. (2009) used HfO, and amorphous B as raw materials to fabricate HfB,
powders. The HfO,-B starting mixtures were prepared by milling for 24 h in a
polythene bottle using ethanol and Si3N4 balls. After drying, powder mixtures were
heated in the temperature range between 1400 and 1600 °C for 1 h in a resistance-
heated graphite element crucible. In the XRD patterns of powders synthesized at
1600 °C with stoichiometric amount boron, HfO, phase was identified together with
HfB,. However with 10 wt.% excess amount of B, only the HfB, phase was observed
in the XRD analyses. The excess boron need depended on boron sublimation not
only in the form of B,0O3, but also boron suboxides such as B,O, and B,O form

according to reaction (2.5) (Zhang et al., 2009).

Ni et al. (2010) synthesized HfB, powders by borothermal reduction of HfO, with
amorphous B at 1600 °C according to reaction (2.4). Stoichiometric and 10 wt.%
excess amounts of boron were utilized in the experiments. The starting powders were
mixed in a polythene bottle with SizsN4 balls and ethanol for 10 h. The dried and
pressed powders were heat-treated at 1600 °C for 1 h in a graphite resistance furnace
under vacuum. The presence of the HfO, phase in addition to the major HfB, phase
was determined in the synthesized powders when stoichiometric amount of B was
used due to the boron loss according to the reaction (2.5). The oxygen content of
powders synthesized at 1600 °C with excess amount of boron was determined as
0.79%. The HfB, powders had mean grain size of 1.37 um and equiaxial morphology
(Ni etal., 2010).

Guo et al. (2012b) suggested a borothermal reduction route to obtain submicron HfB,
powders according to reaction (2.4). The HfB, formation was completed at 1100 °C
after 2 h. On the other hand, the complete removal of B,O3; required a thermal
treatment above 1500 °C. HfO, and amorphous B were mixed and dry pressed into
disks through a similar method mentioned in other methods and heated to 1100 °C
for 2 h in a graphite element furnace. The heat treated disks were immersed into hot
water to remove boron oxides. After water washing, a second heat treatment was
applied to powders at 1550 °C for 1 h with the aim of further elimination of B,Os.
The oxygen content of powders synthesized at 1100 °C was stated as 7.55% in spite
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of only HfB, phase was detected in the XRD analysis. This situation was attributed
to existence of B,Og3 in the synthesized powders which could not be determined due
to the low intensity of B,O3 phase. After water washing with distilled water, the
oxygen content of powders was decreased to 2.46%. In addition, after the second
heat treatment at higher temperatures, the oxygen content of powders was only
0.56%. It was asserted that HfO,/B molar ratio should be lower than 0.3 in order to
remove the remained B,O3 based on reaction (2.5). The average particle size of

powders was reported as 0.8 um (Guo et al., 2012b).

Another conventional method for preparing the HfB, powders is
borothermal/carbothermal or namely boron carbide reduction route. The general

reaction for the boron carbide reduction of HfO, is given in the reaction (2.6):

2HfO, + B4C + 3 C — 2HfB, + 4CO (2.6)

Wang et al. (2014b) prepared HfB, powders according to reaction (2.6) by the boron
carbide reduction route. It was stated that hafnium oxychloride (HfOCI,), phenolic
resin and B,C were used as hafnium, carbon and boron sources, respectively.
HfOCI,.8H,0 was dissolved in distilled water and B,C powders were dispersed in
the solution by stirring. The phenolic resin dissolved in ethanol was added to the
slurry. Then, the resultant precipitate was dried and compacted at 700 °C as a
precursor powder mixture for the heat treatment in spark plasma sintering apparatus
between 1300 and 1500 °C under vacuum (Figure 2.7). The XRD analysis showed
that HfO, was the dominant phase at 1300 °C whereas the major phase changed to
the HfB, over 1350 °C and the pure HfB, were obtained only after 1400 °C. The
crystallite sizes of the synthesized powders were reported as <500 nm and they had
rather spherical morphology. Also, the oxygen and carbon content of resultant HfB,
powders synthesized at 1450 °C were determined by an oxygen/nitrogen

determinator as 0.85% and 0.05%, respectively.

Ni et al. (2008) used the boron carbide reduction technique for preparing HfB,
powders according to reaction equation (2.7). HfO,, B4C and graphite (C) in different

stoichiometric amounts were mixed in a polythene bottle with ethanol and Si3N,4
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Figure 2.7 : Flow chart for synthesis of HfB, powders from solution based
precursors, adapted from Wang et al., 2014b.

balls for 10 h, then the dried powder mixture was pressed in the form of disks and
placed into a graphite resistance furnace and heat treated between 1400 and 1600 °C

for 60-120 min under vacuum.

(1+X) HfO, + 5/7 B4,C + 5x C —

(1+X) HIB, + (3/7-X) By03 + (5/7+5x) CO (0<x< 1/4) (2.7)

It is stated that a sublimated B,O3; phase was seen on the walls of crucible, so the
boron was lost by the sublimation. Besides, HfC phase was identified in the XRD
analysis. The high purity HfB, powders were achieved to obtain with excess B4C
(0-10%) and C (0-15%). The oxygen content of powders was evaluated between 0.18
and 0.29 % for different x values in reaction (2.7). At the same time, heat treatments
were carried out at 1500 °C for 2 h or at 1600 °C for 1 h. However, the prolonged
durations of heat treatment at high temperatures gave rise to the grain growth
(Ni et al., 2008).

Wang et al. (2012) synthesized HfB, powders via borothermal/carbothermal
reduction technique using spark plasma sintering (SPS). HfO,, B4C and phenolic
resin were used as raw materials and experiments were conducted with different
molar ratios of reactants. The raw materials were mixed using a ball mill in a

polythene bottle with ethanol and zirconia balls. The dried and compacted powder
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mixtures were subjected to SPS between 1400 and 1550 °C. Small amounts of HfC
were also detected in the synthesized powders when stoichiometric ratio of
HfO,/B,C/C was used. The formation of HfC and HfO, could be suppressed by
adding excess B4C and carbon (15 and 10 wt.%, respectively). The crystallite size of
the powders was reported as between 100 and 200 nm. The oxygen and carbon
content of the HfB, powders sintered at 1500 °C were 0.62% and 0.66%,
respectively (Wang et al., 2012).

Sonber et al. (2010) used HfO,, B4C and petroleum coke as raw materials to
synthesize HfB,. The powders were mixed in a motorized mortar for 30 min and
pelletized under pressure of 220 MPa. The pellets were heat treated between 1200
and 1875 °C for 2 h in an induction furnace. It was stated that the boride formation
started at 1200 °C, however HfB, powders with low oxygen and carbon content
(each <%0.5) were obtained at 1875 °C under a vacuum of 10-5 mbar (Sonber et al.,
2010).

The reaction (2.2) can be used to synthesize HfB, by self-propagating high-
temperature synthesis (SHS), which is also known as combustion synthesis, as
mentioned above. The SHS method also applied to preparation for composites of
diborides or diborides doped with additives such as sintering aids (Fahrenholtz et al.,
2007).

HfB,-SiC products were produced by self-propagating synthesis according to the
following reaction (2.8) (Licheri et al., 2009):

2Hf + B,C + Si — 2HfB, + SiC (2.8)

The raw materials powders were mixed in a Spex shaker mill for 30 min and pressed
into cylindrical pellets having diameter of 16 mm and height of 30 mm. By using a
tungsten coil, combustion front reaction was started at one end of sample and the
reaction self propogated until it reached the opposite end. The synthesized powders
consisted of HfB, and SiC phases and did not include any other secondary phases or
impurities according to the XRD results. The particle size of prepared HfB, powders
was reported as less than 30 um. The synthesized powders were subsequently
consolidated without the addition of any sintering aid via the SPS technique. A fully
densified HfB, (relative density of 99.5%) was obtained at 1800 °C for 30 min under
the applied pressure of 20 MPa (Licheri et al., 2009).
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Chemical routes used to synthesize hafnium and zirconium diborides include
solution-based methods, reactions with boron-containing polymers, and pre-ceramic
polymers. Nanocrystalline HfB, and ZrB, were synthesized by a chemical reaction
between anhydrous chlorides and sodium borohydride (NaBH,) above 500 °C under

pressure in an autoclave (Chen et al., 2004b; Chen et al. 2004c).

Chen et al. (2004c) synthesized HfB, powders from HfCl, and NaBH, powders in a
stainless steel autoclave at 600 °C for 12 h. For the possible formation mechanism,
the overall reaction between the HfCl, and NaBH; was stated

as follows in reaction (2.9):

HfCl, + 2NaBH, — HfB, + 2NaCl + 2HCI + 3H, (2.9)

But the reaction may proceed via a vapor phase mechanism depending on the
decomposition of NaBH, to borane gas (BH3) and its subsequent reaction with
gaseous chlorides. The NaBH, begins to decompose with increasing temperature
(above 500 °C) according to reaction (2.10) and the resultant BH3 reacts further with
HfCl, to produce HfB,. Also, the HCI reacts with NaH to give NaCl and H;

according to reaction (2.11):

NaBH, — BH; + NaH (2.10)
HfCl, + 2NaH + 2BHz— HfB, + 2HCI + 2NaCl + 3H, (2.11)

The reaction temperature and time were stated as important process parameters for
the formation of the hexagonal HfB,. The HfB, could not be obtained when the
temperature was lower than 450 °C. The crystallinity of HfB, phase increased by
increasing temperature up to 600 °C. Also, the holding times between 12 and 24 h
did not significantly influence the crystallinity and particle size. The hafnium
diboride prepared by this method had an average crystallite size of 30 nm (Chen et
al., 2004c).

Kravchenko et al. (2015) investigated the reactions between Hf powders and
microcrystalline B in a Na,B,O; ionic melt have at temperature range of 600 and
850 °C in an autoclave. The Hf and B powders in stoichiometric amounts were mixed
with an excess of anhydrous borax (Na;B40-) in a vibratory mill for homogenization.
The powder mixture was placed in a autoclave (30 mm in diameter and 200 mm in

length) and maintained at the temperatures between 600 and 850 °C. The
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nanoparticulate HfB, formation was observed to start at 750 °C. The HfB, powders
prepared at 850 °C consisted of nearly spherical particles with 50-55 nm in diameter.

Additionally, ZrB,, TiB, and a series of borides were prepared from related oxides
and amorphous boron in the presence of elemental Na and S in an autoclave with a
capacity of 20 ml at 150 °C for 2 h. In the TiB; synthesis, the molar amounts of
TiO,, amorphous B, metallic Na and sublimed S were given as 0.01, 0.04, 0.04 and
0.02 moles, respectively. After the chemical reaction in the autoclave, the raw
product was washed with ethanol, distilled water and HCI (0.5 M) and dried in a
vacuum oven. ZrB; and TiB, particles with average particles size of 500 and 100 hm

were obtained, respectively (Chen et al., 2012).

Venugopal et al. (2014) used the sol-gel method in the synthesis of HfB, powders
using phenolic resin, HfCl, and H3BO3 as source of carbon, hafnium and boron
sources, respectively. The H3BO;3 dissolved in ethanol at 120 °C in an oil bath and
the HfCl, and phenolic resin were added. The obtained solution was stirred for 24 h
at 120 °C with continuous refluxing. This sol-gel was dried at 250 °C for 2 h in air to
obtain the precursor. The precursor powders were annealed at the temperature range
of 1300-1600 °C. Different products were obtained according to the molar ratios of
raw materials. By the annealing of mixture include the exact stoichiometric amounts
of reactants at 1600 °C, a small amount of HfC was detected. The single phase HfB;
was obtained with adding the slight excess of boron sources and annealing the
precursor powders at 1600 °C for 2 h or 1300°C for 25 h.

In an another study, in which pre-ceramic method was applied, the ceramic precursor
for HfB,/HfC/SIC/C was prepared via solution-based processing of
polyhafnoxanesal, linear phenolic resin, boric acid and poly [(methylsilylene)
acetylene]. The obtained precursor was cured at 250 °C and was subsequently
annealed at 1500 °C to form HfB,/HfC/SiC/C ceramic powders. The effect of carbon
sources on size and morphology of the resultant HfB, powders was investigated. It
was stated that the structure and level of agglomeration of carbon sources played an
important role on the particles size of HfB, powders. The finest HfB, powders were
obtained when powder phenolic resin was utilized as the carbon source (Cai et al.,
2013).
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The mechanically activated annealing synthesis of hafnium diboride involves the
reduction of oxides and chlorides raw materials. Barraud et al. (2005) synthesized
HfB, nanorods from HfCl,-B and HfCl4;-B-Mg powder mixtures by mechanical
activation and isothermal annealing. In the XRD patterns of HfCl;-B-Mg powder
mixtures milled for 2 h in a planetary ball mill, a few amount of HfB, phase was
determined together with hafnium hydride (HfH,) phase. However, the HfH, phase
was converted to the HfB, during the high temperature annealing. The mechanically
activated (for 1 h) powder mixtures of HfCl4;-B and HfCl;-B-Mg were annealed at
the temperature range of 700-1100 °C. The mechanically activated powders after
annealing at 1000 and 1100°C had the HfO, phase in the amounts of 21 and 8 wt.%,
respectively. Also, the FeB phase was identified in the XRD patterns of synthesized
powders and the necessity of these iron borides and boron oxide for the growth of

nanorod-shaped particles during annealing was stressed (Barraud et al., 2005).

Some other attempts were made for the metallothermic reduction of HfO, via
milling-assisted annealing processes (Balci et al., 2010). The HfO,-HfB, composite
powders were fabricated by a two-step process which includes the mechanical
activation and isothermal annealing at high temperatures according to
the reaction (2.12):

HfO, + B,03 + 5 Mg — HfB; + 5 MgO (2.12)

The HfO,-B,03-Mg powder blends were milled in a high-energy ball mill for 5, 7, 11
and 30 h. The mechanically activated powder blends were subsequently annealed at
different temperatures between 900 and 1300 °C for 6, 12 and 18 h. The HfB,, HfO,
and MgO (as a by-product) phases were identified in the XRD analyses of the
synthesized powders. However, complete conversion of the HfO, phase to HfB,

could not be provided at these conditions (Balci et al., 2010).

In addition, HfB, powders were prepared by annealing the powder mixtures of HfO,,
amorphous B and Mg at 800 °C. It was stated that for the preparation of single phase
HfB,, the formation of MgB, should be controlled by keeping the reaction
temperature below 850 °C (Kobayashi et al., 1993).

Furthermore, the CVD methods are generally employed with the aim of obtaining
hard surface coatings rather than powder synthesis in order to improve the surface

hardness and tribological properties of desired materials (Brochu et al., 2008;
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Cheminant et al., 1997; Jayaraman et al., 2006). The HfB, thin films were grown by
CVD from the Hf[BH4]4 precursor. The films were deposited on various substrates
including Si (100) and Mo discs at various temperature less than 350 °C. The
precursor pressure of 1.3x1072 Pa (0.1 mTorr) was utilized and an argon-nitrogen
mixture was dissociated in a remote plasma source. The idealized growth reaction for

the CVD growth process was given as reaction (2.13) (Jayaraman et al., 2006):

In addition, chemical vapor deposition (CVD) of various diborides was applied
(Sonber and Suri, 2011). Such as for production of ZrB, by CVD method, ZrCl, and
BCl; are the most commonly used precursors and Hy is generally utilized as reducing
gas. This technique provides some advantages like low synthesis temperature and
high purity. The major process parameters are temperature, pressure and flowrate of
reactants and deposition rate generally increases with increasing temperature and

hydrogen concentration. The general reaction used by the researchers is:

ZrCly + 2BCl; + 5H; — ZrB; + 10HCI (2.14)

Various substrates used for the deposition of ZrB, such as copper, zircalloy, graphite
and quartz (Motojima et al., 1990; Sonber and Suri, 2011). Motojima et al. (1990)
deposited ZrB, on Cu substrate at 700-900 °C according to the reaction (2.14) as
adherent coating. The reaction (2.14) was written according to ZrB,, but it is an

analogous process for the HfB, synthesis.

Furthermore, single crystals of HfB, were prepared by floating zone method by
means of radio frequency (RF) heating (Otani et al., 1998). Commercial HfB,
powders and amorphous B powders were mixed in fixed ratios and isostatically
pressed into a rod shape. The rod was heated in vacuum at 1700 °C for 30 min under
the 0.8 MPa of ambient helium or argon gas. Boron is known as a good flux for
preparing refractory crystals. The best growth rate and composition were reported as
2.5-3 cm/h and B/Hf=2.1-2.15, respectively. Carbon and oxygen were determined in
level of 40 and 120 ppm in the crystal, respectively (Otani et al., 1998).

It is also known that borides of various metals (Ti, Zr, Mg, Mo, W) can be produced
by molten salt electrolysis method (Sonber and Suri, 2011). Electrochemical

fabrication of HfB; coatings was carried out in the NaCl-KCI-KBF,—K;HfFs molten
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salt at a temperature range of 700-850 °C and a cathode current density of
5-50x10A.cm™. The HfB; coatings presented a columnar structure on the graphite
substrate and the microhardness of coatings was determined as 3200+250 kg/mm 2

(Kuznetsov, 2012).

Schwab et al. (2004), proposed a polymeric precursors route to synthesize ZrB, and
HfB,. It was stated that improved results were obtained from oxide free-precursors
prepared from the metal borohydride and borazine compared to the initial studies
which concentrated on carbothermal/borothermal reduction of metal alkoxides. ZrB,
and HfB, were prepared by subsequent pyrolysis of polymeric precursors obtained
through a reaction of borazine (HgB3N3) with a metal borohydride (Hf(BH,4)4). On
the other hand, the polymeric precursors was proposed as a binder for processing of
commercial ZrB, and HfB, powders, rather than a stand-alone coating or a

monolithic ceramic.

A summary of applied methods with utilized raw materials for synthesis of hafnium

diboride is given in Table 2.6.
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Table 2.6 : The summary of production techniques of hafnium diboride.

Production Techniques

Raw Materials

References

* Direct solid-state

Brochu et al., 2008.
Musa et al., 2013.
Makarenko et al., 2015.

reaction of elemental Hf, B
powders Blum et al., 2008.
Anselmi-Tamburini et al.,
2006.
« Carbothermal reduction HfO,, B,Os, C Fahrenholtz et al., 2007.
Ni et al., 2010.
* Borothermal HfO, B I
reduction 2 Peshev and Bliznakov,
1968.
. i Sonber et al., 2010.
Igor(:_n carbide HfO,, B.C, C _
reduction Ni et al., 2008.
e Chemical reaction at HfCl,, NaBH, Chen et al., 2004c.

low temperatures in
an autoclave

Hf, B, NazB407

Kravchenko et al., 2015.

* Sol-gel method

HfCl,4, H3BO3, phenolic resin

HfOCIl,.8H,0, B,4C, phenolic
resin

Venugopal et al., 2014.

Wang et al., 2014b.

* Mechanically activated
annealing methods

HfO,, B,O3, Mg

HfCl,, B and HfCl,, B, Mg

Balci et al., 2001.

Barraud et. al., 2005.

* Self-propagating high-

temperature synthesis Hf, B4C, Si Licheri et al., 20009.
(SHS)
* Floating zone method HfB,, B Otani et al., 1998.

* Molten salt electrolysis

NaCl-KCI-KBF,—K,HfFg

Kuznetsov, 2012,

* Chemical vapor deposition
method (CVD)

Hf[BH.].

Jayaraman et al., 2006.

* Polymeric precursor

Borazine (HsB3Ns3),
Hf(BH.),

Schwab et al., 2004.
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2.2.2 Sintering techniques

Hafnium diboride (HfB,) is a well known member of ultra-high temperature
ceramics (UHTCs) family. It has a very high melting point of 3380 °C. Several
carbides and nitrides are also considered as members of this family because of their
melting  temperatures over 3000 °C and some other properties
(Cacciamani et al., 2011; Fahrenholtz et al., 2014). On the other hand, hafnium and
zirconium diborides are the most prominent and commonly studied compounds in
this class of ceramic materials (Levine et al., 2002; Rhodes et al., 1970;
Upadhya et al., 1997). Due to the relatively high melting temperature, highly
covalent character of Hf-B bond and low self-grain boundary and volume diffusion
rates of HfB,, it is very difficult to obtain near full density compacts (Fahrenholtz et
al., 2007; Telle et al., 2000). Generally, very high temperatures and external pressure
are needed to densify the monolithic HfB, structures (Cutler, 1991; Zou et al., 2010).
The properties of powders such as particle size and morphology have a dramatic
effect on the sinterability and sintering conditions (Cutler, 1991; Jung et al., 2013).
The advanced sintering techniques such as hot pressing and spark plasma sintering
have been used in the densification of these ceramics as well as conventional
sintering techniques. In addition, the use of sintering aids to enhance the
densification of diborides has been subjected to intense research interests
(Fahrenholtz et al., 2007; Monteverde, 2007; Pastor, 1977).

Pressureless sintering (PS) technique has important advantages as it is cost
effectiveness and giving opportunity to produce near-net shape components. On the
other hand, to reach a reasonable densification, a high sintering temperature is often
needed due to the lack of external holding pressure. The reduced particle size and
sintering additives are generally provided to compensate this limitation. The
densification rate of diborides has been appreciably increased with various additives
such as refractory metals (Fe, Cr, Ni), refractory metal silicides (MoSi,, TiSi,) and
HfSi, and ceramic additives (SiC, Si3sNg) (Fahrenholtz et al.,, 2007,
Sonber et al., 2010; Saito et al., 2012; Mishra et al., 2002; Monteverde, 2007; Zou et
al., 2010).

Additionally, it was shown that the mechanical milling can be applied to powders
prior to the densification (Wang et al., 2014a). The mechanical milling facilitates the

densification by both providing particle refinement and increasing the number of
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point defects which enhance the grain boundary diffusion. However, milling can give
rise to increased oxygen content due to the rising surface area
(Fahrenholtz et al., 2007; Wang et al., 2014a).

In former studies, full densification of UHTCs without sintering additives were
achieved only by hot pressing (HP). However, due to limitations of HP related to
both size and geometry, further investigations have concentrated on the reactive
sintering and different sintering aids. Recently, sintering studies has been focused on
some modern sintering techniques and sintering additives. The sintering aids such as
SiC, MoSi,, La,03, B4C, WC, etc. are investigated for the liquid-phase sintering of
hafnium diboride (Ni et al, 2012a; Silvestroni and Sciti, 2007;
Zapata-Solvas et al., 2013; Zou et al., 2010).

Apart from the conventional techniques, spark plasma sintering (SPS) and plasma
pressure compaction (P2S) which involve plasma activation and localized heating
have been applied to UHTCs (Fahrenholtz et al., 2007; Sonber et al., 2010). During
SPS a direct or pulsed electric current is applied to the powder compact under a
uniaxial holding pressure. Unlike the traditional sintering techniques, relatively high
heating rates can be reached and consolidation times decrease from hours to few
minutes (Bellosi et al., 2006; Golla and Basu, 2014). Thus, formation of grain growth
which adversely affects the mechanical properties is kept at minimum level and
homogenous grain microstructure can be retained. Additionally, the in-situ
elimination of surface oxides (or contaminants) by applied DC voltage helps bonding
of particles. However the underlying mechanisms that allowed enhanced sintering
within a limited time are still needed for further elucidations (Bellosi et al., 2006;
Golla and Basu, 2014; Monteverde, 2007; Sciti et al., 2008; Wang et al., 2012;
Wang et al., 2014a).

Silvestroni (2007) reported the fabrication of HfB,-MoSi, composites with different
amount of MoSi, between 5-20 wt.% by pressureless sintering at 1950 °C for 1 h.
Sintered samples including 0 and 20 wt.% of MoSi, reached to relative density
values of 89 and 98 %, respectively. The hardness of HfB,-5MoSi, and
HfB,-20MoSi, composites were reported as 18.2 GPa. Also, the fracture toughness
values of these two samples were reported as 4 and 4.1 MPa/m®.
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Another pressureless sintering study on the HfB,-20 vol.% SiC ceramics was
conducted with using WC as sintering aid at 2200 °C for 2 h and 99% of relative
density was reported (Ni et al., 2012b). It was shown that the complex reactions
between WC and HfB,-SiC system enabled high densification rates. The mechanical
properties such as Young’s modulus, fracture toughness and three point bending
strength of HfB,-20 vol.% SiC having 10 wt.% WC were given as 511 GPa,
4.85 MPa.m™ and 563 MPa, respectively (Ni et al., 2012b).

The HfB, ceramics were sintered at a temperature range of 2100-2350 °C with B,C
(between 0 and 2 wt.%) as sintering aid without external pressure (Zou et al., 2010).
It was stated that the sintering mechanism changed to liquid phase sintering at the
temperatures above 2300 °C. The role of B4C on the improved densification was
explained by its effect on the removal of oxide impurities during solid-state sintering.
In addition, formation of a liquid phase which wetted the hafnium diboride grains
very well during liquid phase sintering process improved the densification. However,
a sharp decrease in the mechanical properties (except modulus) was observed in the
samples subjected to liquid phase sintering. The best results were recorded for the
HfB,-2 wt.% B4C sample sintered at 2150 °C as relative density of 98.3%, 20.1 GPa,
532 GPa and 492 MPa for Vickers hardness, elastic modulus and flexure strength,

respectively (Zou et al., 2010).

The HfB,-SiC composites with B,C addition were hot-pressed at 1850 °C under
35 MPa (Weng et al., 2009). When the B4C free, HfB,-20 vol.% of SiC composites
were hot-pressed at 2000 °C for 60 min, grain growth rather than densification was
observed. The density and average grain size of this composite reported as 97.4%
and 7 pm, respectively. By the addition 5 vol.% of B4C, the grain size reduced to
4 um, which indicated that B4C inhibited the abnormal grain growth. It was stated
previously that the oxide-rich layer on the surface of diborides can be deteriorative
for densification (Monteverde et al., 2005; Weng et al., 2009). It was suggested in
this study that a chemical reaction between this HfO, and B,C to form HfB,, CO and
BO gas when temperature was above 1200 °C enhanced the densification of HfB; by
lowering the diffusion barrier. The hardness of HfB,-20 vol.% SiC-20 vol.% B4C
sample increased to 20.9 GPa from 17.3 GPa (for HfB,-20 vol.% of SiC).

In another study, hot pressing of HfB,-based ceramics with B,C and HfSi, addition

were investigated (Monteverde, 2008). The positive effect of B4C addition on
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sinterability explained by the similar mechanism: B4C contributed to the
densification by promoting the removal of surface oxide contamination, thus it
enhanced the reactivity at the high temperatures. Additionally, the effect of HfSi,
addition was explained by its low melting point (close to 1700 °C) under the pressing
temperature and strengthening effect of the partial dissolution of HfB, in the
Si-based liquid phase. Also, it was postulated that the Si-based liquid phase allowed

the high densification rate by the controlled removal of the surface oxide impurities.

