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ABSTRACT

The main objective of this study is to synthesize nanoparticles of transition metal borides
adopting a low-temperature method and explore and optimize their magnetic and hybrid
reinforcement properties and enhance their mechanical properties towards targeted
application areas, both in scientific and in industrial fronts. This thesis reports the synthesis
conditions of crystalline cobalt-metal-boron (Co-M-B (M = Fe, Ti)) based boride systems:
Investigations of Co-Fe-B systems as effective magnets and Co-Ti-B as effective
reinforcement agents in hybrid composite production have been targeted. In the scope of the
thesis, synthesis studies were carried out by inorganic molten salt and reduction at autogenic
pressure techniques using the anhydrous/hydrous metal chloride and sodium borohydride
mixtures. The results of the experiments as well as their possible applications are described

in detail within each chapter.

Chapter two focuses on the in-situ synthesis of Co-Fe-B crystalline nanoparticles via a
new approach utilizing the optimized low-temperature method, metal chlorides, and NaBH4
as precursors and, incorporating inorganic molten environment. The effect of the reaction
systems and synthesis conditions on the phase formation, microstructure, purity, and
magnetic properties of the obtained samples were investigated. The use of an inorganic
molten environment helped reduce the melting point of the precursor materials. Following
the reaction of CoCl», FeCls and NaBH4 at 850 °C in sealed stainless-steel tubes, CoB and
FesB phases formed separately. After a reaction under Ar flow; however, CoFeB: solid

solution nano powders were obtained in one step at 850 °C with an average size of 60 nm.



After annealing at 1100 °C, stable and highly crystalline (CoFe)B2 solid solution phase with
a Co:Fe molar ratio of 1:1 was achieved. As-synthesized particles exhibited ferromagnetic
property and possessed a narrow hysteresis curve characteristic of soft magnetic materials.
Extended reaction temperature from 650 to 850 °C is seen to produce coercivity enhancement
up to 500 Oe without a significant reduction in saturation magnetization. On the other hand,
after an annealing process and subsequent phase and chemical change, crystalline (CoFe)B:2

particles exhibited superparamagnetic property.

Chapter three describes research performed on the chemical synthesis of crystalline and
nanoscale cobalt-iron metal boride powders using hydrous metal chlorides and NaBH4 and
also reveals the effect of application of optimization steps to the reaction systems and
synthesis conditions. The effects of precursor concentration and optimized synthesis
conditions on the phase formation, microstructure, and magnetic properties were
investigated. After applying a reaction of CoClz-6H,0-FeClz-6H,0-NaBH4 at 850°C,
(CoFe)B, (CoFe)B, Co2B, FesB, and Feo.91Bo.os boride phases were obtained from different
synthesis conditions applied under autogenic pressure or Ar flow atmosphere. Oxychloride
impurities were the reason for the reduced magnetization values, and it was revealed that the
ternary solid solution phase forms when synthesized under active Ar flow. The highest
saturation magnetization of 183 emu/g belongs to obtained nanoparticles containing
(CoFe)B2 and (CoFe)B pure phases. After implementing the optimization steps acquired
from our previous experiences, the obtained saturation magnetization of the samples was

increased 9-fold which emphasizes the importance of purity of the powders and the role of



oxygen. High temperature magnetic measurements marked synthesized powders as soft

magnetic materials up to 795 K while no T, was reached for the obtained phases.

The focus of chapter four shifts toward nanoparticles synthesized to be used as a
reinforcement agent. In this chapter, a novel low-temperature approach was adopted for the
synthesis of cobalt-titanium-boron based crystalline powders. The method was based on the
single-step direct reaction of CoClys), TiClsgy, and NaBHae) in a sealed reactor under
autogenic pressure. After the reaction of the precursors at 850 °C, with molar ratios of metal
chlorides to NaBH4 as 1:3, CoB and TiB2 phases were formed in-situ. The subsequent
annealing process at 1100 °C achieved a full conversion of metal chlorides to CoB-TiB>
composite nanostructures. It was concluded that the binary forms of the borides tend to form
as separate phases, which is illustrated in the SEMJ/EDS analyses with different
morphologies. The amorphous boron layer surrounded TiB: particles with an average particle
size of 60 nm, whereas the CoB particles formed agglomerates with an average size of 450
nm. The use of 1 wt. % of the synthesized composite powders as reinforcement in metal
matrices resulted in enhanced hardness (506 Hv) and compressive strength (1682 MPa) of

the Ti6AI4V bulk samples.