Monteverde (2007) consolidated HfB,—SiC ceramics with addition of 2 vol.% TaSi,
as sintering aid by hot-pressing (HP) at 1900 °C for 35 min and spark plasma
sintering (SPS) techniques at 2100 °C for 3 min. The complete densification was
achieved for powder mixture of HfB,+ 30 vol.% SiC with the addition of 2 vol.%
TaSi, as sintering aid, and applying the following conditions: 2100 °C for 3 min
(SPS), or 1900°C for 35 min (HP). Both the SiC and TaSi, were suggested as the
activators to enhance the sinterability. The positive effect of silicides on the
densification behavior was explained by the formation of a liquid phase in the
temperature range of 1400-1800 °C, which enhanced the diffusion and rearrangement
of loose particles. During the hot pressing, the HfB,-SiC mixtures exhibited
considerably lower densification compared to TaSi, doped mixtures. The elastic
moduli of samples were above 490 GPa. The flexural strengths of the hot-pressed
composites at room temperature and 1500 °C (in air) were 665 and 480 MPa,
respectively. Additionally, HfO, and (Hf, Ta)-carbides were determined as the
second phases. Also, it was claimed that the endurance of both ceramics to air
oxidizing conditions between 1450 and 1650 °C improved. This was due to the
positive effect of SiC which produces the SiO, layer during oxidizing and forms
protective borosilicate glass with B,O3 (evolved by the degradation of HfB,) on the

top surface (Monteverde, 2007).

In addition, HfB,-SiC composites were prepared by the reactive spark plasma
sintering (RSPS) technique (Wang et al., 2014a). HfSi,, B,C and carbon black
powders were mixed in stoichiometric composition based on reaction (2.15) and
sintered in a spark plasma sintering apparatus at 1600 °C under a pressure of 40 MPa

for 10 min.

2HfSi, + B4C + 3C — 2HfB, + 4SiC (2.15)
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It was claimed that the HfB, and SiC phases distributed homogenously in the
structure and their particle size were 2 and 1 pm, respectively. The relative density of
products was reported as 98.7%, and the hardness and fracture toughness of
composites were reported as 20.4 GPa and 4.7 MPa.m*?, respectively. The particle
size reduction (obtained by ball milling of the starting powders) and the enhanced
mass transfer rates were stated as critical factors for reaching the high densification
rates during the reactive SPS (Wang et al., 2014a).

Sciti et al. (2008) produced HfB,-based ceramics with additions of 1, 3, and 9 vol.%
MoSi, as sintering aids by the spark plasma sintering at temperatures between 1700
and 1950 °C under a pressure of 100 MPa. Complete densification was achieved with
silicide additions between 1750 and 1850 °C. Extra phases like HfO,, SiC and SiO,
were detected in the microstructure of composites. The relative density value of the
monolithic HfB; sintered by SPS under conditions of 2200 °C, 65 MPa and 5 min
was reported as 80%. Additionally, hardness values of the samples including 1, 3 and
9 vol.% MoSi, were 21.2, 22.0 and 21.1 GPa, respectively.

A summary of literature data on the examples of densification of the HfB, ceramics
are listed in Table 2.7.
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Table 2.7 : Literature data on densification of the HfB, ceramics, adapted from
Sonber et al., 2010.

De:::t';:(t;on Sinter additive (TI\;‘I;‘{S . lzfnelsg) RDilr?::}/;
(%)
Pressureless - 1950, -, 60 89
sintering 5% MoSi, 1950, - , 60 97
: 1840, 793, 10 90-95
20% SiC 2200, 25, 60 100
20% SiC 2000, 35, 60 97.4
20% SiC 2200, 30, 120 97
20% SiC 2200, 30, 60 93.8
Hot Pressing 20% SIC + 10% B.C 1850, 35, 40 98.9
20% SiC + 18% AIN 1800, 30, 30 99.6
159 TaSi, 1900, 30, 15 99
5% HfSi, 1600, 30, 15 99
7% B.C 1900, 30, 40 94
30% SiC + 2% TaSi, 1900, 42, 35 100
250 SisN, 1800, 30, 30 100
i 1900, 95, 10 86.8
i 1850, 50, 15 86
0.1% C 1850, 50, 15 95
30% SiC 2100, 30, 2 100
Sp;rnﬁeﬂ'iizma 26.50% SiC 1800, 20, 30 99.9
30% SiC + 2% TaSi, 2100, 30, 3 100
20% SiC 1800, 80, 8 100
i 2200, 65, 5 80
3% MoSi, 1750, 100, 3 98.8

2.3 Mechanochemical Synthesis and Mechanically Driven Synthesis Methods

Advanced materials can be described as those have a systematic synthesis route and
controlled structure with the aim of providing a tailored set of properties for
demanding applications. The structure and the constitution of advanced materials can
be achieved by synthesizing them in a non-equilibrium state for example as rapid
solidification by quenching and mechanical alloying techniques. These methods can
be energize materials and bring them into a highly non-equilibrium (metastable) state

by some external dynamical forcing, e.g. application of pressure, or storing of

36



mechanical energy by severe plastic deformation. Materials processed with such a
technique have improved physical and mechanical properties comparing to the

conventionally processed materials (Sopicka-Lizer, 2010; Suryanarayana, 2001).

2.3.1 Ball milling

El-Eskandarany (2001) described mechanical alloying as a “unique process for
fabrication of several alloys and advanced materials at room temperature”. That same
year, another definition was suggested by Suryanarayana (2001): “a solid-state
powder processing technique involving repeated welding, fracturing, and rewelding

of powder particles in a high-energy ball mill”.

The mechanical alloying (MA) process was developed in 1966 at The International
Nickel Company (INCO) in scope of a project about gas turbine applications. The
method was investigated to fabricate a nickel-based super alloy combining oxide
dispersion strengthening with gamma prime precipitation hardening. Then, some
researches were conducted for coating of oxides or carbides particles (hard phases)
with metals (a soft phase) such as coating of tungsten carbide with cobalt. In mid-
1966, attention was directed to the ball-milling process to make metal powders for
production of some alloys itself by powder metallurgy. In 1970, a pioneering
development was introduced by production of oxide-dispersion-strengthened (ODS)
alloys for high temperature structural applications, such as jet engine parts (Gilman
and Benjamin,1983).The method was used for dispersing oxide particles (Al,Os3,
Y,03, ThyO3) in nickel-base super alloys. Apart from the fabrication of ODS alloys,
the ball-milling technique was used to produce amorphous phases such as Ni6ONb40
alloy (El-Eskandarany, 2001). Thus, several alloys that cannot be produced by liquid
metallurgy were prepared through this technique. By the contribution of following
studies on the nature and mechanism of the MA and design of special equipment for
carrying out the process throughout four decades, MA has become a well known
process. Table 2.8 shows the important attributes of mechanical alloying

(El-Eskandarany, 2001; Suryanarayana, 2001).

Over the past three decades, ball milling has evolved to an important method for the
preparation of advanced materials including equilibrium, nonequilibrium
(e.g., amorphous, quasicrystalline, nanocrystalline, etc.) and composite materials

having improved physical and mechanical properties, also new phases or new
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Table 2.8 : Important milestones in the development of mechanical alloying /milling,

adapted from Suryanarayana, 2001.

Year Important developments

1966 Development of ODS nickel-base superalloys
1981 Amorphization of intermetallics

1983 Amorphization of blended elemental powder mixtures
1988 Synthesis of nanostructures

1989 Occurrence of displacement reactions

1900 Observation of disordering of intermetallics

engineering materials. Furthermore, it has been applied as a room temperature

method for reduction of some oxide compounds with a reducing agent. These solid-

state reactions that take place between the fresh powder surfaces of the reactants are

enabled by means of MA at room temperature. Consequently, MA can be employed

to fabricate some advanced alloys and to synthesize some compounds which are hard

or unmanageable to be produced by conventional melting and casting techniques
(El-Eskandarany, 2001; Ovegoglu, 1987; Soni, 2001; Suryanarayana, 2001).

As a complex process, mechanical milling involves numbers of parameters that

should be arranged properly to obtain desired materials and properties, which can be

summarized as (Suryanarayana, 2001):

type of mill,

milling container,

milling speed,

milling time,

type, size and size distribution of the grinding medium,
ball-to-powder weight ratio,

extent of filling the vial,

milling atmosphere,

process control agent (PCA) and

temperature of milling.
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Different types of high-energy ball mills are utilized for mechanical alloying, milling
and activation processes according to their rotation type, rotational speed, milling
capacity, efficiency, milling medium and contamination of powders (Suryanarayana,
2004; Takacs, 2002). Most suitable mill can be chosen according to type of powder,
quantity and desired mechanism. However, the multi-axial and vibratory mills
(shaker mills) are the most commonly preferred ones for mechanochemical synthesis
and mechanical alloying applications whereas the planetary ball mills or the attritors
are suitable for large quantities of powder batches (EI-Eskandarany, 2001;

Suryanarayana, 2004; Takacs, 2002).

The most common types of materials for milling vials are hardened steel, hardened
chromium steel, stainless steel and WC-Co. Also, it is desirable to use balls made
from same materials with milling vial for reduce the contamination amount. The
impact energy evolved by balls is related to the size of balls. In general, large sized
and high density balls transfer more impact energy to the powder particles. On the
other hand, it was also stated that soft milling conditions like small ball size, lower
energies and lower ball-to-weight ratio are thought to promote metastable phase

formation (Balaz, 2008; El-Eskandarany, 2001; Suryanarayana, 2001).

Shaker mills such as Spex mills make a back and forth motion which is combined
with lateral movements of the ends of the vial. The vials swing energetically several
thousand times in a minute. With these swing motion, the balls impact on powder
samples, upon each other and the end of the vial and provide mixing and milling of
sample. Two vials in which sample and grinding balls inserted are used. Generally,
10-20 g of powder batches are loaded to the vial for one run and the second vial is
used as a balance. The ball velocities are relatively high (on the order of 5 m/s) due
to the amplitude (about 5 cm) and speed (about 1200 rpm) of the clamp motion.
Thus, the force applied by balls is unusually great and system can be identified as
high-energy variety (Suryanarayana, 2001) A typical Spex mill, milling vial and balls

which are also used in our laboratories are shown in the Figure 2.8.
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Figure 2.8 : The Spex shaker mill, hardened steel milling vial and balls.

Planetary ball mills are other widely used mills for mechanical alloying and milling
(Figure 2.9). They are also referred to as Pulverisette and they utilize the centrifugal
acceleration to obtain an increased effective acceleration of gravity. They include
usually up to four jars (1, 2, 3 or 4). The planetary ball mills make a planet-like
movement in two directions which are around the central axes and simultaneously
around their own axes in opposite direction. Milling balls and sample (generally a
few hundred grams of the powder at a time) are loaded into the milling vials. The
powders to be milled are subjected to collisions both with grinding balls and the jar
walls. In addition, centrifugal force and force produced by rotating support disk act
on the powder. The vials and the supporting disk rotate in opposite directions and as
a consequence the friction and impact effects are obtained (Avvakumov et al., 2001;
Balaz, 2008; Suryanarayana, 2001).

Horizontal Section
Movement of the

supporting disc

Centrifugal
force

Rotation of the grinding bow!

(@) (b)

Figure 2.9 : (a) Fritsch™ Pulverisette P-5 four station ball mill and (b) Schematic
depicting the ball motion inside the ball mill, adapted from Suryanarayana, 2001.

Additionally, other mills such as vibratory and attritor mills are utilized for
mechanical alloying and milling (Figure 2.10). In the vibratory mills, a grinding
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mortar and a single ball are used. The mortar is vibrated in low amplitudes, the
milling intensity is accordingly low. An attritor (stirred ball) mill is a conventional
ball mill consists of a rotating horizontal drum half-filled with small steel balls.
Attritors are mainly designed for wet grinding of large amounts samples and they are
also suitable for mechanochemical synthesis experiments (El-Eskandarany, 2001,

Suryanarayana, 2001).

Ballmli Rotating impeler

(@) (b)

Figure 2.10 : (a) model 1-S attritor and (b) arrangement of rotating arms on a shaft
in the attrition ball mill, adapted from Suryanarayana, 2001 and El-Eskandarany,
2001.

Mechanical alloying and mechanochemical synthesis are not only confined to
laboratory practice and there exist some applications of mechanical alloying in
commercial scale in the industry. Commercial mills have a capacity of several
hundred kilograms at a time. In ball mills, mechanical alloying is performed with a

maximum capacity of 1250 kg (Figure 2.11) (Suryanarayana, 2001).

Figure 2.11 : Commercial type ball mills used for mechanical alloying by Courtesy
for Inco Alloys International, adapted from Suryanarayana, 2001.
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One of the most important parameters for mechanical alloying and mechanochemical
synthesis is the speed of milling. With the increase of milling speed, the energy
induced into the powders at a certain time increases. The milling time decreases with
increasing milling speed and energy. As an example, it was reported that to obtain
milling effect of 20 min Spex milling, 20 h milling in a low-energy type mill of
Invicta BX 920/2 was needed (Suryanarayana, 2001).

The ball to powder weight ratio (BPR) is another important parameter for the ball
milling experiments. The most commonly used BPR for a Spex and large capacity
mill like attritor are given as 10:1 and 50:1 or 100:1, respectively
(Suryanarayana, 2001). In general, the time required for formation of a desired phase
can be shortened by the higher BPRs. However, it was asserted that by soft milling
conditions (low BPR values, low speeds of rotation, etc.) of mechanical alloying,
metastable phases are formed whereas with hard conditions the equilibrium phases
might be obtained (Soni, 2001; Suryanarayana, 2001).

The times required for a particular powder system show differences according to the
type of mill, energy of mill, ball-to-powder weight ratio and the temperature of
milling (Murty and Ranganathan, 1998). The time is normally chosen to obtain a
steady-state between fracturing and cold welding of the particles. Also, the
contamination level increases after an unnecessarily prolonged milling duration.
Another factor that affects milling is the extent of filling the vial with powder and
balls. It is necessary to give enough space to balls for high energy collisions
(Balaz, 2008; Suryanarayana, 2001).

Moreover, the milling atmosphere must be controlled for preventing contaminations
especially formed by oxidation from atmospheric conditions. Since, generally a
controlled inert atmosphere is utilized during milling experiments (Balaz et al., 2013;

El-Eskandarany, 2001; Suryanarayana, 2001; Suryanarayana et al., 2001).

2.3.2 The mechanism of mechanochemical synthesis

Mechanochemical synthesis is a very old process with the first publication dating
back to 1894 (Suryanarayana, 2001; Boldyrev, 1986). After that, in late 1980 it was
showen that the chemical reaction between Ca and CuO induced by the high-energy
mechanical milling. This study opened up another exciting area which is a

combination of mechanical milling and chemical reactions. Mechanochemical
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synthesis or mechanochemistry can be applied to different types of reactions, like
exchange, reduction/oxidation, decomposition reactions and phase transformations

(Gilman and Benjamin, 1983; Gutman, 1998; Suryanarayana, 2001).

The exchange reactions can be shown by a general reaction given in (2.16):

MO +R —-M+RO (2.16)

where R is a reducing agent (Mg, Ca or C, etc.) which reduces a metal oxide (MO) to
a pure metal (M) (Suryanarayana, 2001). Metal chlorides and sulfides can also be
reduced to the metallic phase by a similar reaction. These reactions have a large
negative free energy and are thermodynamically feasible at room temperature.
During the solid-state reactions, the product forms at the interfaces of reactants and
further growth take places by diffusion of reactant atoms to interface through product
phase, which constitutes a barrier layer and rate limiting step (El-Eskandarany, 2001;
Murty and Ranganathan, 1998). In such a reaction, heat treatment is essential for the
reaction to occur at reasonable speeds. Mechanical milling enhances the reaction
kinetics by means of clean and fresh surfaces (a result of fracturing), increased defect
density and reduction of particle sizes. Pure metals, alloys and compounds at room
temperature both at the laboratory and commercial scales can be produced by means
of these mechanochemical reactions (El-Eskandarany, 2001; Murty and
Ranganathan, 1998; Suryanarayana, 2001; Takacs, 2002).

As an example for a mechanochemical reaction, TiC forms after a series of reaction
induced by ball milling, as schematically illustrated in Figure 2.12.
Non-stoichiometric Ti(C) forms as result of diffusion of carbon atoms into the Ti
lattice. Due to extensive mechanical deformation, ductile Ti particles are flattened
and fragmented and graphite particles are dispersed among them. The Ti(C) particles
are then gradually refined and after accumulation of more defects by reaching
threshold energy level, TiC forms (Sopicka-Lizer, 2010). It was also stated that the
reactant layers disappear after the formation of the new phase (El-Eskandarany,
2001; Sopicka-Lizer, 2010).

In mechanochemistry, chemical reactions and phase transformations are triggered by
inducement of mechanical stresses (Levitas, 2004). In general terms, it takes place by
mechanical deformation of solid phases obtained by mechanical forces (Butyagin,
1984; Gutman, 1998; Suryanarayana, 2001; Levitas, 2004). The mechanical
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deformation of crystalline structure causes the distortion of the coordination shells of
individual atoms at the atomic level, which can be basically described as local
structural excitations (Butyagin, 1984; Gutman, 1998; Suryanarayana, 2001; Levitas,
2004). The system is pushed away from thermodynamic equilibrium by these
excitations, since the chemical reactivity of reactants increase significantly (Gutman,
1998; Levitas, 2004; Mulas and Delogu, 2010). Locally excited states are generally
have characteristic nature and lifetimes. Resulting from the fast dynamics of
relaxation processes in the local solid phase, they have quite short lifetimes roughly
on the order of nanoseconds (Butyagin, 1984; Delogu and Mulas, 2010).
Nevertheless, chemical reactivity can be promoted whenever excited atoms interact
directly with other chemical species (Butyagin, 1984; Sopicka-Lizer, 2010).

() (d)

Figure 2.12 : Schematic sketches showing the reaction progress of Ti and activated
carbon during mechanochemical synthesis: (a) initial stage, no TiC, (b) second stage,
the refinement of Ti and carbon powders, no TiC, (c) third stage, a small amount of
TiC formed on the surface of the Ti particles; (d) final stage, the as-milled products
composed completely of nanocrystalline TiC, adapted from Sopicka-Lizer, 2010.

Mechanical deformation of solid phases is generally induced by ball milling process.
During the mechanical milling, relatively intense impulsive forces act on the
particles, including severe plastic deformation and a variety of associated processes
(Butyagin, 1984; Suryanarayana, 2001; Delogu and Mulas, 2010). Consequently,
point, line and planar defects induced by plastic deformations are accumulated in the
solid phase crystalline lattice (Sopicka-Lizer, 2010). Distorted local structures are
characterized by an intrinsic enhancement of chemical reactivity (form by the effect

of structural defects) (Suryanarayana, 2001). The local excited states associated with
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continuing deformation processes are expected to trigger chemical transformations.
The atoms participating in local excitations interact with chemical species in the
surroundings (Delogu and Mulas, 2010). The application of mechanical activation to
enhance chemical reactivity has been applied in different areas such as powder
metallurgy (Suryanarayana, 2001), mineral processing (Balaz, 2008) and organic
synthesis. Mechanical processing technique has a special importance in the
production of metastable phases like amorphous alloys and nanostructured phases

(Sopicka-Lizer, 2010; Suryanarayana, 2001).

In spite of the above-mentioned special advantages of mechanical alloying (MA) and
mechanochemical synthesis, some problems are inevitable. The most common
drawbacks can be summarized as powder contamination, limited science content and
limited applications (Suryanarayana et al., 2001). The industrial applications of MA
are limited in number, although it has now become an established commercial
technique especially for oxide dispersion strengthened (ODS) nickel- and iron-based
materials. The most significant applications are in the areas of ODS (oxide dispersion
strengthened) materials (350 t), solder alloy (200 t) and PVD target (Cr-V) (5 t)
alloys per year. The use of mechanochemistry for fabrication of pure metals, alloys
and compounds, dental filling alloys, catalyst materials and inorganic pigments has
been known for some time but needs to be exploited further

(Boldyrev and Tkacova, 2000; Suryanarayana et al., 2001).

2.3.3 The effects of mechanical activation on synthesis reaction

Mechanochemical process (MCP) utilize mechanical energy and structural changes
for activation chemical reactions and inducing structural changes as well as particle
size reduction (Sopicka-Lizer, 2010). Under the action of cyclic loading, breaking of
crystal bonds comes about and subsequently powder particles move into a non-
equilibrium state with a relaxation time of 1077-10 s (Sopicka-Lizer, 2010). The
first result of mechanical action is the creation of a stress field in the solid being
worked. Subsequent relaxation can occur by several ways: evolution of heat,
formation of various kinds of defects in crystal lattice, initiation of chemical
reactions and so on (Boldyrev, 2006). As seen from Table 2.9, comparison with other
far from equilibrium processes illustrates that departure from equilibrium in MCP is

faster than in rapid solidification (Sopicka-Lizer, 2010).
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Table 2.9 : Departure from equilibrium achieved in various processes, adapted from
Sopicka-Lizer, 2010.

Maximum departure from

Process e x
Equilibrium (kJ/N,)

Solid-state quench 16
Quench from liquid (rapid solidification) 24
Condensation from vapor 169
Irradiation/ion implantation 30
Mechanical cold work 11
Mechanical alloying 30

* Assuming relaxation owing to kinetic effects.

During mechanical activation, the conditions for chemical interaction of powder
particles change as shown in Figure 2.13. The first stage of interaction is related with
the progressive growth of surface area of the powders. The destruction of
polycrystalline powders takes place by means of separation into crystallites and
reduction of particle size, so the process becomes more efficient. As a result, the
chemical reactions only form at the contact points of particles. At the second and
third stages, the plastic deformation of particles occurs by the effect of mechanical
forces. At the same time, dispersion process is overlapped by the formation of
secondary phases and the rate of this formation is comparable with dispersing rate so
that the surface area remains constant. During the third stage, the crystallization of

the products may occur as well as their repeated amorphization until a steady-state

Reaction coordinate

Figure 2.13 : The change of the conditions for chemical interaction during
mechanical activation where S is specific surface area, adapted from
Avvakumov et al., 2001.
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between these two mechanisms are obtained. The duration for each step varies
depending on the amount of mechanical energy loading. Even, if it is too low the
process can be interrupted. (Avvakumov et al., 2001; Boldyrev. and Tkacova, 2000;
Morris and Morris; 1991).

One of the most frequently occurred phenomena during the mechanical activation is
amorphization(Avvakumov et al., 2001). It has been shown that most of an alloy can
be made amorphous under the proper milling conditions. The mechanism of
amorphization during mechanical alloying has not been fully understood.
Nevertheless, during mechanical milling, destabilization of the crystalline phases is
thought to take place by the accumulation of structural defects such as vacancies,
dislocations, grain boundaries, and anti-phase boundaries. The continuous grain size
reduction (and consequent increase in grain boundary area) and a lattice expansion
would also increase free energy of the system (Avvakumov, 2001;
Sopicka-Lizer, 2010).

By the change of relaxation type from fracture to plastic deformation, a drastic
escalation in the strain which is followed by an extreme dislocation flow occurs.
Elastic strain energy transforms into lattice defects, structural disordering or is
relaxed through fracturing of brittle phases or crystallographic lattice rearrangement.
During mechanical alloying, relaxation can take place by decomposition or synthesis
of a new chemical phase. These changes form as a function of material’s properties
(chemical bonds, crystal structure, elastic modulus, etc.) and degree of applied
mechanical force (the magnitude, direction, stress rate and frequency). The energy of
the milled powders increases as a result of increased volume fraction of grain
boundaries and lattice disordering raises the free energy above the level of the

amorphous state (McCormick and Froes,1998; Sopicka-Lizer, 2010).

One of the most important results of mechanical activation is the formation of
numerous reaction sites which increase with decreasing particle size. Furthermore,
more importantly the reactants are not present in separate positions as generally
happens in an ordinary chemical reaction. The close contact between the reactants
and formation of various defects (acts as the fast diffusion paths) solve the diffusion
barrier problem which control the rate. As a result, some solid-state reactions or

alloying  reactions come about at ambient temperatures  during
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mechanochemical synthesis or they could easily proceed during the subsequent heat
treatment (Sopicka-Lizer, 2010).

2.4 Solvothermal Reaction Method in Autoclave

Demazeau (2010) defined the solvothermal processes as “A solvothermal process
can be defined as a process in a closed reaction vessel inducing a decomposition or a
chemical reaction(s) between precursor(s) in the presence of a solvent at a
temperature higher than the boiling temperature of this solvent.” The pressure in the
autoclave can be autogeneous and in that case, it changes depending on the boiling
points of reactants and solvent and the filling degree of the reaction vessel. In other
case, pressure can be imposed into the reactor at the start point of the experiments. A
high initial pressure is commonly applied in order to enhance the solubility of
reactants. The system can be homogenous or heterogeneous according to the
properties of reactants and solvent: whether or not the reactants are soluble or
partially soluble in the solvent at related temperature and pressure conditions
(Demazeau, 2010). The system exists in subcritical or supercritical conditions
depending on the applied temperature and pressure. Solvothermal synthesis are used
in different hydrothermal processes such as recovering ores in hydrometallurgical
applications, synthesize novel materials- lots of time metastable phases when the
kinetic effects are dominant, preparing single crystals of oxides- particularly
low-temperature structural varieties and synthesis of fine particles. The most
common reaction types involved in the solvothermal processes are hydrolysis,
complex-formation, metathesis and oxidation-reduction reactions of nanocrystallites
(Demazeau, 2008a; Guo et al., 2011; Portehault et al., 2011).

High pressure-vessels which are generally known as autoclaves are the main
equipment of hydrothermal and solvothermal synthesis. The high pressure vessels
used in crystal growth or materials processing under hydrothermal and solvothermal
conditions must have special properties for extreme conditions (Feng and Li, 2011).

The main characteristics for an ideal autoclave are:

« Mechanical strength for enduring high temperature and pressure for long

duration.

» Resistance for acidic, alkali, and oxidant environments.
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» Good sealing performance in order to obtain and maintain the required pressure.

+ Suitable size and shape to provide a suitable temperature gradient (Feng and Li,
2011).

A closed reactor/autoclave should include certain safety control components
comprising temperature and pressure control systems and closed system control. The
pressure level of a closed reactor is crucial to the safety of hydrothermal
experiments. For an internally pressurized autoclave, the pressure evolved during
synthesis depends on the degree of filling and the properties of reaction reactants and
solvents (most importantly, their boiling point). The internal pressure of a closed
vessel can be calculated from the ideal gas law (PV=nRT). The degree of filling is an
important element and should not exceed the level of 50% for safety reasons
(Feng and Li, 2011).

There is no exact standard for the classification of hydrothermal autoclaves in the
literature. The hydrothermal autoclaves can be classified according to their sealing
methods, mechanical structure, pressure formation method and heating methods. In
general, classification can be made as externally heated and internally pressurized
autoclave, and externally heated and externally pressurized autoclave
(Feng and Li, 2011). First type autoclave generally has 10-20 cm length and 2.5 cm
inner diameter. An autogenous pressure forms in the autoclave depending on the
degree of filling, types of reactants and the temperature. This autoclave can be used
under the conditions of 600 °C and 0.04 GPa for long reaction durations, whereas for
a short time reaction it is durable up to 700 °C and a high working pressure of up to
0.07 GPa. The autoclave is sealed by an internally pressurized seal gasket if the
working pressure is very high. Nonetheless, it has disadvantages as it is prone to
leakage and difficult to open the autoclave. The most autoclave used for
hydrothermal or solvothermal synthesis in laboratory scale are generally improved
versions of this type of autoclave (Morey autoclave) (Feng and Li, 2011,
Guo et al.,, 2011). The second type, externally heated and externally pressurized
autoclave, is generally known as a Tuttle autoclave. The closing of working chamber
Is made by a cone-in-cone seal. The entire autoclave is kept inside a furnace and high
temperature can be applied providing a well pressure control. This system is robust
under higher working temperatures up to 750 °C and a high working pressure of up

to 1.2 GPa. Owing to the features like simplicity, convenient operation and low cost,
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these type of apparatus are widely used for hydrothermal synthesis and materials
processing. Moreover, there exists another type of autoclave which is internally
heated and externally pressurized autoclave. Figure 2.14 shows the photographs of
commercial hydrothermal autoclaves produced by a commercial company
(Feng and Li, 2011; Guo et al., 2011).

Figure 2.14 : Parr™ Instrument Company Pressure Vessels and Reactors, adapted
from Feng and Li, 2011.

In the hydrothermal and solvothermal synthesis methods, synthesis reactions are
generally conducted in a closed vessel like autoclave, so the temperature, pressure
and volume parameters are important. A schematic view for autoclave vessel is given
in Figure 2.15. Hydrothermal/solvothermal routes have been attracted great research
interest for the fabrication of nanopowders with controllable size and morphology
like rods, cubes or flakes in recent years (Feng and Li, 2011).

= Stainless steel
Bursting disc — == 2 Lol lid
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Stainless-steel shell }
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____-_" (or other solvent)

P

Figure 2.15 : A representative and schematic view of an autoclave vessel, adapted
from, Url-2.

Solid reagents

In a typical solvothermal route, reactants of an intended reaction are mixed with an

organic or aqueous solvent, a reducing agent and assistive reagents. The mixture is
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then placed in a sealed autoclave and heated to a desired temperature and high
pressure above the critical point of solvent to produce nanopowders
(Feng and Li, 2011). Hydrothermal synthesis routes are environmentally friendly
methods because of reduced energy consumption (low temperature synthesis) and

taking place in the closed/isolated conditions (Feng and Li, 2011).

The main factors that are involved in the solvothermal reactions are chemical factors
and thermodynamical factors (Demazeau, 2008b). The most important chemical
factors are the nature of reagents and the solvent. The properties of used solvent
affects significantly chemical mechanism involved in the solvothermal reactions. The
chemical composition of precursor materials must be arranged to obtain desired
materials. Additionally, it was shown that the chemical composition of starting
materials plays an important role on the shape and morphology of products
(Demazeau, 2008b). Wang et al. (2006) synthesized CdSe and CeTe nanocrystals in
different shapes like nanorods and nanodots by the solvothermal synthesis which was
controlled by concentration of the precursors. Chen et al. (2012) prepared a series of
borides (TiB,, ZrB,, CeBs, LaBg), carbides and nitrides in a stainless steel autoclave
with 20 ml capacity from related oxides and amorphous boron/active carbon/NaN3
with the assistance of metallic Na elemental S. They reported that products have

different morphologies like particles, nanosheets and cubes.

On the other hand, thermochemical parameters can be summarized as temperature,
pressure and the reaction time. These reactions are generally performed at mild
temperature conditions (up to 600 °C). Temperature and pressure generally enhance
the solubility of reactants into the solvent and favor the proceeding of reaction (in
particular during the preparation of micro- or nanocrystallites) since the diffusion and
reactivity of chemical species are drastically affected (Demazeau, 2008b). In
addition, pressure and temperature can have strong effects on the physicochemical
properties of the solvent such as density and viscosity which change considerably

with these parameters.

The role of pressure in solvothermal processes were described as (Demazeau, 2010):
+ stabilization of more dense structures, if the pressure is high enough,
« increase of the thermal stability range of the reactants,

« enhancement of the chemical reactivity and reaction kinetics.
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The solvothermal synthesis of Sb,S; from SbCl; and thiourea mixtures in methanol
medium as a solvent was given as an example for the pressure formation of nanorods
(Yang et al., 2000). As an another example, the effect of imposed pressure values on
the formation CuO and Cu,O nanocrystallites from Cu(CH3COO), and water
(as the solvent) by the solvothermal route was investigated (Ma et al., 2009). It was
stated that the increase of pressure led to hindering the reduction of CH3COOH (with
the partial formation of CuQ) and affects the morphology of the crystallites
(Ma et al., 2009; Demazeau, 2010).

According to recently published papers, different research areas have been
contributed for the development of solvothermal processes (Demazeau, 2010).
Synthesis of novel materials, nanocrystallites, biomaterials, hydro/solvothermal
crystal growth and preparation of thin films are examples of recent topics of
solvothermal processes. During the last twenty years, mainly nanophosphors,
nanotubes and nanocomposites well defined in size but with specific morphologies,
have been prepared through solvothermal routes. Also, solvothermal synthesis of
carbon, in particular carbon sheets, carbon nanotubes and graphene has drawn great
interest in recent years (Demazeau, 2010; Guo et al., 2011; Portehault et al., 2011;
Xie and Shang, 2007).
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3. EXPERIMENTAL PROCEDURE

In this dissertation, hafnium diboride-based powders were synthesized by utilizing
mechanically activated borothermal reduction synthesis, mechanochemical synthesis,
and autoclave processing methods. Hafnium tetrachloride (HfCl,) powders were used
as the hafnium source. Boron oxide (B,0O3), amorphous boron (B) and sodium boron
hydride (NaBH,4) powders were utilized as boron sources in different synthesis
methods. In addition, Mg powders were used as metallic reduction agent. The
synthesized HfB,-based powders were purified after each process step by eliminating
the by-products and impurities with appropriate leaching treatments. Finally, the
HfB,-based powders prepared by optimum process parameters were consolidated by
cold pressing/pressureless sintering and spark plasma sintering techniques.
The details of each production and sintering technique are explained below.

3.1 The Raw Materials

The list of the raw materials utilized in this study and their average particle size and
purity values are listed in the Table 3.1. Hafnium tetrachloride (HfCl,) powders were
used as an economical hafnium source. In the literature, generally oxide and chloride
compounds of hafnium are used for production of hafnium diboride. Hafnium
dioxide is known as a highly stable refractory material. Also, it was seen in previous
studies conducted in our Particulate Materials Laboratories (PML) that the
fabrication of a single phase hafnium diboride by mechanochemical synthesis and
mechanically activated annealing synthesis routes starting from HfO, is fairly
difficult because of its high chemical stability (Balc: et al., 2010). In addition, HfCl,
provides some advantageous over HfO, such as its higher reactivity and relatively
low boiling point. Thus, HfCl, was selected as an alternative and economical
hafnium source in this study. On the other hand, there exist some difficulties in

handling HfCl;, due to its very hygroscopic behavior. Since HfCl, is highly
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hygroscopic, it is immediately hydrated when it contacts with air. Therefore hafnium

oxychloride forms as a result of interaction with moisture in regard of reaction (3.1):
HfCl, + H,O — HfOCI, + 2 HCI (3.2)

Table 3.1 : The raw materials utilized in this study.

Raw Company Purity, % Particle Size
material (um)
HfCl, Alfa Aesar™ +98 ]
B20s Eti Mine™ +98 470
B ABCR™ 95-97 50
NaBH, ABCR™ +98 _
Mg MME™ 99.7 145

HfOCI, particles can be further hydrated up to a maximum hydration level of
HfOCI,.8H,0. Barraud et al. (2006) stated that partially hydrated HfOCl,.nH,O
powders consist of a HfCl, core surrounded by hydrated outer layers having different
hydration rates as shown in Figure 3.1.

HCI vap

H,O vap

y>x

Figure 3.1:. Scheme of hydrolysis of an HfCl, particle, adapted from
Barraud et al., 2006.

In addition, different boron compounds were utilized as boron sources for the
different synthesis routes with the intention of exploiting their different chemical and
physical properties. And follow-on effects of these boron sources on the synthesis

routes and products were investigated.



The stereomicroscope images of raw materials were captured using a ZeissTM
Discovery.V12 Stereomicroscope (SM) coupled with a Zeiss™ Axiocam ERc5s high

resolution digital camera and they are given in the Figure 3.2 (a)-(e).

Figure 3.2 : The SM images of raw materials: (a) HfCl4, (b) B,O3, (c) amorphous B,
(d) NaBH, and (d) Mg.

The XRD patterns of HfCl,, B,O3, B and Mg powders are respectively illustrated in

Figure 3.3 (a)-(d), which reveal the pure materials without any trace of impurities.

However, the HfCl, powders were oxidized to HfOCI,.xH,O compounds resulting

from the handling of the powders during the XRD analysis in a laboratory
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atmosphere. Thus, the only phases identified in the XRD pattern of HfCl, belong to
the HfOCI,.4H,O0 (ICDD Card No: 015-0380) and HfOCI,.6H,0
(ICDD Card No: 047-0816) compounds. Additionally, there is a small presence of
H3BO3; phase (ICDD Card No: 01-072-3608) in the structure of B,O3 (Figure 3.3(b)).

& HfOCI,4H,0 V HfOCL,6H,0 *B,0, ®HBO,

Intensity (a.u.)
Intensity (a.u.)
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Figure 3.3 : The XRD patterns of raw materials: (a) HfCl,, (b) B,Os3,
(c) amorphous B and (d) Mg.

Furthermore, Co powders (Eurotungstene® with 99.7% purity and particle size of

28 um) were used as sintering agent during the sintering experiments.

3.2 Synthesis of HfB,-Based Powders

The synthesis experiments were conducted using three different methods which are
mechanically-activated borothermal reduction, mechanochemical synthesis, and
autoclave processing synthesis routes. The powder systems utilized in the each

synthesis route are given in the Table 3.2.
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Table 3.2 : The utilized synthesis methods and raw materials.

Synthesis Method Raw Materials

Mechanically-activated HfCl,-B
borothermal reduction

HfCl,;-B,03-Mg,
Mechanochemical Synthesis 520 MY

HfCl,-B-Mg
Mechanically-activated HfCl,-B,03-Mg
Autoclave Process
Autoclave Process HfCl,-NaBH4-Mg

3.2.1 Mechanically-activated borothermal reduction method

In the mechanically-activated borothermal reduction route, HfCl, and amorphous B
powders were used as starting materials. The powder blends containing
stoichiometric and stoichiometric excess amounts of the reactants were prepared

according to the ideal reduction reaction given in (3.2):

3HfCI, + 10B — 3HfB, + 4BCl; (3.2)

The stoichiometric excess amounts (10-50 wt.% excess) of B were used in order to
reveal the effect of the boron content on the final products. The prepared powders
were initially blended in an agate mortar under ambient air conditions and they are
referred to as as-blended HfCl;-B powders. All the as-blended HfCl;-B powders
were mechanically activated by milling for 1 h prior to annealing, in a multi-axial
vibratory high-energy ball mill (Spex™ 8000D Mixer/Mill) with a rate of 1200 rpm.
Milling was performed with a ball-to-powder weight ratio (BPR) of 10:1 using
hardened steel balls (in diameter of 6 mm) in a hardened steel vial (with capacity of
50 ml). Powder blends loaded into the vials were sealed in a glove box (Plaslabs™)
under Ar atmosphere (Linde™, in purity of 99.999 %) to prevent contamination of
powder blends from atmospheric conditions during milling process. After
mechanically activated powders were unloaded from the vials in the same glove box,
they were annealed in alumina boats using a tube furnace (Thermoscientific™
F21130) at 1100 °C for 1 h with a heating and cooling rate of 10 °C/min and under

Ar gas flow at a rate of 500 ml/min.
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The annealed powders were subsequently washed with distilled water for several
times in order to remove the unwanted B,O3; phase emerged during the annealing as
an impurity. Then, they were subjected to HCI (Merck™, 4 M) leaching under the
effect of ultrasonic stirring and heating (Bandelin™ Sonorex), for the elimination of
Fe impurity which might have formed as a result of the wear from the milling media
during mechanical activation. Leaching parameters such as solid-to-liquid ratio of the
solution and duration were fixed respectively at 1 g/10 ml and 15 min, respectively.
The supernatant liquids were separated from the insoluble solids by repeated
centrifugation (Hettich™ Rotofix 32A, 3500 rpm, 20 min) and decantation steps. All
the insoluble solids were dried in a vacuum furnace (Jingke™) at 105 °C for 24 h

and the pure resultant powders were obtained.

3.2.2 Mechanochemical synthesis method

The mechanochemical synthesis of HfB,-HfO, and HfB, powders was conducted
starting from HfCl;-B,03-Mg and HfCl,-B-Mg powder blends, respectively. All the
prepared powder blends were homogenized in a WAB™ T2C Turbula blender for
1 h prior to the mechanochemical synthesis experiments (the powder mixture was
previously prepared and sealed under Ar atmosphere in the glove box). The powder
blends containing stoichiometric and stoichiometric excess amounts of the reactants

were prepared according to the ideal reduction reactions given in (3.3) and (3.4):

HfCl, + B,Os + SMg — HfB; + 2MgCl, + 3MgO (3.3)
HfCl, + 2B + 2Mg — HfB, + 2MgCl, (3.4)

Powder blends loaded into the vials which were sealed in the glove box under Ar
atmosphere. The HfCl;-B,03-Mg and HfCl4-B-Mg powder blends were milled in the
multi-axial vibratory high energy ball mill (Spex™ 8000D Mixer/Mill) operated at
1200 rpm for different durations up to 5 h. The milling experiments were conducted
with the same conditions used in the mechanically-activated borothermal reduction

method as explained in the section 3.2.1.

After the mechanochemical synthesis, the resultant powders were washed with
distilled water for removal of MgCl, by-products. Then, they were subjected to HCI
(4 M) leaching for the elimination of MgO by-product and the probable Fe impurity.

The same leaching and drying  parameters which are  used
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in the mechanically-activated borothermal reduction method were utilized as
described in the section 3.2.1.

In addition, some annealing experiments were conducted on the mechanochemically
synthesized and purified powders with the aim of observing the any possible phase
transformation. The leached powders were annealed in alumina boats using the tube
furnace with a heating and cooling rate of 10 °C/min and under Ar gas flow at a rate
of 500 ml/min.

3.2.3 Autoclave processing method

In the autoclave processing method, different powder systems which are
HfCl4-B,03-Mg; HfCl;-NaBH,-Mg; HfCly-H3BO3-Mg; HfCl,-B; HfCIl4-B-Mg and
HfOCl,.8H,0-B-Mg were utilized. The overall formation reactions for
HfCl4-B,O3-Mg and HfCl,-NaBH4-Mg  powder  systems can  be  written
as given in (3.2) and (3.5):

HfCl, + 2NaBH, + Mg — HfB, + 2NaCl + MgCl, + 4H, (3.5)

Stoichiometric and stoichiometric excess amounts of reactants were weighed
according to the related theoretical formation reactions in order to constitute powder
batches of 12 g. The related powder batches were homogenized in the Turbula
blender for 1 h (the reactants were previously weighed and sealed under Ar
atmosphere in the glove box). Mechanical activation was applied to the
HfCl4-B,03-Mg powder blends by milling in the Spex Mixer/Mill for a short
duration using the same milling conditions described in the sections 3.2.1. The
powder blends (as-blended or mechanically-activated) transferred into the autoclave
vessel in the glove-box under Ar atmosphere. The chemical reactions were took
place in a hastelloy autoclave (Amar™) with 400 ml capacity (Figure 3.4.).
The autoclave was purged and sealed under Ar atmosphere and heated to 500 °C at
different durations up to 12 h. An initial Ar pressure of 1 or 5 bar was applied during
the different experiments. After chemical reaction in the autoclave, water washing
and leaching with HCI (4 or 6 M) were applied for removal of MgCl, and MgO by-
products, respectively. The same leaching and drying parameters which is described

in the mechanically-activated borothermal reduction method were utilized.
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Figure 3.4 : The autoclave system.

The HfCl,-NaBH4-Mg blends were annealed at different temperatures after the
autoclave processing at 500 °C for 12 h and washing with distilled water to observe
the any possible phase transformation. The annealing treatments were conducted
at 750, 1000 °C for 3 h and 1700 °C for 6 h in alumina boats with a heating and
cooling rate of 10 °C/min and under Ar gas flow.

3.3 Consolidation of the Purified Powders

The HfB, and HfB,-HfO, powders obtained using optimum process parameters
through different synthesis methods were consolidated by cold pressing/pressureless

sintering (PS) and spark plasma sintering (SPS) techniques.

For the cold pressing/pressureless sintering experiments, the powders were
compacted by cold pressing (CP) in a 10 ton capacity MSE™ MP-0710 uni-axial
hydraulic press under a pressure of 800 MPa to obtain a cylindrical preform with a
diameter of about 6.3 mm. The green bodies were sintered at 1700 °C for 6 h in a
Linn™ HT-1800 high temperature controlled atmosphere furnace with a heating and
cooling rate of 10 °C/min under Ar atmosphere. The images of the green bodies and
sintered samples were captured by using a Zeiss'" Discovery.V12 Stereomicroscope
(SM) coupled with a Zeiss™ Axiocam ERc5s high resolution digital camera and
illustrated in Figure 3.5. As can be seen from the Figure 3.5, considerable amount of
decrease in the diameter sizes of green bodies were observed after sintering which
indicates occurring significant amount of shrinkage in the sample volumes and

densification during PS.
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Spark  plasma  sintering (SPS) of powders was performed in
a FCT Systeme™ HP D 25 SPS equipment. Powders were loaded in a graphite die
with an inner diameter of 20 mm and sintered at 1700 °C and 1900 °C for 15 min

with heating and cooling rates of 100 °C/min under an applied pressure of 60 MPa.

@ © ®

Figure 3.5 : SM images of the some green bodies (a, b and ¢) and sintered structures
(d, e and f) of HfB,-based products: (a),(d) HfB-B-2CoPS,
(b),(e) HFBO-M-2CoPS and (c),(f) HfB-A-2CoPS.

3.4 Characterization Investigations of the Powders and Sintered Product

3.4.1 Characterization investigations of the powders

Phase analyses of the as-blended, mechanically activated, annealed and purified
powders were performed by using a Bruker™ D8 Advanced Series X-ray
diffractometer (XRD) with CuKa radiation (A=0.154 nm, 40 kV and 40 mA) in the
20 range of 10-90° with a scan rate of 2°/min and a step size of 0.02°. Crystalline
phases were identified by utilizating The International Center for Diffraction Data®
(ICDD) powder diffraction files. Average crystallite sizes and lattice strains of the
powders obtained via the mechanochemical processing of the HfCl,4-B,03-Mg blends
were examined using Bruker-AXS™ TOPAS V3.0 software according to the
modified Scherrer’s formula (Suryanarayana and Norton, 1998). The amounts of

different phases in the powders obtained through the mechanochemical processing
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and autoclave processing of the HfCl;-B,O3-Mg blends determined by the semi-
quantitative Rietveld method. The Fourier transform infrared (FTIR) spectra of some
powders after borothermal reduction and mechanochemical synthesis routes were
examined at the wavenumbers between 1000 and 3500 cm™ using a Bruker™ Alpha-
T spectrometer equipped with a DRIFT module via KBr pellet technique in the
resolution of 4 cm™ with sample and background scan time of 24 scans/min. The
gaseous reaction products of the HfCl,;-NaBH4-Mg system formed during the
autoclave processing were analyzed by Fourier transform infrared (FTIR) at the
wavenumbers between 1000 and 3500 cm™ in by using a Bruker™. Alpha-T
spectrometer equipped with a gas cell in the resolution of 4 cm™ with sample scan
time of 24 scans/min. The reaction gasses formed during the reaction at 500 °C for
12 h in the autoclave were cooled down to the room temperature and they were fed
into the gas cell of FTIR unit which was heated to 220 °C for preventing
condensation. The thermal properties of the HfCl,, as-blended, milled and purified
powders were determined via a TA™ Instruments SDT Q600 Differential
Scanning  Calorimeter  (DSC)/Thermogravimetric ~ Analyser (TGA). DSC
experiments were performed in an alumina crucible up to a heating
temperature of 1200 °C with a heating rate of 10°C/min under Ar atmosphere.
After DSC analyses, heated powders were subjected to XRD analyses to

determine the evolved phases.

The general images of the powders (such as as-received, as-blended, mechanically
activated, annealed or purified) were determined by using a Zeiss™ DiscoveryV12
stereomicroscope (SM) coupled with a Zeiss™ Axiocam ERc5s high resolution
digital camera. The microstructures of powders were investigated by using a FEI-
Quanta FEG 250 scanning electron microscope (SEM) and a JEOL™ JC-6000
Neoscope SEM both equipped with an energy-dispersive X-ray spectrometer (EDX)
and a JEOL JEM-ARM200CFEG UHR transmission electron microscope (TEM).
Specimens for SEM investigation were prepared by dispersing the powder in ethanol
(C,HsOH, Merck™, 99.9 % purity) and drying the suspensions on appropriate SEM
plate in air and coating their surfaces with a thin layer of gold using a Polaron™
SC7620 sputter coater to enhance their conductivities. For TEM analysis, the
particles were dispersed in the ethanol and a drop of it was taken on a porous carbon

film supported on a copper grid and dried in a vacuum oven.
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Particle size measurements were conducted on the annealed powders using a
Microtrac™ Nano-flex particle size analyzer (PSA) in conjunction with a Bandelin
Sonopuls™ ultrasonic homogenizer. Supernatant liquids decanted from the water
and HCI leaching treatments were also analyzed by a Perkin EImer™ 1100B atomic
absorption spectrometer (AAS) with the aim of determining the boron and iron

concentrations.

3.4.2 Characterization investigations of the sintered products

The XRD technique (operating at the same conditions as those of powders), the
Hitachi™ TM-1000 SEM and FEI-Quanta FEG 250 SEM operating at 15 kV and the
optical microscope (OM, Nikon, Eclipse) were used for microstructural
characterization studies of the sintered samples. The densities of sintered samples
were determined according to the Archimedes method in the ethanol medium and the
results were calculated as the arithmetic means of three different measurements for
each sample. To obtain scratch-free finished samples, a typical metallographic
preparation procedure was applied to the sintered samples before the SEM analyses;
microhardness measurements and reciprocating sliding wear test. The sintered
samples were hot mounted using Struers™ LaboPress-1 and then they were polished
in a Struers™ Tegrapol-15 polishing instrument. Microhardness values of the
sintered samples were determined by a Shimadzu™ HMV Microhardness Tester
under a load of 200 g for 15 s. Vickers microhardness of each sample include the
arithmetic mean of twenty indentation and standard deviations. Reciprocating sliding
wear tests of samples were conducted by a Tribotech™ Oscillating Tribotester with a
6 mm alumina ball under an applied force of 4 N and a sliding speed of 6 mm/s and a
stroke length of 2 mm for a total sliding distance of 20 m at room temperature. A
HitachiTM TM-1000 SEM and a Veeco™ Dektak 6M Stylus Profilometer were
utilized for imaging the wear tracks after the wear tests. Wear test results of sintered
samples are reported as wear volume loss (WVL=(m/4)*width*depth*length)) values
which are the arithmetic mean of three different measurements. Relative wear
resistance values were calculated as the ratio of highest wear volume loss to the wear

volume loss of each sample.
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3.5. Thermodynamical Calculations

Thermodynamical interpretations were theoretically conducted by utilizing the
FactSage™ 6.2 thermochemical software. The possible reaction mechanisms for the
HfCl4-B, HfCl4-B,0O3-Mg, HfCl;-B-Mg and HfCl,-NaBH4-Mg  systems  were
theoretically investigated in some aspects.

Figure 3.6 illustrates the FactSage™ graph of the molar amount variations of the
reactants and products with respect to temperature up to 2000 °C in regard of
reaction (3.2). According to the thermodynamical predictions, the reaction between
the HfCl, and B starts approximately at 200 °C with a linear decrease in the mole
amounts of the HfCl, and B phases and with the emergence of HfB, and BCls
products. Besides, the formation of HfB, and BClz phases reaches their maximum
amounts between 1000 and 1200 °C. Also, B sharply diminishes after 1100 °C and is
completely consumed at 1200 °C, indicating that the borothermal reduction reaction
is completed at this temperature. On the other hand, significant amount of HfCl; gas
yields especially after 1100 °C and increases gradually with increasing temperatures.
This causes to the loss of hafhium source without contributing to the HfB, formation
and to the decrease in the reaction efficiency. Thus, the results of the

thermodynamical evaluations indicate that the temperature range of 1100-1200 °C
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Figure 3.6 : Molar amounts of the reactants and products varying according to the
temperature in regard of reaction (3.2).
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would be the optimum reaction temperatures to yield the maximum amounts of HfB,

and BCl; and the minimum amount of HfCls.

Figure 3.7 gives the standard Gibbs free energy changes (AG®) of the reactions (3.2).
The reaction (3.2) has a positive standard free energy change of ~150 kJ at room

temperature, and it has negative free energy changes at temperatures above ~300 °C.
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Figure 3.7 : Standard Gibbs free energy changes of the reactions (3.2) varying
according to the temperature.
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Figure 3.8 : Standard Gibbs free energy changes of the reactions (3.3) varying
according to the temperature.
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The value of the Gibbs free energy change decreases from -35 to -110 kJ as the
temperature increases from 300 to 1100 °C. The mentioned reaction is
thermodynamically not feasible at temperatures between 25 and 300 °C, and hence it

takes place spontaneously if the temperature is increased over 300 °C.