OZET

Bu caligmanin temel amaci, geg¢is metali boriirlerin nanoparcaciklarini sentezlemek ve
diistik sicaklik yontemini kullanarak manyetik ve hibrit takviye 6zelliklerini hem bilimsel
hem de endustriyel alanlarda hedeflenen uygulama alanlarina dogru arastirmak ve optimize
etmektir. Bu kapsamda, kristalin kobalt-metal-bor (Co-M-B (M = Fe, Ti)) esasli boriir
sistemleri incelenmistir. Tez kapsaminda inorganik ergimis tuz teknigi ve otojenik basingta
rediiksiyon teknigi ile sentez c¢alismalari susuz/sulu metal kloriir ve sodyumborhidriir
karigimlart kullanimai ile gergeklestirilmistir. Deney sonuclarinin yani sira bu malzemeler ile

yapilabilecek olas1 uygulamalar her boliim igerisinde ayrintili olarak agiklanmaktadir.

Ikinci boliim, optimize edilmis diisiik sicaklik yontemini, metal kloriirleri ve dncii olarak
NaBH4'i kullanan ve inorganik ergimis tuz ortami igeren yeni bir yaklagimla Co-Fe-B
kristalin nanopartikiillerin yerinde sentezine odaklanmaktadir. Reaksiyon sistemlerinin ve
sentez kosullarinin, elde edilen 6rneklerin faz olusumu, mikro yapisi, safligi ve manyetik
ozellikleri {izerindeki etkisi arastirilmistir. inorganik ergimis tuz ortamimin kullanilmasinin,
oncii maddelerin ergime noktasinin azaltilmasina yardimei oldugu gézlemlenmistir. CoClo,
FeClz ve NaBH4'tin 850 °C'de kapali paslanmaz gelik borularda reaksiyonunu takiben CoB
ve Fe3B fazlar1 ayr olarak elde edilmistir. Ar akist altinda gergeklesen reaksiyondan sonra
ise, (CoFe)B:2 kat1 ¢ozelti nano tozlar1 ortalama 60 nm boyutunda 850°C'de tek adimda
sentezlenmistir. Ayni tozlarin 1100 °C'deki tavlama isleminden sonra, 1: 1 Co: Fe mol
oranina sahip kararli ve oldukg¢a kristalin (CoFe)B: kati ¢ozelti fazi elde edilmistir.

Sentezlenen pargaciklarin ferromanyetik 6zellik sergiledigi ve elde edilen yumusak manyetik



malzemelerin karakteristik dar bir histerezis egrisine sahip oldugu gézlemlenmistir. 650 -
850 °C arasindaki reaksiyon sicakligi araliginda sentezlenen tozlarin manyetik 6lgiimleri,
doyma magnetizasyonunda 6nemli bir azalma olmadan 500 Oe'ye kadar koersivite artisi
saglandigin1 gdstermistir. Ote yandan, tavlama islemi ardindan elde edilen faz ve kimyasal
degisimden sonra, kristalin (CoFe)B2 parcaciklarin siiperparamanyetik 6zellik sergiledigi

tespit edilmistir.