Figure 3.8 illustrates the standard Gibbs free energy change (AG®) versus
temperature curve of the reaction given in Eq. (1) up to 2000 °C. The reaction has
large negative standard free energy change between -400 and -1125 kJ in the
temperature range of 0-2000 °C. This means that the reduction reaction in the
HfCl4-B,03-Mg system is thermodynamically feasible and takes place spontaneously
at room temperature and above. Moreover, a large negative enthalpy change of the
reaction implies that it is extremely exothermic and a large amount of heat will be
released during synthesis procedure.The difference between Figure 3.7 and 3.8
regarding AG® of related reactions according to temperature emphasizes the
difference between the borothermal and the magnesiothermal reactions. Figure 3.9
gives the standard Gibbs free energy changes (AG®) of the reactions (3.4). As seen
from Figure 3.9, the reaction (3.4) has large negative standard free energy changes
(between -625 and -325 kJ) in the temperature range of 0-2000 °C. This means that
reaction (3.4) takes place spontaneously and therefore it is thermodynamically

feasible at room temperature and above.
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Figure 3.9 : Standard Gibbs free energy changes of the reactions (3.4) varying
according to the temperature.
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Molar amounts of the reactants and products of the reaction (3.3) varying according
to the Mg amount were calculated for room temperature and given in Figure 3.10.
According to the Figure 3.10, almost all amount of HfCl, is consumed when 5 moles
of Mg (stoichiometric amount) is used and the amounts of reaction products
(HfB,, MgCIl, and MgO) remain unchanged after this amount. Therefore,
experiments on the HfCl4-B,O3-Mg system were mainly conducted with

stoichiometric amount of Mg.

The reaction products for the HfCl4-B,O3-Mg system were thermodynamically
predicted by varying the temperature up to 2000 °C for the autoclave processing
route and given in Figure 3.11. The amounts of reaction products such as HfB;
(1 mol) and MgO (3 moles) are constant approximately up to 1500 °C and start to
decrease after this temperature. Meanwhile, MgCl, starts to convert into gas phase
after reaction temperature reaches to 1125 °C. In addition, at higher temperatures
especially over 1500 °C, HfO, and magnesium borate (Mgs;B,0s) phases appear
probably due to the interaction of HfB, with MgO.

MgO(=)

/

0 2 4 6 8 10
Mg amount (mol)

Amounts of Reactants and Products (mol)

Figure 3.10 : Molar amounts of reactants and products of the reaction (3.3) at room
temperature varying according to the Mg amount.
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Figure 3.11 : Molar amounts of products of the reaction (3.3) varying according to
the temperature.

Figure 3.12 gives the standard Gibbs free energy changes (AG®) of the reactions
(3.5). The reaction (3.5) has large negative free energy changes (between — 600 and -
2400 kJ) in the temperature range of 0-2000 °C according to the Figure 3.12. In
addition, the standard Gibbs free energy of the system reduces further by increasing
temperature and formation of the reaction become more feasible. The reaction (3.5)
has a AG® value of about -1100 kJ at 500 °C.
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Figure 3.12 : Standard Gibbs free energy changes of the reactions (3.5) varying
according to the temperature.
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For the autoclave processing of HfCl,-NaBH4-Mg system, the reaction products were
thermodynamically predicted by varying the temperature up to 2000 °C and given in
Figure 3.13. HfB,, Na;MgCl, and H; are determined as main products of the reaction
approximately up to 800 °C and over this temperature NaCl, MgCl, and HCI form by
decomposition of Na,MgCl,. On the other hand, the amount of the HfB, phase

remains almost constant by rising temperature from room temperature to 2000 °C.

9 T T T T T T T T T
8 ) ]
7 -
6 -
—_
2
g 51
1=}
= |
ER
g
E L NacCl(g)
< 3t
HfB2(s)
2F Na2MgCl4(s)
g g,
1L NaCl(s)
L _A HC|

25 225 425 625 825 1025 1225 1425 1625 1825
Temperature (°C)

Figure 3.13 : Molar amounts of the reactants and products varying according to the
temperature in regard of reaction (3.5).

Molar amounts of the reactants and products of the reaction (3.5) varying according
to the NaBH4 amount were calculated at 500 °C and given in Figure 3.14. In the
Figure 3.14, the HfB, amount increases by increasing NaBH, amount and reach its
maximum amount at 5 moles of NaBH,. This indicates the stoichiometric excess
amounts of NaBH, are needed to complete reduction of the HfCl, at this temperature.
Therefore, NaBH, were utilized in 100% and 200% excess amounts during the

autoclave processing experiments to investigate the effect of NaBH4 amount on the
reaction products.
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Figure 3.14 : Molar amounts of reactants and products of the reaction (3.5)
at 500 °C varying according to the NaBH, amount.
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4. RESULTS AND DISSCUSION
4.1 The Mechanically Activated Borothermal Synthesis of HfB, Powders

HfB, powders were synthesized via a borothermal reduction route from mechanically
activated HfCl, and B powder blends. Mechanical activation of the powder blends
was carried out for 1 h in a high-energy ball mill using hardened steel vial and balls.
Mechanically activated powders were subsequently annealed at 1100 °C for 1 h
under Ar atmosphere. Then, purification treatments such as washing with distilled
water and leaching in HCI solution were applied for the elimination of the undesired
boron oxide (B,O3) phase and the probable Fe impurity. The effect of boron amount

on the microstructure of the resultant powders was investigated.

4.1.1 Phase analyses of the as-blended, mechanically activated, annealed and

purified powders

Figure 4.1 (a) through (c) show the XRD patterns of the as-blended stoichiometric
HfCl4-B powders and those mechanically activated for 1 and 5 h. As clearly seen
from Figure 4.1, there was no reaction between the HfCl, and B particles even after
milling for 5 h. The only phases identified in the XRD patterns
(Figure 4.1 (a) through (c)) belong to the HfOCl,.4H,O (ICDD Card No: 015-0380)
and HfOCI,.6H,0 (ICDD Card No: 047-0816). The B phase could not be detected in
the XRD patterns of the as-blended and those milled for 1 and 5 h due to its
amorphous nature. It is clear that HfOCI,.xH,O peaks broaden and their intensities

gradually decrease upon increasing the milling

Since HfCl, is highly hygroscopic, it is immediately hydrated when it contacts with
air, therefore hafnium oxychloride forms as a result of interaction with moisture in

regard of reaction given in (3.1).
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Figure 4.1 : XRD patterns of the as-blended and mechanically activated powders:
(a) as-blended, (b) 1 hand (c) 5 h.
HfOCI, particles can be further hydrated up to a maximum hydration level of
HfOCl,.8H,0. Barraud et al. (2006) stated that partially hydrated HfOCl,.nH,O
powders consist of a HfCl, core surrounded by hydrated outer layers having different

hydration rates.

On the basis of Figure 4.2., the mechanical activation time was selected as 1 h
considering that a short duration is generally required for the activation of the
reactant particles without resulting in any microstructural change in the overall
powder. Thus, further annealing was conducted only on the powders mechanically

activated for 1 h.

In order to reveal the effect of mechanical activation, XRD investigations were
carried out on the as-blended and annealed powders with addition of stoichiometric
and 20 wt.% stoichiometric excess boron (Figure 4.2). Furthermore, Figure 4.3
displays the XRD patterns of the mechanically activated and subsequently annealed
powders with different excess amounts of boron (0, 10, 20 and 50 wt.%). As
obviously seen from Figures 4.2 and 4.3, the HfB, (ICDD Card No: 038-1398,
Bravais lattice: primitive hexagonal, a=b=0.314, ¢=0.347 nm) as a primary phase

was detected in the microstructure of all powders after annealing.
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Figure 4.2 : XRD patterns of the as-blended powders with different boron amounts

after annealing: (a) 0 wt.% excess boron (stoichiometric) and
(b) 20 wt.% excess boron.
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Figure 4.3 : XRD patterns of the mechanically activated powders with different
boron amounts after annealing: (a) 0 wt.% excess (stoichiometric),
(b) 10 wt.% excess, (c) 20 wt.% excess and (d) 50 wt.% excess.
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X-ray reflections for the HfB, phase contain ten peaks at values of 25.606, 32.887,
42.135, 52.611, 58.714, 63.447, 65.093, 68.954, 74.877 and 82.735° which are
respectively indexed as {001}, {100}, {101}, {002}, {110}, {102}, {111}, {200},
{201} and {112} families of planes. On the other hand, it can be seen by comparison
of the XRD patterns in the Figures 4.2 (b) and 4.3 (c) that a small amount of HfO,
(ICDD Card No: 034-0104, Bravais lattice: primitive monoclinic, a=0.528, b=0.518,
¢=0.511 nm, p=99.259°) phase was observed in the XRD patterns of the as-blended
powders with the addition of 20 wt.% excess of boron after annealing while
mechanically activated ones with the same boron content have only HfB, phase
without any detectable HfO,. High-energy ball milling enables to obtain intimate
mixing at chemical level by particle size reduction and impact, which affects the
reactivity of the powder particles. Additionally, accumulation of structural defects
such as stacking faults, dislocations and vacancies in crystalline lattice during milling
could enhance the mass transport during the annealing step (Suryanarayana, 2001).
Also, the XRD patterns in Figure 4.3 reveal that the utilized boron amount has a
considerable effect on the formation of the HfO, phase. In the XRD patterns of the
mechanically activated and annealed powders having stoichiometric and 10 wt.%
excess amounts of boron, HfO, phase was detected as a secondary phase together
with the major HfB, phase. The existence of the HfO, phase is due to the
decomposition of hydrated HfCl, powders (conversion of HfOCI, to HfO,) by the
effect of temperature during annealing. Barraud et al. (2006) investigated the thermal
gravimetric analysis of weakly hydrated HfOCI,.nH,O with n< 4 and stated that after
initial sublimation of HfCl, occurring from 240 to 300 °C, transformation into HfO,
takes place at higher temperatures. Fang and Dixon (2013) reported reaction paths
for the HfCl, and ZrCl, reacting with H,O. They stated that the hydrolysis of
ZrCl4/HfCl, begins with the formation of oxychlorohydroxides followed by the
gradual elimination of HCI instead of the direct production of ZrOCI,/HfOCI, and
HCI. During the annealing at 1100 °C, the HfO, phase formed upon heating and was
reduced by boron to form HfB,. Guo et al. (2012b) reported on the borothermal
reduction of HfO, with amorphous B at the temperatures between 900 and 1100 °C.
Their results indicated that borothermal reduction of HfO, by B could be completed
at 1100 °C, however below this temperature HfO, phase still existed. Additionally,
B,O; phase (ICDD Card No: 013-057) at 206=27.77° was identified in the

microstructure of some of the annealed samples originating from the as-blended
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powders with 20 wt.% excess boron (Figure 4.2(b)) and mechanically activated
powders with 50 wt.% excess boron (Figure 4.3 (d)), indicating that the effect of

activation by providing homogeneous distribution of the reactants.
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Figure 4.4 : FTIR spectra of the mechanically activated and annealed powders with
different wt.% excess boron amounts: (a) 0 wt.%-stoichiometric, (b) 10 wt.%,
(c) 20 wt.% and (d) 50 wt.% .
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Figure 4.5 : FTIR spectra of the mechanically activated and annealed powders (with
different wt.% excess boron amounts) after washing with distilled water:
(@) 0 wt.%-stoichiometric, (b) 10 wt.%, (c) 20 wt.% and (d) 50 wt.% .
Excess boron amounts in the overall powders cannot completely contribute to the
reduction reaction and some amount of unreacted B might be converted into the B,O3

phase during annealing. If there is some B,Os in the structure of the annealed

75



samples originating from stoichiometric as-blended powders and mechanically
activated powders with 0, 10 and 20 wt.% excess B amounts, it is not possible to
detect it using XRD due to the dominant peaks of HfB, with high intensities. Ran et
al. (2010) reported the existence of the B,O3 phase in the XRD analyses of ZrB,
powders prepared by borothermal reduction of ZrO,. As another evidence to
demonstrate the presence of the B,O3 phase, the FTIR analyses were conducted on

the annealed powders.

Figures 4.4 and 4.5 represent the respective FTIR analyses of the mechanically
activated powders both after annealing and washing with distilled water, which were
conducted to demonstrate the presence and the removal of B,O; after respective
annealing and washing treatments. Broad absorption peaks at about 1500 cm™ (B-O
stretching mode) and 3213 cm™ (OH stretch of hydroxyl group) were observed in the
annealed powders. As expected, the peak intensities of the IR absorptions at 1500
cm™ increase as the boron content increases from 0 to 50 wt.% (Figure 4.4 (a)
through (d)). Additionally, annealed powders have a weaker IR absorption peak at
about 2300 cm™ (B-H mode) (Moon et al., 2004; Putkonen and Niinisto, 2006). This
proves that the HfO, phase was reduced by B and the B,O3; phase was emerged by
the effect of temperature during the annealing process. The formation of B-H and B—
OH bonds in addition the B-O bonds can be attributed to the humidity physically or
chemically adsorbed onto the B,O; structure resulting from the handling of the
powders during the FTIR analyses in a laboratory atmosphere. On the other hand, in
the FTIR spectra of the same powders after washing (Figure 4.5 (a)-(d)), no
absorption belongs to B-O, B-OH and B-H bands were detected because complete

elimination of the undesired B,O3 phase was succeeded.

For a quantitative evidence of the presence of B,Os in the annealed powders, AAS
analyses were conducted on the supernatant liquids. AAS results showed that the
supernatant liquids obtained from the leaching treatment of the stoichiometric
powders and the powders containing 20 wt.% stoichiometric excess of B consist of

167 and 257 ppm B, respectively.

The XRD pattern of the powders containing 20 wt.% excess boron after washing
with distilled water is given in Figure 4.6. Comparing this with the XRD pattern in
Figure 4.3 (c), no remarkable changes were observed in the XRD pattern of the

washed powders (Figure 4.6) after removal of B,0O3;. Additionally, these powders
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were leached in 4 M HCI in order to remove any possible Fe impurities which could
be released from hardened steel milling vial/balls and hence incorporated into the

particles.
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Figure 4.6 : XRD pattern of the 20 wt.% excess boron containing powders after
the mechanical activation, annealing and leaching treatments.

AAS analysis showed that there was 4.37 ppm Fe in the solution of the leached
powders. In some studies about the synthesis of LaBg and SmBg powders from
La,03-B,03-Mg and Sm,03-B,03-Mg blends by mechanochemical reactions in the
SPEX™ 8000D Mixer/Mill for 5 h (using the same conditions such as BPR, milling
container, media and atmosphere), the supernatant liquids respectively comprised
about 11 and 7.81 ppm Fe after leaching with 3.6 and 4 M HCI (Agaogullari et al.,
2012a, 2015). As expected, the amount of Fe impurity released from the purified
HfB, powders is lower than those released from the leached LaBg and SmBg powders
due to the lower duration of milling. Thus, as shown by the XRD pattern in Figure
4.6 and as mentioned by the AAS results, HfB, powders were prepared by the
borothermal reduction of HfO, evolved by the dehydration of hafnium oxide halides
upon heating without the presence of any detectable HfO, and undesired B,O3 and Fe

impurities.

The stereo-microscope (SM) images of the as-blended, mechanically activated,

annealed and purified powders containing 20 wt.% excess boron are given in Figure
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4.7. As clearly observed from the images, the mechanically activated powders
(Figure. 4.7 (b)) have a rather homogenized structure compared to the as-blended
ones (Figure 4.7 (a)). The high-energy ball milling process provides a homogeneous
distribution of the particles throughout the microstructure, which accelerate the
synthesis reaction. During the annealing, color of the powders turned to dark gray as
a result of the HfB, phase formation (Figure 4.7 (c)). After the purification, a
morphological difference was observed due to the agglomeration of the particles
(Figure 4.7 (d)).

(© (d)
Figure 4.7 : SM images of the powders containing 20 wt.% excess B: (a) as-blended,
(b) mechanically activated, (c) annealed and (d) washed with distilled water.

Figure 4.8 (a) and (b) display the secondary electron SEM images of the
mechanically activated HfCl;-B powders with the addition of 20 wt.% excess boron
which are subjected to annealing and purification, respectively. In Figure 4.8 (a), the
heat treated powders show irregular and faceted particles having sizes in the range of
500 nm and 2 um. After washing and HCI leaching (Figure 4.8 (b)), the particles
with sizes ranging between 300 nm and 1.5 pum have rather uniform appearance with
different faceted (rectangular or elongated) rod-like and irregular morphologies. In
a current study, ZrB, powders obtained by borothermal reduction of ZrO, also
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showed a very similar faceted morphology after washing the prepared powders by
hot distilled water (Ran et al., 2010). Guo et al. (2012a) synthesized ZrB, powders
from mechanically activated ZrCl, and B blends; they reported the powders consist
of platelet-like particles and whiskers. Moreover, Barraud et al. (2005) prepared
HfB, powders from mechanically activated HfCl, and B powders with nanorod
morphology and the necessity of presence of iron borides and boron oxide for the
growth of nanorods during annealing was stressed. The effect of B,O3 phase on the
growth mechanism of nanorods has been well discussed in the literature (Barraud et
al., 2005; Guo et al., 2012a; Liu et al., 2003; Wang et al., 2015). The B,03 phase
melts (Tu: 450 °C) during the annealing and HfO, particles may be dispersed in the
liquid B,O3 which enhances the diffusion and facilitates the nucleation at the solid-
liquid interface. Additionally, mechanical activation of reactants helps to improve
diffusion by homogeneous mixing and intimate contact between the particles
(Barraud et al., 2005; Guo et al., 2012a; Suryanarayana, 2001).

Particle Size Distribution
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(c)
Figure 4.8: SEM images of the mechanically activated powders containing 20 wt.%

excess B: (a) annealed, (b) washed with distilled water, and (c) its corresponding
PSA analysis.
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PSA graph of the powders in Figure 4.8 (c) represents the particle size distribution
almost between 100 nm and 1 um which is in good accordance with the SEM result
in Figure 4.8 (b). As well as, the average particle size of the resultant powders was
measured as 391 nm, which is an expected result of the short mechanical activation
derived by high-energy ball milling and subsequent heat and purification treatments.
In their study, Barraud et al. (2005) obtained facetted HfB, grains with a size range
of 100-300 nm by annealing the mechanically activated HfCl;-B-Mg mixtures at
1100 °C. In another study in which ZrO,, B,O3 and graphite powder mixtures were
used to prepare ZrB,-ZrO, ceramic powders by mechanical activation and annealing
at 1400 °C, particle size range was reported between 500-800 nm as a consequence
of the neck formation occurred at this temperature (Balci et al., 2012). On the other
hand, when the annealing temperature was decreased to 1300 °C and B was used as a
boron source, no neck formation was observed and ZrB,-ZrO, powders have particle
size in the range of 100-300 nm (Balc1 et al., 2012). Furthermore, Ran et al. (2010)
reported the particle size of ZrB, powders which were synthesized at temperatures
between 1000-1650 °C by borothermal reduction of ZrO,, as 150 and 660 nm at
1000 °C and 1650 °C, respectively. It was stated that the change in particle size was
mostly pronounced at temperature range of 1200-1400 °C because ZrB, particles
were subjected to grain growth to form larger particles above 1200 °C. In the present
study, the relatively low annealing temperature enabled to obtain sub-micron scaled
HfB, powders without causing any significant particle coarsening effect, probably by
the contribution of the mechanical activation step.

Figure 4.9 (a)-(b) illustrate secondary electron SEM images and the corresponding
results of EDX elemental mapping analysis of Hf and B, taken from the powders
synthesized by mechanically activated annealing with 20 wt.% excess amount of
boron after purification treatments. The figures represent the homogenous
distribution of Hf and B elements. The elemental Hf map overlaps almost entirely
with elemental B maps (Figure 4.9 (b) and (c)), thus elemental maps of Hf and B
indicates the HfB, phase. The comparatively weak signals of B may be due to the

curtaining of B signals by the strong and dominant signals of Hf.

The elemental analysis results of the mechanically activated powders which were
performed by SEM/EDS using the spot mode on the selected points to reveal the
phase distributions after annealing (Figure 4.10 (a)) and purification (Figure 4.10 (b))
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(b)
Figure 4.9 : (a) SEM image of synthesized powders with 20 wt.% ex B at 20000X,
EDS mapping of (b) B and (c) Hf.

(b)

Figure 4.10 : SEM image of the mechanically activated powders containing 20 wt.%
excess boron after: (a) annealing and (b) washing with distilled water.

Table 4.1 : SEM/EDS analysis results of different regions marked in Figure 4.10 (a)

and (b).
Elements A B C D E
B 13.19 22.58 23.18 33.45 28.01
@) 20.07 54.57 3.28 4.38 3.75
Hf 66.73 23.15 73.55 62.17 68.24

are listed in Table 4.1. The compositions of two different and distinguishable points
A and B shown in Figure 4.10 (a) confirmed that the particles labeled by A comprise
of HfB, phase together with the B,O3 phase, whereas the particles represented by B
predominantly consists of the B,O3; phase. According to EDS analysis results after
purification (particles labelled as C, D and E in Figure 4.10 (b)), powders have a very
low oxygen content which can be attributed mainly to the surface oxidation due to

the handling in laboratory conditions during the EDS analyses. Moreover, relatively
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high boron content of the purified powders indicated the residual elemental B phase
in the synthesized HfB, powders. Moreover, it was shown that boron powders have o
and/or B-rhombohedral crystal structure at 1100 °C (Agaogullan et al., 2011). The
boron phase could not be detected in the XRD pattern of the synthesized powders
after the purification treatments in Figure 4.6 because of its low concentration (under
the detection limit which is ~ 2 wt.% of the sample).

During the borothermal reduction of HfO, and ZrO,, boron oxides and residual boron
are most expected impurities after reaction. For the elimination of boron related
impurities, high temperature treatments above 1500 °C under the vacuum were
suggested (Guo et al., 2012b; Ni et al., 2010; Peshev and Bliznakov, 1968). With the
increasing temperature, B,O3 are consumed by evaporation and also by reaction with
boron to give boron suboxides such as B,O, and BO (Guo et al., 2012b; Ni et al.,
2010; Peshev and Bliznakov, 1968). The particle coarsening was also observed due
to the high temperature (Guo et al., 2012b; Ran et al., 2010). On the other hand, Guo
et al. (2012b) studied on the synthesis of HfB, powders and its densification, boron
impurities were determined by SEM/EDS analyses in the compacted ceramics
obtained from the powders with increasing initial boron content. In their study,
ceramics with boron impurities showed higher relative density of 98.6 % whereas
ceramics without residual boron reached a relative density of 83.6 %. The positive
effect of boron on the relative density explained by the reaction of residual boron
with surface oxide impurities (HfO, and B,03) allowing to the removal of them (Guo
et al., 2012b). Nevertheless, the effect of residual boron content on the densification

and properties of HfB, ceramics should be further investigated.

In previous studies on the borothermal reduction of Hf and Zr chlorides, HfB;
nanorods and ZrB, nanoplatelets were prepared from mechanically activated
HfCl4/ZrCl4-B powder blends with 50 wt.% excess boron (Barraud et al., 2005; Guo
et al., 2012a). The effect of annealing temperature on the formation of phases was
investigated: the presence of HfB,, HfO, (2 and 8 wt.% for annealing durations of 45
and 60 min, respectively) and FeB were detected at 1100 °C. The effect of B,O3 and
Fe and/or FeByx on the formation mechanism of rods was discussed (Barraud et al.,
2005). Additionally, it was shown that trace amount of ZrO, and Fe,B existed in the
ZrB; by the annealing at 1100°C and the ZrCls,-B mixture completely converted to
ZrB, at 1200 °C (Guo et al., 2012a). ZrB, had mainly platelet morphology and
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whiskers were also present. The borothermal reduction of HfO, was often carried out
over 1500 °C and vacuum was applied for continuous removal of B,O3; (Guo et al.,
2012b; Ni et al., 2010). The HfB; prepared at 1550 °C had rounded particles with
average size of 0.8 um. In this study, borothermal reduction of HfCl,;-B powder
blends with addition of excess amounts of boron was conducted at 1100 °C which
was also inferred from the thermodynamical interpretations to reduce the HfCl, loss
by evaporation. The particle size of synthesized powders determined as 391 nm after

leaching purifications and they showed both faceted rod-like and irregular shapes.
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Figure 4.11 : TEM images of the powders milled for 1 h and annealed at 1100 °C:

(@), (b) bright-field (BF) images and (d) its corresponding selected area diffraction
pattern (SADP) taken from the region marked in (c).

Figure 4.11 (a) through (d) represent the bright field (BF) TEM images and the
corresponding selected area diffraction pattern (SADP) taken from the mechanically

activated, annealed and subsequently purified powders. The BF images of
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synthesized powders illustrate different morphologies in Figure 4.11 (a) to (c) in
which rods, elongated and irregular shaped particles exist. The observed particle size
of irregular powders varies between 100 and 500 nm, which were also determined in
the SEM and PSA results. Additionally, rod-like particles having length of ~ 0.5-2
um were observed in the BF images. The SADP taken from the marked area in
Figure 4.11 (c) proves the presence of the polycrystalline hexagonal HfB, phase
(Figure 4.11 (d)).

In overall, HfB, powders were synthesized starting from HfCl, and B powder blends
via a borothermal reduction route by using mechanical activation, annealing and
purification steps. HfB, powders with an amount of residual B (< 2 wt.%) but
completely free from undesired phases such as HfO,, B,O3 and Fe impurity could be
evaluated as an economical and nano-scaled precursor for the sintering process of

HfB,-based ceramics.

4.2 The Mechanochemical Synthesis of HfB,-Based Powders from
HfCl;-B,03-Mg and HfCl,-B-Mg Blends

The HfB,-based powders were synthesized by a mechanochemical synthesis route
from HfCl;-B,03-Mg powder blends. The starting powder blends containing
stoichiometric amounts of reactants and those having excess B,O3; and Mg were
milled in a high-energy ball mill (Spex 8000D Mixer/Mill) at different durations.
Additionally, amorphous B was utilized as an alternative boron source in the
experiments to observe effect of boron source type. The HfB,-based powders were
obtained according to the reaction (3.3) and (3.4). Additionally, amorphous B was
used in the mechanochemical synthesis route. Thus, the effects of milling duration,
excess amounts of reactants (B,O3z, B and Mg) and type of boron source on the
resultant products were investigated. The synthesized powders were purified by
washing with distilled water and acid leaching treatments in order to remove the
undesired by-products such as MgCl, and MgO. As a result, HfB,-HfO, and HfB,
ceramic powders were obtained from the HfCl;-B,O3-Mg and the HfCl;-B-Mg
powder blends, respectively.
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4.2.1 The mechanochemical synthesis of HfB,-based powders from
HfCl;-B,03-Mg blends

The XRD patterns of as-blended HfCl4-B,O3-Mg powder blends and those milled at
different durations up to 5 h are shown in Figure 4.12. In the XRD pattern of as-
blended HfCl4-B,03-Mg powders and those milled for 10 min, HfOCl,.4H,0 (ICDD
Card No: 015-0380), HfOCl,.6H,0 (ICDD Card No: 047-0816) and Mg (ICDD Card
No: 35-0821, Bravais Lattice: primitive hexagonal, a=b=0.321, ¢=0.521) phases were
detected. The HfOCI,.xH,O compounds formed ((according to the reaction (3.1))
during XRD analyses performed under atmospheric conditions due to the very
hygroscopic character of HfCl,. In addition, the B,O3 phase could not be determined
in the XRD patterns of the as-blended HfCl;-B,03-Mg powder blends and those of

milled for 10 min because of its amorphous nature.
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Figure 4.12 : XRD patterns of the as-blended HfCl,-B,03s-Mg powder blends and
those milled at different durations up to 5 h.

On the other hand, after milling for 15 min, HfB, (ICDD Card No: 038-1398,
Bravais lattice: primitive hexagonal, a=b=0.314, ¢=0.347 nm), HfO, (ICDD Card
No: 034-0104, Bravais lattice: primitive monoclinic, a=0.528, b=0.518, ¢=0.511 nm,
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=99.259°), MgO (ICDD Card No: 089-7746, Bravais lattice: face-centered cubic,
a=b=c=0.420), MgCl,.4H,O (ICDD Card N0:053-0258, Bravais lattice: primitive
monoclinic, a=0.590, b=0.727, ¢=0.842 nm, p=111.007°) and Mg,HfsO;, (ICDD
Card No: 033-0862, Bravais lattice: primitive rhombohedral, a=b=0.939, ¢=0.870)
phases were detected in the XRD patterns. It can be observed from the Figure 4.12
that the mechanochemical reaction between the reactants starts after a relatively short
milling duration of 15 min. Although the HfB, formation was observed after milling
for 15 min, milling was maintained up to 5 h in with the aim of observing any
probable changes in the phases and their intensities. Nevertheless, the phases
detected in the XRD patterns and their intensities did not illustrate any obvious
difference especially after the milling duration of 1 h. The milling durations over 5 h

did not applied because of possible amorphization at prolonged milling durations.

Excess amount of B,O3 and Mg were also utilized to examine the effects of reactant
amounts on the mechanochemical reaction of HfCl;-B,03-Mg. The XRD patterns of
the HfCl;-B,03-Mg powders blends having 30 wt.% excess B,O3; and 30 wt.%
excess B,03-20 wt.% excess Mg after milling for 3 h are given in Figure 13 (a) and
(b), respectively. After 3 h of milling, the determined phases in the Figure 13 (a)-(b)
and in those of Figure 4.12 were similar. Moreover, a significant change was

o HiB, ¢ HfO, ® MgO a4 Mg Hf,0,, ¢ MgCl, 4H,0
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Figure 4.13 : XRD patterns of the HfCl;-B,O3-Mg powder blends having: (a) 30
wt.% excess B,0O3 and (b) 30 wt.% B,03 and 20 wt.% excess Mg after 3 h of milling.
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not observed in the distribution and intensities of phases. Thus, the following
experiments were maintained by utilizing the stoichiometric HfCl,-B,03-Mg powder
blends. These experimental findings also correspond to the Factsage predictions
(in Figure 3.10) which show the usage of Mg over stoichiometric amounts do not

increase the amounts of reaction products (HfB,, MgCl, and MgO).

After the mechanochemical reaction, by-products such as MgCl, and MgO were
eliminated by purification treatments. The magnesium salts (MgCl, and
MgCl,.4H,0) were leached out by repeated rinsing of the powders with distilled
water. In addition, the MgO phase was removed by 4 M HCI leaching, as explained
in details in the section 3. XRD patterns of the powders after mechanochemical
synthesis and subsequent leaching treatments are illustrated in Figure 4.14.
The MgCl,, MgCl,.4H,0 and MgO phases are not observed in the XRD patterns of
synthesized powders after leaching treatments, which prove elimination of these
phases. Zhang et al. (2008) prepared LaBg powders from LaCl;.7H,0, B,O3; and Mg
blends in an autoclave and after the reaction, MgCl, and NaCl impurities were
removed by washing the powders with distilled water. After the self-propagating
high-temperature synthesis (SHS) reaction of TiO,, B,O3 and Mg blends, MgO phase
was removed via selective acid leaching by leaving behind TiB, powders
(Lok et al., 2009). Agaogullar1 et al. (2012a) removed the MgO by-product from
LaBs powders with HCI leaching after the mechanochemical reaction of
La,0O3, B,O3; and Mg powder blends in a high-energy ball mill. In this research, it
was stated that the leaching parameters such as HCI concentration, solid/leachant
ratio and duration were chosen respectively as 3.6 M, 1 g/10 cm® and 10 min after a

series of pre-experiments.

In the XRD patterns of 15 min and 30 min of milled and purified powders, intensities
of the Mg,Hfs01, phase are higher than those of 1 h, 3 h and 5 h of milled and
purified powders. On the other hand, the peak intensities of HfB,, HfO, and
Mg,Hfs0;, phases do not show a significant difference after 1 h of milling. The XRD
patterns remained mainly unchanged when the milling duration was extended to 5 h.
This result pointed out that the duration of mechanochemical synthesis did not affect
the phase types of the powders (between 15 min and 5 h) and after a certain time of

milling (after 1 h) a steady state condition was reached.
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Figure 4.14 : XRD patterns of the HfCl;-B,03-Mg powder blends after milling at
different durations and subsequent washing and HCI leaching treatments.

The HfO,-MgO phase diagram is given in Appendix A (Wu and Jin, 1997).
According to the phase diagram, the Mg,Hfs0;1, phase forms at 28.57 mol.%
of MgO. Wu and Jin (1997) showed the stability range of Mg,Hfs01, phase between
the 1370 and 2173 °C and under this temperature range it decomposes into
monoclinic HfO, and MgO phases. On the other hand, it was stated that further
information is needed on the stability range of the ordered Mg,HfsO;, phase (Wu and
Jin, 1997). Additionally, the HfO, has two polymorphs that appear before melting.
These polymorphs involve a tetragonal and a cubic phases and the monoclinic to
tetragonal and tetragonal to cubic transformation temperatures were reported as
1830 and 2520 °C, respectively (Wu and Jin, 1997).

Figure 4.15 (a)-(c) illustrate the FTIR spectra of commercial HfOCI,.8H,O powders
and the HfCl4-B,03-Mg powder blends after milling for 3 h (in Figure 4.15(b)) and
subsequent washing (in Figure 4.15(c)), respectively. The FTIR spectra of
HfOCI,.8H,O powders are given with the aim of comparison. The commercial
HfOCI,.8H,0 powders show broad absorption peaks centered at around 1049, 1394,
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1608 and 3200 cm™ (in Figure 4.15 (a)). It was previously shown in the literature that
the broad vibration peaks between 3650 and 2600 cm™ in the FTIR spectrum of a
hydrated hafnium oxychloride are associated with the OH stretching of water
molecules (physically adsorbed molecular water) while those at 1616 cm™ associated
with their bending mode (Barraud et al.,, 2006). In the FTIR spectra of
HfCl;-B,O3-Mg powder blends after milling for 3 h, small peaks at the wave
numbers of 1421, 1484, 1593 and 3460 cm™ were determined, which indicate the
presence of compounds containing hydroxyl group such as hafnium oxychlorides
(HfOCl,.4H,0 and HfOCI,.6H,0) and MgCl,.4H,0 at very low amount. Moreover,
it is considered that these peaks evolve inevitably because of extremely hygroscopic
character of HfCI, powders. Although all the powder preparation and milling process
were conducted under Ar atmosphere, an amount of hafnium oxychloride compounds
can form almost in an unavoidable manner. On the other hand, the absence of the
peaks belong to the hafnium oxychloride compounds in the XRD patterns of the 3 h
of milled powders (in Figure 4.12) indicates the lower amounts of these oxychloride
compounds under the detection limit of XRD (which is 2 wt.% of the overall
sample). Additionally, after water washing, there is no peak belongs to O-H bond
related compounds in Figure 4.15 (c). Thus, the complete removal of these

compounds was achieved by the purification treatments.
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Figure 4.15 : FTIR spectra of (a) commercial HfOCI,.8H,0 powders and HfCl,-
B,03-Mg blends after (b) milling for 3 h, (c) subsequent washing with distilled
water.
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An annealing treatment was applied to the synthesized powders after purification
with the aim of investigating any possible decomposition or transformation of the
formed phases. The powders obtained via 3 h of milling of HfCl4-B,03-Mg blends
and subsequent leaching treatments (by distilled water and 4 M HCI) were annealed
at 1000 °C for 3 h. XRD patterns of the annealed powders are represented in Figure
4.16 (a). After the annealing treatment, only phases detected in the XRD patterns are
HfB, and HfO,, whereas the Mg,HfsO;, phase was not observed any longer. It was
considered that the Mg,Hfs0;, phase (contains 7.11 wt.% of MgO) decomposed to
the HfO, and MgO phases upon heating during the annealing treatment at 1000 °C
for 3 h. This finding points out that the Mg,HfsO;, phase is not stable at/over
1000 °C although its stability range is stated between 1370 and 2173 °C in the HfO,-
MgO binary phase diagram (Wu and Jin, 1997). Nevertheless, in the XRD patterns
after annealing, the MgO phase is not observed (in Figure 4.16 (a)), which can be
explained by its low amount under the detection limit of XRD (which is 2 wt.% of
sample). Samad et al. (2004) reported that the Mg,ZrsO,, phase formed via thermally
sprayed coatings of ZrO,-24 wt.% MgO decomposed during hot isostatic pressing at
1100 °C to MgO and ZrO; phases. Moreover, increase in the peak intensities of the
HfO, phase after the annealing can be explained by formation of additional amount
of HfO, through the decomposition of Mg,Hf501,.
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Figure 4.16 : XRD patterns of the 3 h of milled and leached HfCl,;-B,03-Mg blends
after: (a) annealing at 1000 °C for 3 h and (b) subsequent HCI leaching.
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Figure 4.17 : SM images of the HfCl;-B,0O3-Mg powders: (a) as-blended, (b) milled
for 10 min, (c) milled for 15 min, (d) milled for 3 h, (e) milled for 5 h, (f) milled for
3 h and purified (g) milled for 3 h milled, purified and annealed at 1000 °C.

A final leaching treatment with 4 M HCI was applied to powders after the annealing
so as to elimination of any probable MgO impurity and the XRD patterns of the

powders after this final leaching are given in the Figure 4.16 (b). Any significant
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difference between the XRD patterns of annealed and subsequently leached powders
was not observed as can be seen from the Figure 4.16 (a) and (b).

SM images of the as-blended HfCl,-B,03-Mg powders and those milled, leached and
annealed ones are illustrated in Figure 4.17 (a)-(g). The SM images of powders
throughout the mechanochemical synthesis process can give a general idea about the
progress of the intended reactions. As can be seen from the Figure 4.17 (a),
the as-blended HfCl4-B,03-Mg powders include particles of reactant powders which
have relatively different size and illustrate a non-uniform appearance. Additionally,
color of the powder blends indicates only a physical mixing instead of a newly
formed phase after milling for 10 min in Figure 4.17 (b). On the other hand, by the
increase of milling duration to 15 min, the color of HfCl4-B,03-Mg powders turned
to dark gray which pointed out the formation of new chemical species different from
the reactants. And these observations are in good accordance with the XRD findings
in Figure 4.12, in which the formation of HfB, phase was determined to occur after
the 15 min of milling. Figure 4.17 (d) and (e) show SM images of
the HfCl4-B,O3-Mg powder blends after 3 and 5 h of milling, respectively. The
lighter or shiny phases between the dark gray powders in Figures 4.17 (c), (d) and (e)
might be MgO particles form as by-products of reaction (3.3). After the subsequent
purifications with distilled water and 4 M HCI, the synthesized powders gain a
homogenous appearance in Figure 4.12 (f). Figure 4.14 (g) illustrates the powders
obtained after annealing at 1000 °C for 3 h and final acid leaching. Any particular
change in the appearance of powders after annealing at 1000 °C and leaching
treatment is not observed, which may also be interpreted as an evidence for stability

of desired phases such as HfB,.

The secondary electron SEM images of the HfCl,4-B,O3-Mg powder blends which
were subjected to milling for 3 h and purification are shown in Figure 4.18 (a) and
(b) at different magnifications. As seen from the figures, the synthesized powders
consist of rounded-shaped particles. In addition, their particle size range can be

estimated especially from Figure 4.18 (b) as between 50 and 200 nm.

With the aim of revealing the distribution of different phases in the synthesized
powders, SEM/EDX analyses were conducted on the powders. Figure 4.19 (a)-(e)
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Figure 4.18 : SEM images of the HfCl;-B,03-Mg powder blends subjected to
milling for 3 h and subsequent purification.

represent the secondary electron (SE) SEM image and related elemental maps of Hf,
O, B and Mg for the powders milled for 3 h and subsequently purified with distilled
water and 4 M HCI. Figure 4.19 (b) reveals a homogenous distribution of Hf
throughout the microstructure. The weak signals belong to B element presented in
Figure 4.19 (d) can be explained with the suppression of B signals by the strong
signals of Hf, O and Mg. The elemental Hf map coincides almost entirely with
elemental B and O maps (Figure 4.19 (c) and (d)) indicating related phases. Besides,
it can be said that the elemental O map seems to fill the gaps where B elemental map
does not coincidence with the Hf elemental map. Therefore, the elemental maps
confirm the formation of HfB, and HfO, phases and also their uniform distribution
throughout the microstructure. Moreover, the elemental Mg map which almost
entirely coincidences with the elemental Hf and O maps so it indicates the presence
of Mg,Hfs01, phase. The removal of MgO phase forms in magnesiothermic
reduction reactions during the mechanochemical synthesis of boride compounds is a
relatively well known process and it was shown in the previous studies
(Agaogullari et al., 20124, Lok et al. 2009, Zhang et al., 2008). Thus, the existence of
Mg even after HCI leaching are resulted from the existence of Mg,HfsO;, phase,
which was also detected in the XRD analysis of purified powders in Figure 4.13.

As a further investigation for the existence of Mg,Hfs01, phase, SEM/EDS analysis
were conducted on the milled (for 3 h) and purified powders. The secondary electron
SEM image and corresponding EDS analysis graph of the powders are shown in
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Figure 4.19 : SEM/EDX analyses of milled (for 3 h) and purified powders: (a) SEM
image and corresponding elemental maps of (b) Hf, (c) O, (d) B and (e) Mg.

Figure 4.20. According to the general EDS analysis results, the powders include
9.02, 4.83, 0.74 and 85.41 wt.% of B, O, Mg and Hf, respectively. Thus, the Mg
content of the purified powders can be taken as an indication for the Mg,Hfs01,

phase which was also confirmed by the XRD and SEM/EDX analysis.
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Figure 4.20 : SEM image and corresponding general EDS analysis of the milled
(for 3 h) and purified powders.

Additionally, secondary electron SEM image and corresponding EDS analysis of the
powders annealed at 1000 °C for 3 h (previously milled for 3 h and purified) and
leached with 4 M HCI are given in Figure 4.21. According to the general EDS
analysis results, the powders contain 6.60, 6.08 and 87.32 wt.% of B, O and Hf,
respectively. After the decomposition of Mg,Hfs01, phase to the HfO, and MgO
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phases by the annealing and the removal of possible MgO phase by acid leaching,

Mg element was not found in the final powders.
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Figure 4.21 : SEM image and corresponding general EDS analysis of the annealed
and leached powders (previously milled for 3 h and purified).

Semi-quantitative Rietveld analyses were conducted on the synthesized powders to
determine the amounts of HfB, phase. The semi-quantitative phase analyses of the
milled, purified and annealed powders with the Rietveld refinement method based on
their XRD patterns (in Figures 4.14 and 4.16 (b)) are given in Table 4.2. According
to the Table 4.2, the HfB, amounts in the 1, 3 and 5 h milled and purified powders
were determined as 52.8, 53.4 and 52.4 wt.%, respectively. The increasing milling
duration did not lead to a remarkable change in the amount of HfB, phase. However,
a consistency in the amount of the major phase was obtained. It was thought that
slight differences in the amounts of the evolved phases might be observed in the
mechanochemical synthesis process, which is caused by the incidental conditions of
this particular method such as different distribution of the reactant particles in the
different regions and interaction between them until steady state conditions are
reached (Balci, 2015). Therefore, it can be said that the system reached a steady state
condition in terms of overall mechanochemical reactions after the milling duration of
1 h. In addition, the HfB, amount after annealing and leaching treatments was
determined as 57.2 wt.%. After the removal of MgO phase evolved by the
decomposition of Mg,Hfs01, phase during the annealing at 1000 °C, an increase in

the HfB, amount was observed.
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Table 4.2 : Semi-quantitative phase analyses of the HfCl4-B,O3-Mg powders (after
different treatments) obtained from the Rietveld refinement method based on their
XRD patterns.

HfB, amount

Treatment (Wt.%)
Milling for 1 h and purified 52.8
Milling for 3 h and purified 53.4
Milling for 5 h and purified 52.4
Milling for 3 h and annealing at 1000 °C 579

and purified

Furthermore, the particle size distribution of the powders obtained after different
milling durations (1, 3 and 5 h) and subsequent leaching treatments were
investigated. The PSA graphs of the HfCl;-B,O3-Mg powders after milling of 1, 3
and 5 h are given in Figure 4.20 (a)-(c), respectively. The average particle sizes of
the powders were determined as 151.4, 140.0 and 129.5 nm, respectively. Although
an amount of decrease in the average particle size of the powders by the effect of
increasing milling duration was observed, the values were close to each other in
general. Hence, it can be asserted that the steady-state conditions were almost
reached after 1 h of milling, which was also inferred from the XRD and

Rietveld analyses.
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Figure 4.22 : Particle size distributions of the HfCl4-B,0O3-Mg powder blends after
milling at different durations and subsequent purification: (a) 1 h, (b) 3hand (c) 5 h.
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XRD analyses were utilized to determine the crystallite size and lattice strain of the
HfCl4-B,03-Mg powders (using the (001), (100) and (101) reflections) according to
milling durations and the related results are illustrated in Table 4.3. As expected, the
average crystallite sizes reduced and lattice strain increased with the increasing
milling duration. Due to the mechanical deformation imposed into the powders
during the milling, particle and crystallite refinement occur and the lattice strain
increases (El-Eskandarany, 2001).

Table 4.3 : Average crystallite size and lattice strain of the HfCl;-B,03-Mg powders
after milling at different durations and purification.

Milling Duration Crystallite Size Lattice Strain
(h) (hm) (%)
1h 84.0 0.385
3h 66.9 0.495
5h 39.4 0.884

The secondary electron SEM images and PSA graph of the powders after annealing
at 1000 °C for 3 h (previously milled for 3 h and purified) and final HCI leaching are
shown in Figure 4.21 (a)-(c). The synthesized powders have rounded-shaped
morphology similarly with the morphology of powders obtained after milling for 3 h
and purification. However, there are also rectangular or angular-shaped particles. The
average particle size of the powders was determied as 140.5 nm, which is also in
good agreement with the observed particle size in the SEM images. Thus, the
annealing treatment conducted at 1000 °C did not cause grain growth and

a significant change in the particle size of the synthesized powders.

In order to observe and identify the smaller particles which could not be analyzed by
SEM analyses because of the agglomerations, TEM analyses were conducted on the
synthesized powders. Figure 4.24 (a), (b), (c) and (e) are the bright-field (BF) images
of synthesized powders which are originated from the HfCl;-B,O3-Mg powder
blends after milling for 3 h, annealing at 1000 °C for 3 h and purification. The BF
images show rounded and cornered-shaped (like rectangular or cube) particles in
sizes varying between 50 and 200 nm, which is also similar to SEM and PSA results.
However, there are larger agglomerates consisting of smaller particles in Figure 4.24
(c) and (e). Figure 4.24 (d) is the corresponding SADP of the white-circled region in

Figure 4.24 (c) which indicates the presence of the polycrystalline monoclinic HfO,

97



phase. In addition, the SADP in Figure 4.24 (f) taken from the marked area in Figure
4.24 (e) proves the presence of the polycrystalline hexagonal HfB, phase.
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Figure 4.23 : SEM images and particle size distribution of the powders after
annealing at 1000 °C for 3 h (previously milled for 3 h and purified) and final HCI1
leaching.
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Figure 4.24 : (a) and (b) Bright-field (BF) TEM images of the powders and
corresponding selected area diffraction patterns (SADP): (d) SADP taken from the
white-circled region in (c), revealing the presence of monoclinic HfO, phase,
(f) SADP taken from the white-circled region in (e), revealing the presence
of hexagonal HfB; phase.
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4.2.2 The mechanochemical synthesis of HfB, powders from HfCl;-B-Mg blends

The mechanochemical processing of HfCl,-B-Mg powder blends were investigated
with the aim of examining the effect of amorphous B as an alternative boron sources.
The optimum reaction parameters determined during the mechanochemical
processing of the HfCl4-B,0O3-Mg powders were utilized. Figure 4.25 (a)-(c) show
XRD patterns of the stoichiometric as-blended HfCl;-B-Mg powders and those
milled for 1 and 5 h. In the XRD patterns of the as-blended powders, HfOCl,.4H,0
(ICDD Card No: 015-0380), HfOCI,.6H,O (ICDD Card No: 047-0816) and Mg
(ICDD Card No0:035-0821, Bravais lattice: primitive hexagonal, a=b=0.321, c=0.521
nm) phases were detected. However, B phase could not be detected in the XRD
patterns of the as-blended powders (in Figure 4.25) due to its amorphous nature.
After the milling duration of 1 h, intensive HfB, (ICDD Card No: 038-1398, Bravais
lattice: primitive hexagonal, a=b=0.314, c=0.347 nm) peaks were observed in XRD
patterns. Additionally, HfO, (ICDD Card No: 034-0104, Bravais lattice: primitive
monoclinic, a=0.528, b=0.518, c=0.511 nm, B=99.259°), MgCl, (ICDD Card
No0:089-1567, Bravais lattice: primitive rhombohedral, a=b=0.364, c=1.766 nm) and
MgCl,.4H,O0 (ICDD Card No0:053-0258, Bravais lattice: primitive monoclinic,
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Figure 4.25 : XRD patterns of (a) as-blended stoichiometric HfCl,-B-Mg powders
and those milled for (b) 1 hand (c) 5 h.
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a=0.590, b=0.727, ¢=0.842 nm, B=111.007°) peaks were determined in the XRD
patterns of the milled powders. The MgCl, and MgCl,.4H,0 formed as by-products
of the mechanochemical reaction given in the reaction (3.4). However, the formation
of HfO, phase was a result of unavoidable oxidation of HfCl, powders because of
their very hygroscopic nature which was also experienced during all the experiments.
Moreover, there were no significant differences between the XRD patterns of
HfCl4-B-Mg powders milled for 1 and 5 h, in a similar manner with the

mechanochemical processing of HfCl4-B,03-Mg powders in Figure 4.12.

Different excess amounts of amorphous B were added to HfCl,-B-Mg powder blends
with the intention of elimination of the HfO, phase. During the borothermal
reduction of HfCIl, powders with amorphous B, it was shown that the single phase
HfB, powders without any detectable HfO, impurity can be synthesized by using
amorphous B over the stoichiometric amount. Therefore, the effect of amorphous B
amount on the phases formed during the mechanochemical processing of the

HfCl4-B-Mg powder blends was investigated with a similar stimulation.

XRD patterns of the HfCl;-B-Mg powder blends having different excess amounts of
amorphous B and Mg after milling for 1 h are illustrated in Figure 4.26 (a)-(d). To
observe the effect of Mg amount on the formation of HfO, phase, 20 wt.% excess
amount of Mg was added to the HfCl4-B-Mg powder blends which also included 30
wt.% excess amount of B. However, similar phase distribution was observed for the
powders include excess amount of Mg in the Figure 4.26 (c). On the other hand, in
the XRD patterns of HfCl4-B-Mg powders with 50 wt.% excess amount of B, the
only detected phases were HfB,, MgCl, and MgCl,.4H,O without any detectable
HfO, phase.

The water washing and HCI leaching were applied to the synthesized powders for the
removal of magnesium chloride salts and probable Fe impurity. XRD patterns of the
stoichiometric HfCl;-B-Mg powders and those having different excess amount of
amorphous B after milling for 1 h, washing with distilled water and 4 M HCI
leaching are shown in Figure 4.27 (a)-(c). In the XRD patterns of stoichiometric
HfCl;-B-Mg powders and those containing 30 wt.% excess B, the HfB, and HfO,
phases were detected. However, it can be said that the intensities of HfO, phase in
the XRD patterns of powders having 30 wt.% excess B (in Figure 4.27 (b)) decreased

compared to those of stoichiometric powders (in Figure 4.27 (a)). In addition, in the
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Figure 4.26 : XRD patterns of the HfCl,-B-Mg powder blends having different
stoichimetries: (a) 0 wt.% excess B and Mg (stoichiometric), (b) 30 wt.% excess B,
(c) 30 wt.% excess B and 20 wt.% excess Mg and (d) 50 wt.% excess B, after milling
for 1 h.
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Figure 4.27 : XRD patterns of the HfCl,-B-Mg powder blends having different

excess amount of B: (a) 0 wt.%, (b) 30 wt.% and (c) 50 wt.%, after milling for 1 h
and purification.

XRD pattern of HfCl4-B-Mg powders having 50 wt.% excess amount of B, the HfB,

phase was determined as single phase. Thus, it was observed that the amount of
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amorphous B significantly affects the formation and amount of the HfO, phase in the
synthesized powders.

The HfCl;-B-Mg powder blends having different excess amounts of amorphous B
were annealed at 1100 °C for 1 h after milling for 1 h and purification with the aim
of observing the any possible phase transformation. XRD patterns of the powders
after annealing are illustrated in Figure 4.28 (a)-(c). In the XRD patterns of
stoichiometric HfCl;-B-Mg blends and those having 30 wt.% excess of B after
annealing, the HfB, and HfO, phases were determined (Figure 4.28 (a) and (b)). In
addition, the intensities of HfB, phase increased upon heating and an amount of
decrease in the HfO, peaks was observed. It was considered that the intensities of
HfO, phase might be suppressed by increased intensities of the HfB, phase.
Furthermore, HfCl;-B-Mg blends having 50 wt.% excess of B have only the HfB,
phase without any detectable HfO, phase after annealing in Figure 4.28 (c).
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Figure 4.28 : XRD patterns of the HfCl,-B-Mg powder blends having different
excess amount of B : (a) 0 wt.%, (b) 30 wt.% and (c) 50 wt.%, after milling for 1 h,
annealing at 1100 °C for 1 h and purification.