Uctincti boliim, sulu metal kloriirler ve NaBH. kullanarak kristalin ve nano boyuttaki
kobalt-demir metal boriir tozlarinin kimyasal sentezi iizerinde yapilan arastirmalari
aciklamakta ve ayrica reaksiyon sistemlerine ve sentez kosullarina optimizasyon adimlarinin
uygulanmasinin etkisini ortaya koymaktadir. Baslangic malzeme konsantrasyonunun ve
optimize edilmis sentez kosullarinin faz olusumu, mikroyapt ve manyetik 06zellikler
tizerindeki etkileri arastirilmistir. 850 °C'de CoClz - 6H20 - FeCls - 6H20O - NaBHjs arasi
reaksiyon uygulandiktan sonra, uygulanan farkli sentez kosullarindan (CoFe¢)B,, (CoFe)B,
Co2B, FesB ve Feo91Bo.o9 boriir fazlar1 elde edilmistir. Otojenik basingta olusan oksikloriir
empiiritelerinin, azaltilmis manyetizasyon degerlerinin sebebi oldugu; 6te yandan aktif Ar
akis1 altinda sentez gerceklestiginde ticlii kat1 ¢ozelti fazinin olustugu ortaya ¢cikmistir. 183
emu/qg ile en yuksek doygunluk manyetizasyonu, (CoFe)B2 ve (CoFe)B saf fazlarini igeren
nanoparg¢aciklarda elde edilmistir. Bir 6nceki boliimdeki deneyimlerimizden elde edilen
optimizasyon adimlarini uyguladiktan sonra, numunelerin elde edilen doygunluk
manyetizasyonu 9 kat arttirilmistir. Bu da tozlarin safliginin 6nemini ve oksijenin roliinii

vurgulamaktadir. Yiiksek sicaklik manyetik 6l¢iimleri, sentezlenmis tozlarin 795 K'ye kadar



yumusak manyetik malzemeler olarak kararli olduguna isaret ederken, elde edilen fazlar i¢in

Tc degerine ulagilmamustir.

Dordiincii boliimiin odagi, takviye maddesi olarak kullanilmak {iizere sentezlenen
nanopargaciklara dogru kaymaktadir. Bu boliimde, kobalt-titanyum-bor bazli kristal tozlarin
sentezi i¢in yeni diisiik sicaklik yaklagimi benimsenmistir. Yontem, otojenik basing altinda
kapal1 bir reaktor iginde CoClas), TiClaw) ve NaBHass) in tek asamali dogrudan reaksiyonuna
dayanmaktadir. Onciillerin 850 °C'de reaksiyonundan sonra, metal kloriirlerin 1:3 olarak
NaBHs'e molar oranlari ile CoB ve TiB: fazlar1 yerinde sentez yontemi ile olusturulmustur.
1100 °C'de miiteakip tavlama islemi, metal kloriirlerin CoB-TiB2 kompozit yapilara tam bir
donlistimiinii saglamistir. Boriirlerin ikili formlarinin, farkli morfolojilerle SEM/EDS
analizlerinde gdsterilen ayri1 fazlar olusturma egiliminde oldugu sonucuna varilmistir. Amorf
bor tabakasi, ortalama partikiil boyutu 60 nm olan TiB: partikiillerini kusatirken, CoB
partikiilleri ortalama 450 nm'lik bir boyutta aglomeratlar olusturmustur. Sentezlenen tozlarin
metal matrislerde takviye elemani olarak kullanimi, Ti6Al4V yigin numunelerinde

yiikseltilmis sertlik (506 Hv) ve basing mukavemeti (1682 MPa) degerleri ile sonuglanmaistir.
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Chapter 1: Introduction and review 1

Chapter 1. Introduction and Review

1.1. Elemental Boron and Its Modifications

After nearly 200 years of its discovery, still much remains undisclosed about the chemistry
of elemental Boron. Being a nonmetallic light element [1], boron showcases properties such
as high strength (stronger than steel) and melting point (2450 °C), electron deficiency,
structural intricacy, and unconventional chemical bonds which enables formation of
numerous compounds. It is used in superconductors (MgB2, Tc = 39 K) [2], in high power
electronics (LaBs) [3], as dopants or as alternatives to carbon systems, for coatings in nuclear
reactor walls, and as a constituent in hydrogen storage materials (e.g. LiBHa4) [4].
Additionally, it showcases small reactivity at room temperature. All of the mentioned
properties are closely related to boron’s ability to form complex structures. Elemental boron
has two well-known crystalline modifications that are stable at room temperature: o-
rhombohedral boron (a-B) and f-rhombohedral boron (B-B) shown in figures 1 and 2. The
B-B is known to be thermodynamically stable at elevated temperatures given the fact that T
> 1400 K is required for its synthesis, while a-B is synthesized at T < 1300 K. The fact that
calculated energy levels of a-B modification is lower than that of the B-B modification also
suggests this classification [5,6]. Other modifications of boron also exist such as tetragonal

boron I, tetragonal boron II, and y-Bzg; however, the tetragonal modifications are known to
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be stabilized by foreign atoms and y-Bzg is known to be a high pressure modification [7-9].
Amorphous boron, black or brown, was first synthesized from boric acid (HsBOs3) or boron
oxide (B20s3) and potassium or via electrolysis at 1808 [10]. This modification of boron was
discovered later in 1892 by Moissan through magnesiothermic reduction of B>O3z with

magnesium [11].