Barraud et al. (2005) investigated the HfB, synthesis via mechanically activated
annealing of HfCl,-B-Mg powder blends. The B and Mg were utilized in excess
amounts of 50 wt.%. The HfCl;-B-Mg powders blends were milled in a planetary

ball mill (Fritsch Pulverisette 7) under Ar atmosphere for 1 h. The ball-to-powder
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weight ratio was 20:1 and steel balls and steel vial were used. It was stated that the
grinding induced a reduction of partially hydrated HfCl, powders, which gave HfHy
and HfB;, phases. Then, during the annealing, HfHx decomposed around 500 °C and
reacted with B and MgO to form HfB, and HfO, respectively. As a result, annealing
the mechanically activated (for 1 h) HfCl,-B-Mg blends at 1100 °C was suggested as
a process for synthesis HfB,-based powders having average grain size of 300 nm. In
addition, relatively small weight fraction of HfO, was reported depending on the
excess amounts of reactants in the starting blends (Barraud et al., 2005). Moreover,
Akgiin et al. (2011) suggested mechanochemical synthesis of ZrB, powders from
Zr0,-B,03-Mg powder blends. It was stated that the ZrB, phase formed after milling
for 30 h whereas complete conversion of ZrO, to ZrB, did not take place even with
excess amounts of Mg and B,O3 and formed ZrB, powders contained residual ZrO,
phase (Akgiin et al., 2011).

As a consequence, the HfB,-HfO, and HfB, powders were synthesized from the
HfCl4-B,03-Mg and HfCl4-B-Mg powder blends via mechanochemical synthesis
route at room temperature. It was determined that the usage of different B sources as
B,O; and B had significant effect on the formation of HfO, phase. It was also shown
that the amount of amorphous B in the starting powders of HfCl;-B-Mg played an

important role for the elimination of the HfO, phase.

4.3 The Synthesis of HfB,-based Powders by the Mechanically Activated
Autoclave Processing of HfCl;-B,0O3-Mg blends

HfB,-HfO, ceramic powders were prepared via mechanical activation-assisted
autoclave processing of HfCl,, B,O3 and Mg powder blends conducted at relatively
low temperatures. TheHfCl;, B,O; and Mg starting powders were mechanically
activated for 5 min to obtain homogenously blended precursors with active particle
surfaces. The synthesis reaction was performed in a hastelloy autoclave at 500 °C for
6 and 12 h. Thus, the effects of mechanical activation and reaction duration on the
formation vyield of HfB, phase were investigated in a comparative manner,
As-synthesized powders were purified from reaction by-products such as MgO and

MgCl; by washing and acid leaching treatments.
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4.3.1 Phase and thermal analyses of the as-blended and mechanically activated

powders

XRD patterns of the as-blended HfCl4-B,O3-Mg powders and those mechanically
activated for 5 min are illustrated in Figure 4.29(a) and (b), respectively. In the XRD
patterns of both powders, HfFOCl,.4H,0, HfOCl,.6H,O, Mg and MgCl, phases were
detected. The crystal structural parameters belonging to different phases encountered
in this study are given in Table 4.4. It has been previously observed that the HfCl,
phase converts into oxychloride and hydrated oxychloride compounds when it
interacts with humidity in air (Ak¢amli et al., 2015; Barraud et al., 2006). Although
blending and mechanical activation processes were conducted at Ar atmosphere,
HfOCl,.4H,0 and HfOCI,.6H,0 phases instead of HfCl, are observed because of its
highly hygroscopic behavior and atmospheric conditions during the XRD analyses.
Moreover, B,03 phase could not be detected in the XRD patterns of the as-blended
and mechanically activated powders due to its amorphous nature. The detection of an
amount of MgCl, phase in the as-blended powders (Figure 4.29(a)) probably arises
from the adsorption of the hydrated oxychloride compounds on Mg during blending.
The XRD intensity of the MgCl, peak at 206 value of about 34° and the XRD
intensities of HfOCI,.4H,0 and HfOCI,.6H,O peaks at 20 value range of 10-16°

increased after mechanical activation for 5 min (Figure 4.29(b)). This can be
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Figure 4.29 : XRD patterns of the (a) as-blended HfCl;-B,03-Mg powders and
(b) those mechanically activated for 5 min.

105



attributed to the formation of active particles and the initiation of reduction reaction,
which is also supported by the intensity decrease in the Mg peaks. Extended duration
of mechanical activation was not employed for the as-blended powders since a short-
time milling is generally required without the occurrence of a partial or complete

chemical reaction.

Table 4.4 : The crystal structural information of different phases encountered during
autoclave processing of the HfCl4-B,03-Mg powders.

Phase ICDD Card No Bravais Lattice Lattice parameters (nm)

HfOCI,.4H,0 015-0380 - -

HfOCI,.6H,O 047-0816 - -

Mg 035-0821 Primitive hexagonal a=ph=0.321, ¢=0.521

HfB, 038-1398 Primitive hexagonal a=b=0.314, c=0.348

HfO, 034-0104 Primitive monoclinic a=0.529, b=0.518, c=0.512 f=99.26°
HfH, o5 073-2166 Body-centered tetragonal a=b=0.346, c=0.439

MgO 089-7746 Face-centered cubic a=b=c=0.422

Mg,Hfs01, 033-0862 Primitive rhombohedral a=b=0.939, ¢=0.870

MgCl, 089-1567 Primitive rhombohedral ~ a=b=0.364, ¢c=0.176

MgCl,.H,O 053-0260 Primitive orthorhombic a=0.889, b=0.363, c=1.139
MgCl,.6H,O0  025-0515 Primitive monoclinic a=0.987, b=0.711, ¢=0.608, p=93.74°
MgsB,04 038-1475 Primitive orthorhombic a=0.540, b=0.842, c=0.451

DSC scans of the as-blended and 5 min of mechanically activated HfCl;-B,0O3-Mg
powders are displayed in Figure 4.30(a). As-blended powders have two small
endotherms peaking at about 190 and 245 °C corresponding to the dehydration of
small amount of H3BO3 in the structure of B,O3 and sublimation of small amount of
HfCl, remained in the structure of HfOCI,.4H,O and HfOCI,.6H,0 phases which
was not detected by the XRD analysis due to its detection limit (> 2 wt.%). These
two endotherms are very slight in the mechanically activated powders. It was
previously reported that the vaporization of water adsorbed onto the B,Oj3 structure
occurred at about 190 °C (Balci et al., 2015). Also, anhydrous HfCl, was found to be
sublimed at the temperature range of 240-300 °C (Barraud et al., 2006). Surprisingly,

the melting of B03 (Tmeiing=450 °C) was not observed with an endothermic peak in
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the as-blended powders. This phenomenon can be attributed to the non-isothermal
fast DSC heating conditions carried out in an alumina crucible in which particles of
the raw materials react with each other in a very small volume (Balc et al., 2015).
There are small endothermic peaks with maximum points at about 650 °C in the as-
blended and mechanically activated powders, indicating the melting of Mg.
However, this endotherm is more clear in the mechanically activated powders,
possibly because of the distributed active Mg particles. The formation of MgO phase
cannot be observed from the DSC scans of the powders which it means that a
reduction reaction did not take place between the reactant particles. Moreover, an
endotherm with an onset temperature of 660 °C and a peak point of 750 °C in the as-
blended powders shows the decomposition of HfOCI,.4H,O and HfOCI,.6H,0
phases. Similarly, the decomposition temperature of partially hydrated ZrCl, was
reported as below 700 °C (Barraud et al., 2006). A very small exotherm peaking at
about 760 °C in the as-blended powders can be attributed to the formation of Mg
borate phases which was formerly found to occur at a temperature range of
700-1000 °C in different compositions (MgB4O;, Mg.B,Os and Mg3;B,0g)
(Agaogullart et al., 2012b). Furthermore, a very broad endothermic peak with a
maximum point of 1120 °C may be an overlapping peak of boiling of residual Mg
and emergence of HfO, phase as a result of HfOCI,.4H,O and HfOCI,.6H,0
decompositions. This endotherm shifts to a lower temperature (about 1050 °C) in the
mechanically activated powders than that of as-blended one. It contains the
decomposition of hydrated oxychloride compounds, emergence of Mg borate and
HfO, phases and boiling of Mg in the broad overlapping peak without showing any
individual endothermic and exothermic peaks. It can be said that mechanically
activated powders with active and distributed particles have a simultaneous
formation of MgO, Mg borate and HfO, phases after penetration of Mg melt through
the decomposed HfOClI,.4H,0 and HfOCl,.6H,0 phases. Figure 4.30(b) exemplifies
the XRD pattern of the mechanically activated powders after DSC heating. The
emerged phases such as HfO,, MgO and Mgs;B,O¢ after heating up to 1200 °C
confirm the DSC scans of the powders. It should be also noted that HfB, phase could
not be obtained even after heating of the mechanically activated powders to an

elevated temperature without a holding time.

107



mechanically
activated

Heat Flow (a.u.)
exothermic —

as-blended

I ! I ! I ! I ! [ ! I ! | ! I ! I ' I ! | !
100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperature (°C)

(@)

¢ HO, ® MgO # Mg B.O,

Intensity (a.u.)

S 4

rFrTYrTTrYr~ rrr~r 1+ 1 1+ 17~ 1+ 1 7 v1r vrrvrIrT
10 16 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20 (degree)

(b)

Figure 4.30 : (a) DSC scans of the as-blended HfCl4-B,03-Mg powders and
those mechanically activated for 5 min, and (b) XRD pattern of the mechanically
activated powders after DSC heating.

4.3.2. Phase analyses of the powders after autoclave processing

XRD patterns of the as-blended powders and those of mechanically activated after
reaction in the autoclave (for 6 and 12 h) are shown in Figure 4.31 (a)-(d). As seen in
Figure 4.31 (a)-(b), HfO,, HfH;i, MgO, Mg,Hfs01,, MgCl, and MgCl,.6H,0
phases and a very small amount of HfB, phase were detected in the as-blended
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powders after autoclave processing for 6 and 12 h. Dissimilar to the as-blended
powders after autoclave reaction for 6 h (Figure 4.31(a)), 12 h of processed powders
have also MgCl,.H,O phase with a decrease in the peak intensity of MgCl, (Figure
4.31(b)). However, autoclave reaction of mechanically activated powders both for 6
and 12 h yielded the major HfB, phase in addition to the HfO,, MgO, Mg,Hfs015,
MgCl, and MgCl,.6H,0O phases (Figure 4.31(c) and (d)). Extending the reaction
duration of the autoclave processing of mechanically activated powders did not affect
the nature of emerged phases but it slightly increased their intensities in the XRD
peaks. Although the HfH; 93 phase was detected in the as-blended powders after
autoclave reaction for 6 and 12 h (Figure 4.31(a) and (b)), there was not an indication
of its presence in the mechanically activated ones (Figure 4.31(c) and (d)). In an
investigation on the high-energy ball milling of HfCl;-B-Mg powder mixtures,
Barraud et al. (2005) reported the reduction of partially hydrated HfCl, mainly to the
HfHy and subsequently to the HfB, phase. The formation of HfH, (1.6<x<2) was
also determined by Begin et al. (2004) during the milling of HfCl4;-B-Mg powder
blends. It can be stated that 5 min of mechanical activation before autoclave reaction
induced the occurrence of HfB, without any detection of the HfH; g3 phase. Also, it is
surprising to observe the presence of the Mg,Hfs0,, phase after autoclave reaction of
the both as-blended and mechanically activated powders. Indeed, there is no detailed
information about the presence of the Mg,Hfs01, phase in the archival literature. It
was previously introduced in the binary phase diagram of the HfO,-MgO system
(Wu and Jin, 1997). According to this phase diagram, Mg,HfsO;, phase emerges at
28.57 % molar amount of MgO, is stable at the temperature range of 1370-2348 °C
and decomposes into monoclinic HfO, and MgO phases below this temperature
range (Wu and Jin, 1997). Although the autoclave reaction was carried out at 500 °C
which is far below than the stability range, the observed Mg,HfsO;, phase can be
attributed to the pressurized atmosphere (about 22 bar) in the reaction vessel and the
higher affinity of HfFOCI,.4H,0 and HfOCI,.6H,0 phases compared with that of the
stable HfO, phase. Furthermore, the differences in the phase composition of the as-
blended and mechanically activated powders following autoclave reaction obviously
revealed the effect of mechanical activation (Figure 4.31(a)-(d)). The amount of the
HfB, phase substantially increased due to homogeneous distribution of particles
throughout the microstructure and enhancement of their reactivity by means of

mechanical activation. Similarly, the effect of mechanical activation on the reaction
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yield was also reported in the previous studies pertinent to the preparation of some
boron-based products by milling-assisted solid-state synthesis methods
(Akgamli et al., 2016; Agaogullari et al., 2012b; Balc1 et al., 2012; Balc1 et al., 2015).
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Figure 4.31 : XRD patterns of the as-blended HfCl,-B,03-Mg powders and those of
mechanically activated for 5 min after autoclave processing at different durations:
(a) as-blended powders after 6 h, (b) as-blended powders after 12 h, (c) mechanically
activated powders after 6 h and (d) mechanically activated powders after 12 h.

Figure 4.32(a)-(d) illustrates the XRD patterns of the as-blended HfCl;-B,03-Mg
powders and those mechanically activated for 5 min followed by reaction in the
autoclave (for 6 or 12 h) and subsequent washing and leaching treatments. The XRD
patterns indicate that MgCl,, MgCl,.6H,0, MgCl,.H,O and MgO by-products were
completely removed from the powders by washing and HCI leaching. After
purification steps, as-blended powders contained HfHjgs, HfO, and Mg,Hfs0;,
phases with a very small incubation of HfB, (Figure 4.32(a) and (b)). However, there
are only HfB,, HfO, and Mg,Hfs01, phases in the mechanically activated powders
after autoclave reaction and purification (Figure 4.32(c) and (d)). The XRD
intensities of HfO, and Mg,Hfs0;, phases decreased as the duration of autoclave
processing increased from 6 to 12 h. Moreover, the Rietveld refinement method was
conducted on the purified mechanically activated powders with the aim of

determining the estimated amounts of the HfB, phase. The HfB, amount in the
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purified powders synthesized by autoclave processing for durations of 6 and 12 h
were calculated as 35.6 and 79.6 %, respectively. Thus, this increase in the amount of
HfB, proves that extending autoclave processing durations affected the final phase

composition by providing a steady-state condition (Figure 4.32(c) and (d)).
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Figure 4.32 : XRD patterns of the as-blended HfCl;-B,03-Mg powders and those
mechanically activated for 5 min after autoclave processing at different durations and
subsequent purification: (a) as-blended powders after 6 h, (b) as-blended powder
after 12 h, (c) mechanically activated powders after 6 h and (d) mechanically
activated powders after 12 h.

Figure 4.33(a) and (b) show the FTIR spectra of the utilized B,O3; and HfCl, raw
materials for comparison. The B,O3; powders show IR absorptions at the wave
numbers of 948 cm® (B-O symmetric stretching), 1055-1222 cm™ (B-O
asymmetrical stretching), 1307-1496 cm™ (B—O asymmetrical stretching), 2255 and
2368 cm™ (B—H mode), 3018-3585 cm™ (B—OH mode) (in Figure 4.33(a)) [41-43].
The HfCl, powders have IR absorptions at the wave numbers of 929 cm™ (modes of
coordinated water), 1044 cm™ (Hf-OH bonds: bridging hydroxide deformation),
1620 cm™ (bending mode of water molecules coordinated to cations), 2050 cm™
(Harmonic and/or combination of vibration bands of Hf~OH), 2363 cm™ (harmonic
and/or combination of vibration bands of water) and 2710-3481 cm™ (OH stretching

of water molecules) are determined (Figure 4.33(b)) (Barraud et al., 2006).

111



(f)

(e)
S ©
s -
§ = = 3 S
)
2| 28 = = x \
e o2 = =}
AN ! 2 7
= LY i}
< <
o o © =@ =
@ @ ‘j: wlv Z E )
(@)
| ! I i I | ! | ! 1
1000 1500 2000 2500 3000 3500

Wave number (cm™)

Figure 4.33 : FTIR spectra of the (a) B,O3 raw material, (b) HfCl, raw material,
(c) as-blended HfCl4-B,0O3-Mg powders, (d) those mechanically activated for 5 min,
(e) those autoclave processed for 12 h and (f) those purified with washing and
leaching treatments.

The Hf- OH bonds evolve inevitably because of the extreme hygroscopic character
of HfCl, powders which form HfOCI,.4H,0 and HfOCI,.6H,0 phases. Figure 4.33
(c)-(f) illustrates the FTIR spectra of the as-blended HfCl,-B,03-Mg powders and
those of mechanically activated for 5 min, subsequently autoclave processed for 12 h
and purified, respectively. As expected, the FTIR spectra of the as-blended (Figure
4.33 (c)) and mechanically activated powders (Figure 4.33 (d)) are similar but a
small decrease in the peak intensities and slight deflection in the peaks are observed
(Akg¢amli et al., 2016). In the FTIR spectrum of the HfCl;-B,O3-Mg powders after
mechanical activation for 5 min and autoclave processing for 12 h (in Figure 4.33
(e)), two small absorption peaks in the vicinities of 1625 and 3330 cm™ can be
identified, which respectively pertains to hydroxyl groups present in the structure of
MgCl,.6H,0 by-product. On the other hand, the absence of the Hf-OH and B-O
peaks in the FTIR spectra of the mechanically activated and autoclave processed
powders (Figure 4.33 (e)) indicates that there is no unreacted HfOCI,.4H,0,
HfOCI,.6H,0O and B,0O3; phases remained after reaction. On the other hand, in the
FTIR spectra of the purified powders (Figure 4.33 (f)), no absorption corresponding
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to O-H bands were detected, which indicates the complete elimination of the
MgCl,.6H,0 phase.

Figure 4.34 (a) and (b) illustrate the SM images of the as-blended HfCl;-B,03-Mg
powders and those mechanically activated for 5 min. The progress of the reaction can
be followed with the general appearances and color changes of the powders. The
differences between the as-blended and mechanically activated powders are quite
noticeable. Whereas as-blended powders have white B,O3 particles embedded in the
dark gray matrix containing HfOCI,.4H,0, HfOCI,.6H,O and Mg powders, the
mechanically activated powders have more uniform size and phase distribution
throughout the microstructure. Milling for 5 min provided a close contact between
the reactant particles and created activated species for the subsequent autoclave
reaction. The SM images of the powders prepared by mechanically activated
autoclave processing (for 12 h) and purification treatments are shown in
Figure 4.34 (c) and (d), respectively. The general morphologies and colors of the

powders changed resulting from the chemical reaction in the autoclave. The shiny or

Figure 4.34 : SM images of the (a) as-blended HfCl;-B,03-Mg powders, (b) those
after mechanical activation for 5 min, (c) those after reaction in the autoclave for
12 h and (d) those after purification.

113



lighter Mg-based particles such as MgO, MgCl, and MgCl,.6H,O are clearly
observed in Figure 4.34 (c). After the removal of these impurities, the powders

exhibit a homogenous microstructure (Figure 4.34(d)).

SEM images of the powders obtained after mechanical activation for 5 min,
autoclave reaction for 12 h and purification are shown in Figure 4.35 (a) and (b) at
different magnifications. There are large agglomerates smaller than 600 nm, in which
spheroidal particles are embedded. Figure 4.35 (c) is the corresponding general EDS
analysis of the powders. The EDS measurement shows the existence of Hf, B, O and
Mg elements in the microstructure and their compositions were determined as 86.86,
5.89, 6.77 and 0.48 wt.%, respectively. The EDS analysis is in good accordance with
the XRD analysis of the purified powders (Figure 4.35 (d)) in which HfB,, HfO, and
Hf,Mgs0;, phases were determined. Particle size distribution curve illustrated in
Figure 4.35 (d) reveals an average value of 189.7 nm. Considering the SEM images
and PSA analysis, it can be said that obtained powders have a uniform distribution
throughout the microstructure. Although autoclave or solvothermal synthesis
methods are quite new applications for preparation of boride compounds, they have
been attracting great interest owing to some advantageous such as size control
(nano-scaled) and morphology (rod, cube, sheet, i.e.) of the particles (Chen et al.,
2012; Ma et al.,, 2003). Moreover, autoclave synthesis is considered as an
environmentally friendly method because the process proceeds in a closed/isolated
system and it saves energy by low synthesis temperature (Feng and Li, 2011; Feng
and Xu, 2001). It was stated that the usage of relatively mild temperatures which are
high enough to trigger crystallization but still low enough to avoid excessive grain
growth (ideally in the range of 500-900 °C), enables to obtain nanostructures
(Portehault et al., 2011). In a previous study in which HfB, powders were prepared
by a reaction of HfCl, with NaBH, at 600 °C in an autoclave, it was stated that the
powders had small particle size range of 20-30 nm (Chen et al., 2004c). In another
study in which a chemical reaction in an autoclave were utilized for the synthesis of
different borides such as TiB, and ZrB, from related oxides and amorphous B in the
presence of elemental Na and S, particle size of the TiB, and ZrB, products were
respectively reported as 100 and 500 nm after related washing and leaching
treatments (Chen et al., 2012). It can be said that the particle size of the boride

products strongly depends on the decomposition or melting temperature of boron
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source. If boron source can be easily decomposed and/or volatilized, the final size of
the particles will be finer than that of the melted one. Since B,O3 has a melting
temperature of 450 °C and a vapor-liquid-solid (VLS) reaction took place during the
autoclave processing at 500 °C, the average particle size of the synthesized powders
was obtained as about 190 nm. Also, there are some studies showing that boride
compounds can be produced by autoclave synthesis route in different morphologies
like rods, cubes or flakes (Chen et al., 2004c; Ma et al., 2003). Zhang et al. prepared
LaBg nanocubes by utilizing LaCl3.7H,0, B,O3 and excessive Mg in a stainless steel
autoclave (25 ml) at 500 °C for 4 h. The optimum reaction temperature was
determined as about 500 °C and further increase in the reaction temperature resulted
in an increase in the particle size (Zhang et al., 2008). The formation mechanism was
explained as a three-step reaction: the reduction of B,O3 and lanthanum chloride salt
with Mg and the reaction between elemental lanthanum and boron to form metal
boride (Zhang et al., 2008). However, in this study it is believed that the reaction

mechanism is more complicated since HfCl, firstly converted to HfFOCI,.4H,0 and
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Figure 4.35 : (a)-(b) SEM images, (c) general EDS analysis (c) and (d) PSA analysis
of the powders obtained after mechanical activation (for 5 min), autoclave reaction
(for 12 h) and purification treatments.
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HfOCI,.6H,O phases due to its hygroscopic behavior. While small amount of
remained HfCl, sublimed in the structures of HfOCI,.4H,O and HfOCI,.6H,0
phases, B,O3; and Mg melt diffused through the particles. The decomposition of
HfOCl,.4H,0 and HfOCI,.6H,0 phases, formation of HfO, and MgO phases and
initiation of HfB, phase occurred simultaneously by the effect of pressurized
atmosphere. Meanwhile, an amount of Mg,HfsO;, emerged from the reaction of
HfO, and MgO phases together with the reduction by-products (MgO, MgCl,,
MgCl,.6H,0).

With the aim of revealing the distribution of different phases in the synthesized
powders, SEM/EDX analyses were conducted. Figure 4.36 (a)-(e) represent the
secondary electron SEM image and related elemental maps for Hf, O, B and Mg
belongs to the HfCl;-B,03-Mg powder blends mechanically activated, autoclave
processed and subsequently purified with distilled water and 4 M HCI.
Figure 4.36 (b) reveals the homogenous distribution of Hf throughout the
microstructure. The weak signals belong to B (in Figure 4.36 (d)) can be explained
with the suppression of B signals by the strong signals of Hf, O and Mg. The
elemental Hf map coincides almost entirely with elemental B and O maps (Figure
4.19 (c) and (d)) indicating related phases. Therefore, the elemental maps confirm the

formation of HfB, and HfO, phases and also their uniform distribution throughout

@ (©

Figure 4.36 : SEM/EDX analyses of the milled (for 3 h) and purified powders: (a)
SEM image and corresponding elemental maps for (b) Hf, (c) O, (d) B and (e) Mg.
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the microstructure. Moreover, the elemental Mg map which almost entirely
coincidences with the elemental Hf and O maps so it indicates the Mg,Hfs0;, phase.
The removal of MgO phase by HCI leaching is a relatively well known process and it
was shown in the previous studies (Agaogullari, 2014; Ricceri et al., 2004). Thus, the
existence of Mg even after leaching with 4 M HCI solution should be related with the
Mg.HfsO;, phase, which was also determined in the XRD analysis of purified

powders in Figure 4.32.

Finally, the HfB,-HfO, powders were synthesized by mechanically acivated
autoclave processing of the HfCl;-B,O3-Mg powder blends. Dissimilarly from the
mechanochemical route, during the autoclave processing, the effects of heating and
autogen pressure on the types and amounts of obtained phases were observed. It was
determined that the amount of the HfB, phase in the powders synthesizey by
autoclave process was higher than that of mechanochemically synthesized ones.

4.4 The synthesis of HfB, Powders Blends by Autoclave Processing

The HfB, powders were synthesized from HfCl,-NaBH;-Mg powder blends in the
autoclave at 500 °C for 12 h under autogenic pressure conditions. A relatively low
synthesis temperature of 500 °C was utilized for the synthesis of HfB, powders by
taking the advantageous of autoclave synthesis route. Different excess amounts of
NaBH, were utilized with the intention of investigating their effects on the reaction
products. After the autoclave process, additional heat treatments at different
temperatures (750, 1000 and 1700 °C) were applied to determine any probable
changes in the phases. The single phase HfB, powders were achieved to synthesize
from the HfCl;-NaBH;-Mg powder blends having 200 wt.% excess NaBH, after a
series of treatment which are autoclave processing at 500 °C for 12 h, subsequent

annealing at 1000 °C for 3 h and leaching with 4 M HCI.

4.4.1 The synthesis of HfB, powders from HfCl;-NaBH4-Mg powder blends by

autoclave processing

XRD patterns of the stoichiometric HfCl,-NaBH4-Mg powders and those having 100
and 200 wt.% excess amounts of NaBH, after the autoclave process at 500 °C for
12 h are shown in Figure 4.37 (a) to (c). After the autoclave reaction, HfB, (ICDD
Card No: 038-1398, Bravais lattice: primitive hexagonal, a=b=0.314, ¢=0.347 nm),
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HfO, (ICDD Card No: 034-0104, Bravais lattice: primitive monoclinic, a=0.528,
b=0.518, ¢=0.511 nm, =99.259°), NaCl (ICDD Card No: 005-0628, Bravais lattice:
face-centered cubic, a=b=c=0.564 nm), MgCl,.6H,0, (ICDD Card No: 025-0515,
Bravais lattice: base-centered monoclinic, a=0.987, b=0.711, c¢=0.608 nm,
=93.740°) and Mg;B,05 (ICDD Card No: 073-2232, Bravais lattice: primitive
triclinic, a=0.619, b=0.922, ¢=0.312 nm, 0=90.400°, $=92.130°, y=104.320°) phases
were determined in the XRD patterns. Additionally, the low intensities of HfB, and
HfO, phases (in the Figure 4.37 (a) to (c)) indicate the low crystallinity of these

phases, which can be attributed to the comparatively low synthesis temperature.
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Figure 4.37 : XRD patterns of the HfCl,-NaBH4-Mg powder blends having different
excess amounts of NaBHy: (a) 0 wt.%, (b) 100 wt.% and (c) 200 wt.%, after
autoclave processing at 500 °C for 12 h.

During the autoclave processing at 500 °C, HfCly (boiling point: 432 °C) and NaBH,
(boiling point: 500 °C) present in gas-State while Mg exists in solid-state. Therefore,
the synthesis reaction is based on a heterogeneous type chemical reaction. The

overall reaction is given in the reaction (3.5).

It was stated that the NaBH, is decomposed to give BH3 and NaH at 500 °C

according to the reaction (4.1) given below:

NaBH, — BH; + NaH (4.1)
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The BH; reacts further with HfCl, to form HfB, and HCI, at the same time HCI
immediately reacts with NaH and Mg to yield H,, NaCl and MgCl, according to

reaction (4.2):

HfCl, + 2NaH + 2BH; + Mg — HfB, + 2NaCl + MgCl, + 4H, (4.2)

After the autoclave reaction, the obtained powders were washed with distilled water
for the removal of water-soluble chloride salts like NaCl and MgCl,. XRD patterns
of the powders after washing with distilled water are illustrated in
Figure 4.38 (a) to (c). By the removal of water-soluble salts, the determined phases in
the XRD patterns were HfB,, HfO, and Mg,B,0s. The presence of HfO, and
Mg,B,0s phases is caused by the unavoidable evolution of hafnium oxychloride
(HfOCl,.xH,0) compounds according to reaction (3.1). The HfOCI,.xH,O is

decomposed to HfO, phase during the reaction upon heating.
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Figure 4.38 : XRD patterns of the HfCl,-NaBH4-Mg powder blends having different
excess amounts of NaBHj,: (a) 0 wt.%, (b) 100 wt.% and (c) 200 wt.%, after reaction
in the autoclave at 500 °C for 12 h and washing with distilled water.

FTIR spectra of the autoclave gases evolved during the reaction of the HfCl,-NaBH;-
Mg blends having 200 wt.% excess NaBH,4 at 500 °C for 12 h are shown in Figure
4.39. After completion of the autoclave reaction, the gaseous products were cooled to

the room temperature and were fed into the gas cell of FTIR unit which was heated
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to 220 °C for preventing condensation. There are only HCI and H3BOj3 peaks in the
FTIR spectra of reaction gases as can be seen from the Figure 4.39. The formation of
HsBO; peaks approximately at the wavenumbers of 1300 and 3030 cm™ most likely
arose from the reaction between the BH3 and oxygen or humidity (Agaogullari et al.,
2011). The BHg; are evolved by the decomposition of NaBH, (according to reaction
(4.1)) over 400 °C and oxygen or humidity might be derived from the partially
hydrated hafnium tetrachloride powders (such as HfOCI,.4H,0 and HfOCI,.6H,0)
(Chen et al., 2004a). The HCI peaks at wavenumbers between 2800 and 3200 cm™
proves the formation of HfB, according to the overall reaction (3.5) (Agaogullar et
al., 2011). In addition, any peaks belonging to the HfCl, gas was not determined in
the FTIR analysis, which can be explained by its total consumption during autoclave
process for 12 h.
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Figure 4.39 : FTIR spectra of autoclave gases evolved during the reaction of
HfCl,-NaBH4-Mg blends having 200 wt.% excess NaBH, at 500 °C for 12 h.

After the autoclave process conducted at 500 °C for 12 h and washing with distilled
water, the obtained powders were annealed at higher temperatures in order to
increase peak intensities and to investigate the any changes in the detected phases.
Two different annealing temperatures (750 and 1000 °C) were selected to observe

the effect of annealing temperature on the formed phases.

XRD patterns of the HfCl,-NaBH4-Mg powder blends having different excess
amounts of NaBH, after the autoclave process, washing with distilled water and

annealing at 750 °C for 3 h are given in Figure 4.40 (a)-(c). The XRD patterns of
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powders after annealing at 750 °C do not show a significant difference compared to
the synthesized and water-washed ones, as can be seen from the Figure 4.38 and
Figure 4.40. However, an amount of increase in the intensities was observed by the

effect of the heat treatment.
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Figure 4.40 : XRD patterns of the HfCl,-NaBH4-Mg powder blends having different
excess amounts of NaBHj, : (a) 0 wt.%, (b) 100 wt.% and (c) 200 wt.%, after reaction
in the autoclave at 500 °C for 12 h, washing with distilled water and annealing at
750 °C for 3 h.

The XRD patterns of the HfCl,-NaBH;-Mg powders after reaction in the autoclave
for 12 h, leaching with distilled water and annealing at 1000 °C for 3 h are given in
Figure 4.41 (a)-(c). The increase in the annealing temperature gave rise to significant
changes in the intensities of the different phases. Especially in the XRD patterns of
HfCl,-NaBH4-Mg powders with 200 wt.% excess NaBH,, very few amount of HfO,
were detected. On the other hand, the amount of HfO, phase is higher in the XRD
patterns of stoichiometric HfCl;-NaBH4-Mg powders and in those including
100 wt.% of excess NaBHy,. In addition, the Mg,B,0s phase was determined in the
XRD patterns of HfCl,-NaBH,-Mg powders having different excess amounts of
NaBHj, after the annealing at 1000 °C.
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Figure 4.41: XRD patterns of the HfCl,-NaBH4-Mg powder blends having different
excess amounts of NaBHj, : (a) 0 wt.%, (b) 100 wt.% and (c) 200 wt.%, after reaction
in the autoclave at 500 °C for 12 h, washing with distilled water and annealing
at 1000 °C for 3 h.
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XRD pattern of the HfCl,-NaBH4-Mg powders containing 200 wt.% excess NaBH,4
after reaction in the autoclave, washing with distilled water, annealing at 1000 °C

and subsequent HCI leaching are shown in Figure 4.42. The magnesium borate phase
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Figure 4.42 : XRD pattern of the HfCl,-NaBH4-Mg powder blends having 200 wt.%
excess amounts of NaBHj, after reaction in the autoclave at 500 °C for 12 h, washing
with distilled water, annealing at 1000 °C for 3 h and leaching with 6 M HCL.
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was dissolved out by 6 M HCI leaching. By the elimination of the Mg,B,0s phase,
the HfB, phase was observed as a single phase in the XRD pattern. Even though
slight amount of HfO, was detected after heat treatment at 1000 °C, any peaks
belonging to the HfO, phase was not determined in the XRD patterns of powders
after HCI leaching. This situation might be induced by the suppression of HfO, phase
by the intensive peaks of HfB, phase.

An additional heat treatment was conducted at 1700 °C for 6 h to reveal the presence
of residual HfO, phase or any impurity which could not be detected in the XRD
patterns of powders annealed at lower temperatures. The XRD pattern of the HfCl,-
NaBH,4-Mg powders containing 200 wt.% excess amount of NaBH, after reaction in
the autoclave, washing with distilled water, annealing at 1700 °C for 6 h and
purification with 6 M HCI is given in Figure 4.43. In the XRD pattern, the HfB,
phase with very low amount of HfO, phase was detected. In addition, any other
residual impurity was not determined within the detection limit of XRD, thus it was

shown that synthesized HfB, powders have high purity.
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Figure 4.43 : XRD patterns of the HfCl,-NaBH4-Mg powder blends having
200 wt.% excess amount of NaBHj, after reaction in the autoclave at 500 °C for 12 h,

washing with distilled water, annealing at 1700 °C for 6 h and leaching
with 6 M HCI.

The SM images of the HfCl,-NaBH4-Mg powders having 200 wt.% excess NaBH,4
after reaction in the autoclave at 500 °C for 12 h and subsequent washing with

distilled water are shown in Figure 4.44 (a) and (b), respectively. The as-synthesized
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powders obtained after the autoclave processing have a lighter gray color and
inhomogeneous structure in Figure 4.44 (a). After the rinsing, they have a similar
appearance with a darker color. In addition, shiny or lighter particles in Figure 4.44
(@) and (b) might be metal chloride salts or MgO. SM images of the synthesized
powders after the annealing at 1000 °C and subsequent purification are illustrated in
Figure 4.44 (c) and (d), respectively. The synthesized powders illustrate more
uniform appearance after annealing treatment whereas some lighter impurities
(lighter particles) are still noticeable. On the other hand, by the elimination of these
impurities by related leaching treatments powders gain a pure and homogenous
appearance.

(©) (d)
Figure 4.44 : SM images of the HfCl,-NaBH4-Mg powder blends having 200 wt.%
excess NaBH, after: (a) processing in the autoclave at 500 °C for 12 h and

subsequent, (b) washing with distilled water, (c) annealing at 1000 °C and
(d) leaching with 6 M HCI.

Figure 4.45 (a) and (b) illustrate secondary electron SEM images of the HfCl,-
NaBH4-Mg powders having 200 wt.% excess NaBH, after the autoclave process
(at 500 °C for 12 h) and subsequent washing with distilled water at different
magnifications. The powders include irregular particles and uneven particle size
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distribution after the autoclave synthesis and subsequent water washing.
Figure 4.45 (c) presents the results of general EDS analysis of the same powders
shown in Figure 4.45 (a) and (b). The EDS analysis demonstrates the presence of Hf,
B, O and Mg elements after the autoclave process and washing. The EDS analysis
results complies well with XRD findings in Figure 4.38 (c) having HfB,, HfO, and
MgO phases.
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Figure 4.45 : (a)-(b) SEM images of the HfCl,-NaBH4-Mg powders having

200 wt.% excess NaBHj, after reaction in the autoclave and washing with distilled
water at different magnifications and (c) its corresponding EDS analysis.

Figure 4.46 (a) and (b) illustrate secondary electron SEM images of
HfCl,-NaBH4-Mg powders having 200 wt.% of excess NaBH, after the autoclave
process (at 500 °C for 12 h), washing with distilled water, annealing at 1000 °C for 3
h and subsequent leaching with 6 M HCI at different magnifications. In the SEM
images, powders having rounded-shaped morphology having observable particle size
less than 200 nm are monitored. The graph of general EDS analysis which was
conducted on the synthesized powders is given in Figure 4.46 (c). The EDS analysis

revealed the presence of Hf, B and O elements. The O amount in the powders was
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measured as 4.56 wt.% which is attributed to the surface oxides formed during the
handling of the powders at laboratory conditions and the presence of very few
amount of probable HfO, phase. The PSA graph of the powders is illustrated in
Figure 4.36 (d) and the average particle size of powders was measured as 145.2 nm

which was compatible with the SEM images.
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Figure 4.46 : (a)-(b) SEM images of the HfCl,-NaBH4-Mg powders having
200 wt.% excess NaBHj, after reaction in the autoclave, washing with distilled water,
annealing at 1000 °C for 3 h and leaching with 6 M HCI, corresponding
(c) EDS analysis and (d) PSA analysis.
Chen et al. (2004b) prepared nanocrystalline HfB, powders in a stainless steel
autoclave with quartz tube by the reaction of 5 mmol HfCl; and 30 mmol NaBH,
(200 mol.% excess) at 600 °C. It was stated that both the crystallinity and crystallite
size of the HfB; increased by increasing temperature over 500 °C. On the other hand,
no HfB, formation was observed when the temperature was lower than 450 °C. The
formation reaction was based on the interaction between the HfCl, and BH3 (formed

by the decomposition of NaBH,; at about 500 °C). It was also stated that the
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increasing pressure in the autoclave could be beneficial for the HfB, formation
(Chen et al., 2004b). The overall reaction was described as in (3.5).

Additionally, ZrB, powders were prepared by a similar reaction between ZrCl, and
NaBH, in a stainless steel autoclave with a quartz liner at the temperatures between
450 and 700 °C for 6, 12 and 24 h (Chen et al., 2004c¢). Similar results were reported
with the HfB, synthesis mentioned above and it was stated that when reaction time
was less than 6 h, the formation reaction was not completed and the crystallinity was
relatively poor. However, varying the reaction time between 12 and 24 h did not

significantly affect either the crystallinity or the crystallite size.

Chen et al. (2004a) also prepared nanocrystalline TiB, powders by the reaction of
TiCl, (analytical pure liquid, Tg: 136.4 °C) and NaBH, at a temperature range of
500-700 °C in an autoclave by a similar method with HfB, and ZrB, synthesis. The
TiB; had 20 nm particle size at 600 °C.

Cai et al. (2010) synthesized nanocrystalline Co,B via a reaction of CoCl, with
NaBH, in the temperature range of 500-600 °C in an autoclave. The formation

reaction of Co,B was given as follows:

2CoCl; + BH3 +NaH — Co,B + NaCl + 3HCI1 + %4 H, (4.3)

According to Cai et al. (2010) when the temperature increases up to 500 °C, NaBH4
begins to decompose forming BH3; and NaH gases in relation to reaction (4.1). The
BHj3 reacts with CoCl,, and Co,B forms together with HCI and H, by-products. It
was asserted that the high pressure enables the formation of crystalline Co,B at these
low temperatures. The crystallinity or the yield of the Co,B did not change
significantly varying the duration of the reaction between 10 and 24 h. Thus, this was
considered as an indication for rapid progress of the reaction between CoCl, and
NaBH,, once it is triggered. The average particle size of Co,B was stated as 80 nm
(Cai etal., 2010).

LaBs powders were prepared in a stainless steel autoclave (25 ml capacity) starting
from LaCl;.7H,0, NaBH, and Mg at 400 °C (Zhang et al., 2008). It was stated that
the reaction temperature and time played an important role on the formation of LaBg
powders and no LaBg formation observed if the temperature below 350 °C, also

varying the reaction time between 4 and 12 h did not cause a significant change in
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the crystallinity or morphology of the powders. The mean particle size of powders
was 30 nm (Zhang et al., 2008).

Feng et al. (2004) proposed a solvothermal route for synthesis of Ni,B powders. The
reaction took place between NiCl, and NaBH; at 420 °C by using benzene as
solvent. Anhydrous NiCl, (4.1 g) and NaBH, (0.6 g) were placed in a stainless steel
autoclave, then benzene was added to the autoclave up to 70% of the total volume
and it was kept at 420 °C for 12 h. The sublimation and decomposition point for the
NiCl, and NaBH, were stated as 300 and 400 °C, respectively. Accordingly, a gas-
gas reaction between the NiCl, and BH3; occurred and the Ni,B was obtained. Feng et
al. (2004) interpreted the role of NaCl by-product as vital to obtain nanocrystalline
Ni,B powders. It was stated that the NaCl prevented the agglomeration of Ni,B
powders and improved the dispersivity, so it ensured to acquire highly crystalline

Ni,B powders with an average size of 20 nm.

Figure 4.47 (a) through (d) represent the bright field (BF) TEM images and the
corresponding  selected area diffraction pattern (SADP) taken from
the HfCl,-NaBH,4-Mg powders having 200 wt.% of excess NaBH, after the autoclave
process (at 500 °C for 12 h), washing with distilled water, annealing at 1000 °C for
3 h and subsequent leaching with 6 M HCI. Figure 4.47 (c) is a BF image taken from
a general region showing agglomerates comprising polygonal/spheroidal-shaped
particles in sizes varying between 50 and 200 nm, which were also determined in the
SEM and PSA results. However, there are spheroidal particles having sizes below
300 nm, which are attached to the large agglomerates. The SADP (Figure 4.47 (d))
taken from the region marked in Figure 4.47 (c) reveals the polycrystalline hexagonal
HfB, phase.

Consequently, the HfB, powders were prepared by the autoclave processing of
the HfCl,-NaBH4-Mg powder blends after annealing and purification steps in high
purity and nanoscale. The results showed that the usage of excess amount of NaBH,

Is need to obtain single phase HfB, powders and elimination of HfO, phase.

128



(110)

(101)
100y

10 1/nm

(d)

Figure 4.47 : TEM images of the powders milled for 1 h and annealed at 1100 °C:
(@), (b) bright-field (BF) images and (c) and (d) its corresponding selected area
diffraction pattern (SADP).

4.5 The other powder blends investigated for HfB,-based powder synthesis by

autoclave processing

The HfB,-based powder synthesis was also investigated by utilizing different powder
blends in scope of the autoclave process. For this purpose, four different powder
systems which are HfCl;-H3BO3-Mg; HfCl4-B (in the presence of NaCl-KCI-MgCly);
HfOCI,.8H,0-B,03-Mg and HfCl;-B-Mg were additionally studied. However, any
HfB, formation could not be observed in XRD analyses after the autoclave

processing of these powder blends.

XRD patterns of the HfCl4-H3BO3-Mg powders having different excess amounts of
H3BO3 (from stoichiometric to 450 wt.% excess) and 30 wt.% of excess Mg after
autoclave process at 500 °C for 12 h, are shown in Figure 4.47 (a)-(d). In the XRD
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patterns of obtained powders HfO,, MgO, MgCl,, MgCl,.4H,O phases were
determined. Additionally, a crust layer showing different appearance from the loose
powders and deposited on sidewalls of the autoclave vessel was observed. In the
XRD patterns of this layer (in Figure 4.48 (d)), Mg3B-013Cl phase was determined.
This phase might form by the effect of pressure evolved in the autoclave during the
reaction for 12 h. On the other hand, any HfB, formation was not detected in the

XRD patterns of powders after autoclave processing.

Figure 4.49 represents the XRD patterns of the HfCl4-H3BO3 (250 wt.% excess)-Mg
(30 wt.% excess) powder blends after autoclave process at 500 °C for 12 h and 6 M
HCI leaching. The only phase detected in the XRD pattern after the purification was
HfO,.
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Figure 4.48 : XRD patterns of the HfCl,-H3BO3-Mg powder blends after autoclave
process at 500 °C for 12 h, with different stoichiometries : (a) HfCl4- H3BO3
(450 wt.% excess)-Mg (250 wt.% excess), (b) HfCl4- H3BO3 (250 wt.% excess)-
Mg (30 wt.% excess), (¢) HfCl4-H3BO3- Mg (30 wt.% excess) and (d) HfCl4- H;BO3
(450 wt.% excess)-Mg (250 wt.% excess)- crust layer.

Figure 4.50 (a) and (b) show SM images of loose powders and crust layer obtained
after the autoclave reaction (at 500 °C for 12 h) of HfCl4-H3BO3 (250 wt.% excess)-
Mg (30 wt.% excess) powders, respectively. The phase difference between the
powder products and crust layer can be easily observed from the SM images in

accordance with XRD analyses.
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Figure 4.49 : XRD patterns of the HfCl;-H3BO3 (250 wt.% excess)-Mg (30 wt.%
excess) blends after the autoclave process at 500 °C for 12 h and 6 M HCI leaching.

(b)

Figure 4.50 : SM images of the HfCl;-H3BO3 (250 wt.% excess)-Mg (30 wt.%
excess) blends after the autoclave process at 500 °C for 12 h: (a) powder products
and (b) crust layer.

Figure 4.51 represents XRD pattern of the HfCl,-B powder blends after the autoclave
synthesis in presence of NaCI-KCI-MgCl; (as an inorganic solvent) at 500 °C for 12
h under starting pressure of 5 bar and washing with distilled water. The NaCI-KCI-
MgCl; salt mixture (with molar ratios of 20, 20 and 60 wt.%, respectively) has the
eutectic temperature of 396 °C (Williams, 2006). The molten salt route was applied
during the autoclave synthesis to enhance the diffusion of reactants through a liquid
phase (Williams, 2006). After the autoclave process, products were washed with
distilled water to remove NaCl, KCI and MgCl, salts. The final products were
vacuum dried at 105 °C. In the XRD pattern of the products after washing with
distilled water, the only detected phase was HfO,, whereas no HfB, formation was

observed.
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Figure 4.51 : XRD pattern of the HfCl4-B powder blends (in the presence of NaCl-
KCI-MgCl; molten salt) after the autoclave process at 500 °C for 12 h under the
starting pressure of 5 bar and subsequent water washing with distilled water.

Ma et al. (2003) synthesized CrB nanorods by a reduction-boronation route at 650 °C
using a molten salt in an autoclave. CrCls (0.015 mol), amorphous B (0.015 mol),
metallic Na (0.045 mol) and 30 g of anhydrous AICI; were placed into a stainless
steel autoclave and it was heated to 650 °C for 10 h. Single-crystalline nanorods of
CrB, with a diameter of 10-30 nm and a maximum length of 1.5 um were obtained.
The growth of CrB, nanorods was described as vapor—liquid—solid mechanism. It
was reported that the molten AICI; salt provides a liquid medium and accelerates the
reaction kinetics by enhancing diffusion. It should be noted that the AICI; has a
boiling point of 186 °C. To obtain a molten AICl; medium, a pressure level higher
than approximately 20 bar should be provided in the autoclave so as to keep away the
AICI; from boiling. Also, the high pressure which was provided by the evaporation
of AICI3; may benefit the vapor—liquid-solid nucleation for the CrB phase. Hence, the
molten salt flux might affect the facilitation of the growth mechanism of the CrB
nanorods. It was also stated that the CrB formation could not be achieved at
temperatures lower than 600 °C, in contrast when the temperature increased over
700 °C an obvious increase in the diameter of CrB rods was determined.
Furthermore, an optimum reaction time was found as 10 h to complete the

boronation reaction (Ma et al., 2003).
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Figure 4.52 shows the XRD pattern of the HfCl,-B-Mg powder blends after the
autoclave synthesis at 500 °C for 12 h under starting pressure of 5 bar. In the XRD
pattern of the obtained powders, HfO,, MgCl,, MgCl,.4H,O and Mg phases were
detected. On the other hand, HfB, phase was not observed in the XRD patterns. The
XRD analysis showed that no reaction between the HfCl,, B and Mg took place to
form HfB; phase.
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Figure 4.52 : XRD pattern of the HfCl4-B-Mg powder blends after the autoclave
process at 500 °C for 12 h under the starting pressure of 5 bar.

XRD pattern of the HfOCI,.8H,0-B,03-Mg powder blends after the autoclave
synthesis at 500 °C for 12 h is illustrated in Figure 4.53. In the XRD patterns, HfO,,
MgO, Mg2(BO3), and MgCl,.4H,0 phases were determined. It was considered that
the B,O3 reacted with MgO during the autoclave process to produce magnesium
borate phase (Mg2(BOs3),). On the other hand, the XRD pattern of the products in
Figure 4.53 does not indicate any HfB, formation after the autoclave reaction for
12 h. It can be asserted that the HfOCI,.8H,0 phase decomposed to yield HfO, at
500 °C, but no reaction between the HfOCl,.8H,0, B,O3; and Mg took place to yield
HfB, phase.
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Figure 4.53 : XRD pattern of the HfFOCI,.8H,0-B,03-Mg powder blends after the
autoclave process at 500 °C for 12 h under the starting pressure of 5 bar.

4.6 Consolidation and Bulk Properties of the HfB, and HfB,-HfO, Powders

The synthesized and purified powders were consolidated to investigate the
microstructural and mechanical properties of the bulk HfB,-based products. Effects
of production method, powder composition and sintering technique on the
microstructural and mechanical properties of the samples were investigated. The
powders obtained by utilizing optimum process parameters and in high qualities were
used in the sintering experiments. The samples were selected as to represent the
synthesis method or phase composition properties of synthesized powders. Two
different sintering techniques as cold pressing/pressureless sintering (PS) (without
and with Co addition) and spark plasma sintering (SPS) techniques were applied to
consolidation of powders. The PS of powders without Co addition was conducted at
1700 °C for 6 h, whereas pressureless sintering with Co addition was applied at
1500 °C for 5 h. Also, SPS of powders was performed at 1700 and 1900 °C for 15
min under pressure of 60 MPa.

Hafnium diboride powders originated from the borothermal reduction of HfCl,
powders after milling for 1 h, annealing at 1100 °C for 1 h and purification were
consolidated by PS with addition of 2 wt.% Co aid (HfB-B-2CoPS). The HfB,-HfO,
powders originated from mechanochemical processing of the HfCl,-B,03-Mg

powders blends by milling for 3 h, HCI leaching, annealing at 1000 °C for 3 h and
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final leaching were consolidated by PS with addition of 2 wt.% Co (HfBO-M-
2CoPS) and SPS at 1700 °C for 15 min (HfBO-M-SPS). HfB,-HfO, powders
originated from autoclave processing of the HfCl4-B,O3-Mg powders after reaction
for 12 h and purification were consolidated by PS (without Co addition) (HfBO-A-
PS) and SPS (HfBO-A-SPS). HfB, powders originated from autoclave processing of
the HfCl,-NaBH4-Mg powder blends (with 200 wt.% excess amount of NaBH,) after
reaction for 12 h, annealing at 1000 °C for 3 h and purification were consolidated by
PS with addition of 2 wt.% Co (HfB-A-2CoPS) and SPS (HfB-A-SPS). The
synthesis methods, raw materials and sintering conditions of the consolidated
samples are listed in Table 4.5. In addition, the sintered samples were identified with

short names and given in the Table 4.5.

Table 4.5 : The raw materials, synthesis method, sintering techniques and names of
sintered powders.