Figure 1. Unit cells of a-B: a) hexagonal setting, b) rhombohedral setting
(Adopted from Albert et al.) [12].
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Figure 2. Unit cells of B-B: a) hexagonal setting, b) rhombohedral setting (Adopted
from Albert et al.) [12].

Interestingly, within the complex crystalline modification of boron, a-B can be obtained
through crystallization of amorphous boron in a platinum melt [12]. On the other hand, an
alternative route to produce o-B is to decompose halogenides of boron in presence of
hydrogen gas on tantalum surfaces via pyrolysis [13,14]. a-Boron is of red or dark red color
and exhibits both non- or semi-conductive behavior [6]. In contrast, 3-B possesses a grayish
black color, is a semi-conductor, and has a melting point above 2400 K [15]. p modification
can be produced through a boron melt and purified via zone melting [16,17]. Despite a

number of recent studies and reports, the existence of tetragonal boron I allotrope of pure
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boron is debatable [18-21]. In addition, the existence and synthesis conditions of tetragonal
boron 1l has been reported. A recent study claimed that - according to density function theory
calculations - these modifications can exist and be more stable than the a and f rhombohedral
modifications if only the surface energy is accounted for [22,23]. Moreover, Oganov et al.
reported that if B-B is subjected to 2000 K and 20 GPa, a new boron phase is obtained which
- given its meta-stability and structural complexity - is known as high-pressure modification
or ionic boron [8,9]. Considering the aforementioned allotropic forms - with its ability to
form electron deficient multicenter bonds - boron and its compounds can be utilized in many
industrial and scientific applications such as airbag igniters, semi-conductors, nuclear and
medical fronts (boron neutron capture therapy), and as reinforcement fibers in light metals

and synthetic materials i.e. aerospace industry [24,25].

1.2. Metal Borides

Metal borides are compounds consisting of boron and one or more metals less
electronegative than boron (MxBy, MxM'yB;, etc.; M, M'= metals) [26]. The first reports on
metal boride date back to early 19" century with the formation of platinum and iron boride
as a result of carbo-reduction of metallic powders and boric acid. Many of the elements of
the periodic table - with some exceptions such as cadmium, mercury, gallium etc.- can form

binary metal borides in different compositions that extend from Ms3B to MBes [27]. In



Chapter 1: Introduction and review 5

addition, ternary and quaternary metal borides are also known [28-30]. However, the
aforementioned exceptions for the binary metal borides which are considered an exception
due to low affinity with boron, can be incorporated into ternary boride structures (e.g.
cadmium and gallium) [28,30,31].

Nano-scaled crystalline metal borides have not been investigated much in the literature
due to problems and challenges that scientists face to synthesize and purify them. Amorphous
metal borides have been addressed via the colloidal routes but their conversion to crystalline
materials requires much detailed investigation [32-36]. Many scientists have adopted
difficult and expensive means and methods such as high energy ball mill, pressurized vessels
etc. which are very costly [37,38]. Another challenge that scientists face in order to obtain
crystalline nano metal borides is tunable stoichiometry and thus tunable properties.

The reason why nano-scaled metal borides are not investigated as much as other nano
materials can be classified into two categories, namely bonding situation and boron source.
Metal boride possess very strong M-B and B-B (M = metal, B = boron) covalent bonds
which prevents it from forming long range orders that are usually observed in the glassy
state, unless severe synthesis conditions - e.g. high temperatures - are adopted for their
crystallization [39]. On the other hand, this pathway is impractical in case of nanostructured
compounds that are intrinsically metastable i.e. it would be near impossible to isolate them.
The other challenge is the lack of boron source capable of providing boron atoms in high
efficiency via a simple route. One example is the a-B. This covalent solid, has a reluctance