Raw Method Sintering Sintering Sample
material Technique Conditions Name
HfCl,-B Borothermal reduction ~ PS -2wt.% Co 1500 °C, 5h HfB-B-2CoPS

HfCl,-B,05-Mg Mechanochemical synt.  PS -2wt.% Co 1500 °C, 5h HfBO-M-2CoPS
HfCl,-B,05-Mg Mechanochemical synt. SPS 1700 °C, 15 min, 60 MPa HfBO-M-SPS
HfCl,-B,05-Mg Autoclave process. PS 1700 °C, 6 h HfBO-A-PS
HfCl,;-B,05-Mg Autoclave process. SPS 1700 °C, 15 min, 60 MPa HfBO-A-SPS
HfCl;-NaBH,4-Mg Autoclave process. PS -2wt.% Co 1500°C,5h HfB-A-2CoPS
HfCl,-NaBH,-Mg Autoclave process. SPS 1900 °C, 15 min, 60 MPa HfB-A-SPS

4.6.1 Microstructural characterization and density of the sintered samples

Figure 4.54 shows the OM images of the sintered hafnium diboride and hafnium
diboride-hafnium oxide powders consolidated by different conditions and techniques
(PS and SPS). Apparently, it can be seen that the sintered samples have high
densification rates and low porosity amount at the lower magnifications obtained by
OM. On the other hand, the HFBO-A-PS sample (in Figure 4.54(d)) has a higher
porosity amount and lower densification rate compared to spark plasma sintered one
(in Figure 4.54(e)). Therefore, Figure 4.54 (d) reveals that the PS technique which
were applied at 1700 °C for 7 h (without any sintering aid), was not sufficient to
reach a high densification rate, as expected. On the other hand, sintering the same

powders by SPS technique provide significant amount of improvement in the
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Figure 4.54 : OM images of the sintered samples: (a) HfB-B-2CoPS, (b) HfBO-M-
2CoPS, (c) HFBO-M-SPS, (d) HfBO-A-PS, (e) HfBO-A-SPS, (f) HfB-A-2CoPS and
(9) HfB-A-SPS.
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densification rate and the porosity amount decreased significantly. In addition, by
comparison of HfBO-A-PS and HfBO-M-2CoPS samples, it can be said that a
comparative improvement in the densification rate was obtained by sintering aid.
Moreover, by comparing the OM images of HfB-A-2CoPS and HfB-A-SPS (in
Figure 4.54 (f) and (g)), it can be said that the sample sintered by SPS technique (in
Figure 4.54 (f)) has higher densification rate and finer microstructure compared to
the pressurelessly sintered sample (in Figure 4.54 (g)). Also, a similar situation is
observed for the HFBO-M-2CoPS and HfBO-M-SPS samples. Therefore, in general
SPS technique provides higher densification over the PS technique with and without
2wt.% Co addition.

Figure 4.55 (a)-(b) illustrate SEM images of some HfB, and HfB,-HfO, samples
consolidated by PS and SPS techniques. The microstructure of the HfBO-A-PS
sample includes high amount porosities and indicates in sufficient densification.
However, the HFBO-A-SPS sample has comparatively denser structure with lower
porosity amount. Also, the SEM image of the HfB-M-SPS sample sintered with SPS

x2.0k 30 um

Figure 4.55 : SEM images of the sintered samples: (a) HFBO-A-PS,
(b) HFBO-A-SPS and (c) HfB-A-SPS.
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at 1900 °C is given in Figure 4.55 (c). The HfB-M-SPS sample represents monolithic
HfB, structure with some amount of porosity.

The sintered samples were subjected to the XRD analyses for determining the any
probable phase transformation and contamination that could occur during sintering
process. Figure 4.56 (a)-(e) show the XRD patterns of the HfB-B-2CoPS, HfBO-M-
2CoPS, HfBO-M-SPS, HfBO-A-PS, HfBO-A-SPS, HfB-A-2CoPS and HfB-A-SPS
samples, respectively. In the XRD patterns of HfB-B-2CoPS, HfB-A-2CoPS and
HfB-A-SPS samples, the only detected phase was HfB, which conform well to the
XRD patterns of corresponding powders in Figures 4.6 and 4.42. In addition, in the
XRD patterns  of  HfBO-M-2CoPS  and HfBO-M-SPS  samples
(Figure 4.56 (b) and (c)), HfO, and HfB, phases were determined which were also
detected in the XRD patterns of related powders in Figure 4.16 (b). Therefore, it can
be said that during the sintering experiments of HfB-B-2CoPS, HfBO-M-2CoPS,
HfBO-M-SPS, HfB-A-2CoPS and HfB-A-SPS samples, any phase transformation or
contamination did not occur. On the other hand, in the XRD patterns of
HfBO-A-PS and HfBO-A-SPS samples, the only detected phases were HfB, and
HfO,, whereas any contamination or other undesired phases were not determined.
The Hf;Mgs01, phase (which was observed in the XRD patterns of powders in
Figure 4.32 (d)) was not detected in the XRD patterns of the sintered samples. It was
considered that this phase decomposed to HfO, and MgO phases by the effect of
high temperature during sintering. Nevertheless, the MgO phase could not be
determined in the related XRD patterns after sintering (might be because of its low
concentration under the detection limit of XRD (which is ~2 wt.% of the sample)). In
addition, it was previously determined that the Hf;MgsO1, phase formed during the
mechanochemical synthesis of HfB,-HfO, powders was also decomposed by the heat
treatment at 1000 °C for 3 h. In another study, decomposition of the Mg,Zrs01,
phase (formed in thermally sprayed coatings of ZrO,- 24 wt.% MgO) to MgO and
ZrO, phases was observed after hot pressing at 1100 °C (Samad et. al., 2004).

The secondary electron SEM image, and corresponding elemental maps (Hf, B, O
and Mg) taken from the HfBO-A-PS sample are shown in Figure 4.57 (a)-(e). The
elemental maps of Hf, B and O indicate the presence and uniform distribution of

these elements throughout the microstructure. The elemental B map (Figure 4.57 (c))
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Figure 4.56 : XRD patterns of the sintered samples: (a) HfB-B-2CoPS, (b) HfBO-
M-2CoPS, (c) HfFBO-M-SPS, (d) HfBO-A-PS, (e) HfBO-A-SPS, (f) HfB-A-2CoPS
and (g) HfB-A-SPS.
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coincides almost entirely with the Hf elemental map (Figure 4.57 (b)), suggesting the
presence of a hafnium diboride phase. The O elemental map seems to fill the gaps
where the B elemental map does not coincide with the Hf elemental map. In addition,
the existence of Mg is verified by the elemental map of Mg in Figure 4.57 (e), which
can be explained by MgO phase evolved by the decomposition of Mg,Hfs01, phase.
As a result, the formation of Mg;Hfs01, phase during the mechanochemical and
autoclave processing of the HfCl;-B,03-Mg powder blends and its decomposition
upon the heating both by annealing and sintering experiments were in accordance
with each other. Thus, the elemental mapping in Figures 4.57 confirms the presence
of the HfB, and HfO, phases and the absence of any impurity, as observed in the
XRD patterns in Figure 4.56 (a) and (b).

Figure 4.57: SEM/EDX analysis of the HFBO-A-PS sample: (a) SEM image, and
elemental maps for (b) Hf, (c) B, (d) O and (e) Mg.

The Archimedes and relative densities of the sintered samples are given in Table 4.6.
Theoretical density values of the sintered samples were calculated by taking into
account of the amounts of different phases in the synthesized powders, which were
determined by the Rietveld method. The HfBO-A-PS sample exhibits the lowest
relative density value as 83.22 %, which is lower about 8 % than that of
HfBO-A-SPS sample. The lower relative density of HfFBO-A-PS sample can be
attributed to the insufficient sintering conditions. Zou et al. (2010) reported the
relative density of HfB;, pressurelessly sintered at 2350 °C for 2 h as 85.6%. The
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higher relative density value of HfBO-A-PS sample compared to the study of
Zou et al. (2010) can be explained by the positive effect of the HfO, phase.
Li et al. (2009) prepared ZrB,-ZrO, ceramics with ZrO, content varied from 15 to 30
vol.% by hot pressing at 1850 °C for 60 min under a uniaxial pressure of 30 MPa. It
was stated that higher content of ZrO, was apparently beneficial for the densification
of ZrB,-ZrO, ceramics. On the other hand, relative density value of the HFBO-A-SPS
sample showed significant amount of increase. Thus, better results were obtained by
SPS technique than PS in regard of sintering rates of HfB,-HfO, powders. The
relative density values of HfFBO-A-PS and HfBO-A-SPS samples conform well to the
microstructures presented in the SEM images of the samples given in
Figure 4.55 (a) and (b).

Table 4.6: Density values of the sintered samples.

Sample Name Thgoretical ; Arc_himedes3 Rel.ative
Density (g/cm®) Density (g/cm?®)  Density (%0)

HfB-B-2CoPS 11.16 10.05 90.05
HfBO-M-2CoPS 10.64 9.77 91.82
HfBO-M-SPS 10.55 10.00 93.79
HfBO-A-PS 10.89 9.28 83.22
HfBO-A-SPS 10.89 9.93 91.11
HfB-A-2CoPS 11.16 10.06 90.14
HfB-A-SPS 11.21 10.47 94.18

The relative density of the HfBO-M-2CoPS sample was determined as 91.82%,
whereas the density of the HFBO-M-SPS sample was 93.79%. The SPS technique
provided an improvement in the densification rate of HfB,-HfO, powders
synthesized by mechanochemical reaction. In addition, a comparison between the
density values of HFBO-M-SPS and HfBO-A-SPS samples can be made, which were
determined as 93.79% and 91.11%, respectively. The main differences of
HfBO-M-SPS and HfBO-A-SPS samples are their synthesis methods and the
existence of probable MgO phase. The density difference of about 2.7% can be due
to the effect of MgO phase and different morphologies and particle sizes of sintered
powders. In addition, the relative density values of HfB-A-2CoPS and HfB-A-SPS
samples show a similar trend according to the sintering technique. The HfB, powders

originated from autoclave processing of the HfCl,-NaBH4-Mg powders reached
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a higher densification rate by SPS at 1900 °C for 15 min, under pressure of 60 MPa.
Moreover, the HfB-A-SPS sample shows the highest relative density value of
94.18%. Anselmi-Tamburini et al. (2006) sintered commercial HfB, powders
(with grain size of 44 pm) by SPS at 1900 °C for 10 min and the relative density was
reported as 86.8%. The higher densification rate of HfB, powders obtained in this
study is due to significant difference in regard of the average particle size of sintered
powders. Accordingly, it can be said that the relatively low particle size of
synthesized powders (145 nm) and close contact points between particles (observed
in the SEM investigations) have a positive effect on the sintering rate. The HfB,
powders originated from borothermal reduction of HfCl, powders reached a relative
density of 90.05% by the PS with addition of 2 wt. % of Co (HfB-B- 2CoPS).
The relative density of HfB-A-2CoPS sample originated from autoclave processing
of the HfCl,-NaBH4-Mg powders was determined as 90.14%. Thus, the relative
densities of HfB, powders obtained via different synthesis methods illustrate close
values after pressureless sintering with Co addition. As a result, it can be said that the
pressureless sintering conditions (at 1700 °C for 6 h) without sintering addition is not
adequate for sintering of hafnium diboride-based powders. In addition, pressureless
sintering with 2 wt.% Co addition (at 1500 °C for 5 h) provided an amount of
increase where as it was not sufficient to achieve a full density. Reaching high
density values for HfB, without any sintering aid is very difficult due to their very
high melting point and low grain boundary and volume diffusion rates
(Fahrenholtz et al., 2007; Telle et al., 2000; Zou et al., 2010).

The Vickers microhardness values of the sintered products are given in Table 4.7.
The HfBO-A-PS sample has the lowest hardness value (8.25 GPa) among the
samples due to the insufficient densification rate, as expected. However, the hardness
value of HfBO-A-PS sample reached to 14.60 GPa by the spark plasma sintering
technique as a result of improvement in the densification. Sciti et al. (2007) prepared
monolithic HfB, ceramics by SPS at 2200 °C for 5 min under 65 MPa with the
relative density and hardness value of 80% and 7.0 GPa, respectively. In the same
study, relative density and hardness value of HfB, include 3 vol.% MoSi,, 3-4 vol.%
HfO, and spark plasma sintered at 1750 °C for 3 min under 100 MPa were 100% and
22 GPa, respectively (Sciti et al., 2007). The hardness values of HfBO-M-2CoPS and
HfBO-M-SPS samples were respectively determined as 14.72 and 19.45 GPa.
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The hardness values of HfB,-HfO, powders originated from the mechanochemical
processing of HfCl;-B,03-Mg powder blends increased by SPS technique. Thus, the
hardness values of samples are in accordance with the densification rates. The
hardness of the HfB-B-2CoPS sample was measured as 14.91 GPa. Also,
a comparison can be made between the hardness values of the HFBO-M-SPS and the
HfBO-A-SPS samples. The different hardness values of HfBO-M-SPS and
HfBO-A-SPS samples originated respectively from the mechanochemical and
autoclave synthesis of HfB,-HfO, powders can be explained by the amount and
presence of different phases, as well as dissimilarities in particle size and
morphologies of powders. In addition, the highest hardness value was observed for
the HfB-A-SPS by means of SPS technique and higher sintering temperature of
1900 °C. Thus, the microhardness values of the sintered samples were in the same

trend with their density values given in Table 4.6.

Table 4.7 : Hardness values of the sintered samples.

Sample Name HV,. (GPa)
HfB-B-2CoPS 14.91+0.88
HfBO-M-2CoPS 14.72+1.49
HfBO-M-SPS 18.45+1.55
HfBO-A-PS 8.25+1.49
HfBO-A-SPS 14.60+1.37
HfB-A-2CoPS 14.85+1.03
HfB-A-SPS 20.99+0.98

Wear volume loss and relative wear resistance values of the selected HfB, and HfB,-
HfO, samples are presented in Table 4.8. The HfBO-A-PS sample has the highest
wear volume loss value; the most likely cause is the insufficient densification rate
and it was taken as a reference for calculating the relative wear resistance values of
other samples. Relative wear resistances were calculated with acceptance of the
relative wear resistance of the HfFBO-A-PS as 1, and dividing the wear volume loss
values of the HfBO-A-PS sample to those of the other samples. As seen from the
Table 4.8, PS and SPS samples of HfB,-HfO, powders originated from autoclave
process have the wear volume loss of 13.6x10™ and 5.53x10°° mm?®, respectively.
Thus, the SPS technique enhanced the relative wear resistance of the HfB,-HfO,

composite by 2.5 times. Additionally, the relative wear resistance of the HfB,-HfO,
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composites (HFBO-M-2CoPS and HfBO-M-SPS) originated from mechanochemical
processing of the HfCls-B,O3-Mg powder blends showed an amount of increase by
SPS technique along with the increase in the density and hardness values. In
addition, the HfB-A-SPS sample showed the lowest wear volume loss value.
Therefore, the microhardness and wear volume loss values of the sintered samples

conform well to their relative density values.

Table 4.8: Wear volume loss and relative wear resistance of the sintered samples.

Wear Volume Loss Relative Wear
Sample Name

(x 10° mm?®) Resistance
HfBO-M-2CoPS 7.39 1.84
HfBO-M-SPS 4.30 3.16
HfBO-A-PS 13.60 1
HfBO-A-SPS 5.53 2.46
HfB-A-SPS 1.85 7.35

There is limited number of study on the wear properties of bulk hafnium diboride
ceramics in the open literature. However, some studies on wear characteristics of
hafnium diboride thin films deposited on different substrates were reported
(Chowdhury et al., 2015; Tayebi et al., 2012). Also, there are only few studies on the
wear properties of the sintered metal borides (Agaogullari, 2014; Balci, 2015;
Chakraborty et al., 2014). As a comparison for wear results, bulk LaBg and SmBg
samples (with relative density of 96.80 and 96.84 %) prepared by cold press and PS
at 1700 °C for 5 h respectively showed wear volume loss of 11.7x 10 and 19.3x10°®
mm® as a result of sliding wear test conducted under an applied force of
4 N (Agaogullari, 2014). Balc1 (2015) reported the wear volume loss values of NbB,
(sintered by SPS, having relative density of 83.75%) as 11.5x10™* mm?®. In addition,
ZrB,-TiB, composites with TiB, content up to 30 wt.% (sintered via hot pressing at
2200 °C for 2 h under the pressure of 50 MPa, with relative density of 98.4%)
showed wear volume loss values ranging between 10.8x10™* and 0.31x10™* mm®
(Chakraborty et al., 2014).

Figure 458 (a) and (b) show SEM images of wear tracks from
the HfFBO-A-PS and the HfBO-A-SPS samples, respectively. The wear track profiles
of the HFBO-A-PS and the HfBO-A-SPS samples are shown in Figure 4.58 (c) with

the aim of making representative evaluation between them. The high amount of
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porosities in the microstructure of PS sample probably leads to severe material loss
during sliding. The PS sample exhibits some micro-grooves along the sliding
direction. On the other hand, the surface of SPS sample has a smoother appearance
which can be explained by the higher resistance against material removal from the

surface by means of its higher density and hardness values.
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Figure 4.58 : Worn surface SEM images of the sintered samples: a) HFBO-A-PS,
b) HFBO-A-SPS and (c) their corresponding wear profiles.

Figure 4.59 illustrates the mean friction coefficient values of the HFBO-M-2CoPS,
HfBO-M-SPS and HfB-A-SPS samples. Friction coefficient of the sintered
HfBO-M-2CoPS sample sliding against alumina counterface is about 0.54 and
a slightly higher friction coefficient value of about 0.60 is observed for the SPS
sample (HfBO-M-SPS). In addition, the HfB-A-SPS sample has the highest friction
coefficient value among the samples which is about 0.64. Chakraborty et al. (2014)
determined the friction coefficients of ZrB,-TiB, (with TiB, up to 30 wt.%) samples
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5. CONCLUSIONS

In this dissertation, it was aimed to synthesis high purity hafnium diboride-based
powders through economical raw materials and methods. In this thesis, hafnium
diboride-based powders were synthesized by three different methods and the
synthesized powders were consolidated by two different sintering techniques. The
mechanically activated borothermal reduction at reduced temperatures (compared to
high temperature methods), mechanochemical route as a room temperature
solid-state synthesis method and low temperature autoclave synthesis were applied.
These methods utilized to synthesis these high temperature ceramic powders as
alternative ways to conventional methods and they provides several advantages
such as usage of economical raw materials, utilization of simple equipment,
reduction in reaction temperature and obtaining fine particle sizes. The detailed
characterization investigations were conducted on the synthesized powders and

sintered products.

The results of this thesis can be summarized mainly in five sections including the
mechanically activated borothermal synthesis, mechanochemical synthesis, autoclave
processing of the two different powder system (HfCl;-B,Os-Mg and
HfCl,-NaBH,4-Mg) blends and consolidation of synthesized powders.

In the mechanically activated borothermal reduction method, HfB, powders were
successfully synthesized from the HfCl,-B powder blends by a combined method of
mechanical activation and annealing processes. Based on the results obtained in this

study, the following conclusions can be drawn:

e The thermodynamical predictions pointed out that the reaction between HfCl,
and amorphous B could be completed at the temperature range of
1100-1200 °C by keeping the formation of gaseous hafnium chloride
by-products at a possible minimum level. The experimental assessment of the
formation mechanism of HfB, indicated the borothermal reduction of HfO,

phase formed by the decomposition of hafnium oxide halides.
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e It was determined that the boron amount in the starting blends plays an
important role on the formation of HfO, phase. By the utilization of less than
20 wt.% excess amounts of boron, HfO, was detected as a secondary phase
together with the major HfB, phase.

e Washing with distilled water and leaching with HCI were applied to the
annealed powders for the elimination of undesired B,O3 phase and Fe impurity.
Although the XRD patterns of the mechanically activated and annealed
powders, with 20 wt.% excess boron, did not include any peaks belong to the
B,O;3 phase, the FTIR and AAS analyses proved the existence of this phase.

e The EDS analysis results obtained from randomly selected points indicated the
residual boron phase in the synthesized powders with 20 wt.% excess boron
content.

e The HfB, powders showed faceted rod-like morphology after purification. The
presence of liquid B,O3 phase during the annealing step might enhance the
diffusion mechanism and the nucleation at solid-liquid interface and promote
the formation of rod-like morphology.

e The average particle size of the obtained powders was 391 nm. The oxygen
content of the synthesized powders was about 3.5 wt.% which was attributed to
the surface oxidation.

During the mechanochemical synthesis of hafnium diboride-based powders, the
HfCl4-B,03-Mg powder blends were utilized and amorphous B was alternatively
used in order to investigate the effect of different boron sources. The results of this

section can be summarized as:

e The mechanochemical reaction between the HfCI;-B,03-Mg took place after
milling for 15 min. However, the mechanochemical synthesis reaction reached a
steady state condition after milling for 1 h and the additional milling durations
did not cause a significant difference on the amount and distribution of obtained

phases.

e The MgCl, (having different hydration levels) and MgO by-products and
probable Fe impurity were removed by washing the powders with distilled water

and HCI leaching treatments.
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e HfB,, HfO, and Mg,Hfs01, phases were determined in the XRD patterns of

synthesized powders after milling from 1 h to 5h and purification treatments.

e The Mg,Hfs0;, phase decomposed to HfO, and MgO phases during the
annealing of synthesized powders (via 3 h of milling and purification treatments)
at 1000 °C for 3 h.

e After the annealing and final leaching with HCI, the HfB,-HfO, ceramic
powders were obtained. The synthesized powders included 57.2 wt.% HfB, and
52.8 wt.% HfO, according to the semi-quantitative Rietveld method.

e The synthesized HfB,-HfO, powders had average particle sizes between
129.5 and 151.4 nm according to the milling duration and rounded or

cornered-shaped morphologies.

e TEM images showed particles having rounded or cornered-shaped (like cubes)
morphology and particle size about 200 nm and below. TEM analyses proved
the existence of HfB, and HfO, phases.

e In addition, amorphous B was utilized as alternative boron source in the
mechanochemical synthesis method to investigate the effect of different boron
sources on formed phases. In the XRD patterns of the HfCl;-B-Mg blends
having 50 wt.% excess amorphous B, the only determined phase was HfB, after
1 h of milling and related purification treatments. The heat treatment of obtained
powders at 1100 °C for 1 h did not cause any change in the determined phases.

In the autoclave processing of the HfCl4-B,O3-Mg powders, the HfB,-HfO ceramic
powders were synthesized at relatively low temperatures. The following results can

be summarized for this section:

e The HfB,-based ceramic powders were synthesized by means of a short time
mechanical activation and a chemical reaction in the autoclave at 500 °C.

e The effects of mechanical activation and the duration of autoclave reaction were
investigated as important process parameters. The formation yield of HfB, phase
increased with increasing reaction duration from 6 to 12 h. The optimum results
were obtained with mechanical activation and 12 h of autoclave reaction.

e The undesired by-products such as MgO and MgCl, were removed by water and

acid leaching treatments and pure powders were obtained.
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¢ In the XRD patterns of synthesized powders, the Mg,HfsO;, phase was detected,
which was also determined throughout the mechanochemical processing of the
HfCl;-B,03-Mg blends.

e The synthesized powders showed spherical morphology with larger
agglomerates and the average particle size of the resultant HfB,-HfO, powders
was determined as 189.7 nm.

In the autoclave processing of HfCl,-NaBH4-Mg powder blends, the HfB, powders
were successfully synthesized at low temperature. The obtained results can be

summarized as:

e In the XRD patterns of stoichiometric HfCl,-NaBH,-Mg powders and those
having different excess amounts of NaBH, after autoclave processing and
washing with distilled water, the HfB,, HfO, and magnesium borate phases were
determined.

e The NaCl, MgCl, (with different hydration levels) and magnesium borate by-
products were removed by washing with distilled water and HCI leaching
throughout the different stages of the process.

e Additional heat treatments at higher temperatures were applied to synthesized
powders. After the annealing at 1000 °C for 3 h and 1700 °C for 6 h and
subsequent HCI leaching, single-phase high purity HfB, powders were obtained.

e The NaBH,4 amount was determined as an important factor to obtain single phase
HfB, powders and prevent the formation HfO, as a secondary phase.

e The HfB, powders had rounded-shaped morphology and average particle size of
145.2 nm after annealing at 1000 °C and purification. The oxygen content of the
synthesized powders was about 4.56 wt.% which was attributed to the surface
oxidation and probable HfO, phase.

The selected HfB, and HfB,-HfO, powders obtained with optimum process
conditions throughout the different powder synthesis methods were consolidated by
two different sintering techniques which were pressureless sintering and spark

plasma sintering. The results of sintering experiments can be summarized as follows:

e Any contamination from consolidation processes was not detected in the XRD
analyses of sintered samples. However, the Mg,HfsO;, phase observed after the
autoclave processing of the HfCl;-B,03-Mg blends was decomposed during the

consolidation of powders both by PS and SPS.
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e The relative density values of HfB,-HfO, powders originated from autoclave
processing of the HfCl;-B,03-Mg blends reached to 83.22 and 91.11% with PS
and SPS, and their microhardness values were 8.25+1.49 and 14.60+1.37 GPa,
respectively. The insufficient densification rate of PS sample was due to the very
high melting point and low grain boundary and volume diffusion rates of these
ceramics. A high amount of porosity was observed in microstructure of PS
sample in OM and SEM investigations.

e The HfB,-HfO, powders originated from mechanochemical processing of the
HfCl4-B,0O3-Mg blends reached to 91.82% densification when consolidated by
PS with 2 wt.% Co addition. The relative density of the same powders was
reached to 93.79% by SPS The microhardness values of PS and SPS sample
were 14.72+1.49 and 18.45+1.55 GPa, respectively.

e The relative density of HfB, sample originated form mechanically activated
borothermal method after PS with 2 wt.% Co addition was 90.05% and the
microhardness was 14.91+0.88 HV. The HfB, powders obtained by autoclave
processing of the HfCl;-NaBH;-Mg blends reached to relative density and
hardness of 90.14% and 14.85+1.03 GPa with the same technique. Thus, the
densification rates of HfB, powders originated from different synthesis methods
were in a similar level.

e The highest relative density and hardness value of HfB, powders (originated
from autoclave processing of the HfCl,-NaBH4-Mg blends) were obtained by
SPS technique (at 1900 °C for 15 min) as 94.18% and 20.99+0.98 GPa, by
means of advantages of this special method and higher sintering temperature.

e The higher densification rates were obtained by SPS technique and also the
presence of HfO, phase in the HfB, powders facilitated the densification rate
with respect to monolithic HfB; structure. Also, the microhardness, wear volume
loss and mean friction coefficients values of sintered samples showed similar
trends with densification rates.

In addition, the followings can be stated as suggestions for future work to carry the
research further:
i) Different sintering aids such as silicide compounds and other metallic agents
in varying amounts can be investigated to provide the full densification of the

bulk samples. Although there are some studies on the sintering of hafnium
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diborides with some silicide compounds, they generally use commercial
powders with rather coarser particle size, i) Thermal oxidation resistance of

sintered samples can be explored at high temperatures.
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APPENDICES

APPENDIX A: The binary phase diagram of HfO,-MgO showing both the
transformation temperatures of HfO, and the formation of Mg,HfsO;, adapted from
Wu and Jin, 1997,
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