towards solubility and is highly inert [40]. For better understanding of the variety and
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complexity of metal boride structures and their wide range of application, one has to look to
the interaction of the metal lattice, the strong covalent boron framework within the metal
borides and, inspect the bonding situation in more detail. It is observed that in both metal-
rich (MBx, x <2) and boron-rich (MBx, x > 2) configurations as the ratio of boron to metal
increases, the complexity of the boron network evolves from dispersed boron atom clusters
to three dimensional boron frameworks (e.g. yttrium boride for boron-rich and nickel boride
for metal-rich systems) [41,42]. This results in various crystal structures for metal borides
ranging from hexagonal sheet-like structures to complex B1. icosahedra based ones [43]. The
structure also depends on the metal - as in the case for transition metal borides - where
changing the metal (i.e. the group number) results in changing of the ionicity of the M-B
bond which in turn changes the crystal structure for the same stoichiometry (e.g. MBy, x =
Ti, Re, Os) [44-46]. Conclusively, with increasing boron to metal ratio, the B-B bond
distance decreases as the covalency in the B sublattice increases and is very close to the B-
B bond distance in elemental boron. With increasing attraction between boron atoms in the
structure, the coordination number of the metal atom decreases. Subsequently electron
delocalization takes place in the metal sublattice which results in an elongation of M-M bond
distances through the boron sheets. This increase corresponds to an increase in the number
of inter-sheet M-M antibonding orbital with increasing number of electrons in the d orbitals
[47-50]. Figures 3 and 4 illustrates different boride structures formed due to difference in

bond structures of each one.
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Figure 3. Crystal structures and compositions of nickel borides as an example of metal-

rich borides. Small spheres represent boron atoms; large spheres represent nickel atoms
(Adopted from Carenco et al.) [39].
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Figure 4. Crystal structures, compositions of yttrium borides YB2, YB4, YBs, and YBi..

Small spheres (polyhedra) represent boron atoms (boron polyhedra); big spheres represent
yttrium atoms. (Adopted from Carenco et al.) [39].
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1.3. Properties and Applications of Metal Borides

The diversity and complexity of the structures of metal borides and fluctuations of
bonding situation in both metal and boron sublattices discussed above have resulted in
variety of fascinating properties; however, the arduous challenges in obtaining these borides,
namely harsh synthesis conditions and lack of an efficient boron source has limited their
commercial applications. The following are the discussion for some of the alluring properties
of metal borides - within the scope of this thesis - for different applications in both scientific

and industrial fronts.

1.3.1. Magnetism

The metal borides performance in the field of magnetism and magnetic materials is more
focused on the stabilizing role of boron in terms of a facilitator for the functional structures
that leads to alluring magnetic properties of that structure, in this case the metal borides. This
is particularly important because metal borides exhibit considerable magnetism only when
present in a compound [51]. The bulk Nd2Fe14B is the strongest magnetic material known
yet which has the highest remnant magnetization amongst others [52,53]. Thus, it finds quite
a wide range of applications such as speakers, hard drives, electronics and any field that
requires a strong magnetic operation field. Given the outstanding properties of these borides,
efforts has been made towards downscaling of these materials in hopes of finding new

behaviors or enhancing the existing ones [54,55]. For instance, a narrower coercive field was
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observed for aggregated nanoparticles of Nd:Fe1sB that are bigger than 100 nm in
comparison to its bulk form, and for amorphous iron boride nanoparticles coated with silica
[54-57]. In the case of Nd2Fe14B, the root of the magnetism is coming from the ferromagnetic
metals, Nd and Fe. However, boron plays a crucial role by coordinating to six Fe atoms
which, in turn, results in the alignment of the magnetic moment of Fe atoms along the long
axis (c-axis), which causes strong magnetic anisotropy [58]. On the other hand, the magnetic
exchange coupling is also effective in enhancing the strength of the magnetic field [54,59].
Some studies in the literature have investigated the relationship of magnetic behavior of Co-
B with their particle size. It was observed that for Co-B aggregates of 50-100 nm consisted
of 5 nm particles, there exists a strong magnetic exchange coupling interaction between the
constituents [60]. On the other hand, the soft magnetic properties of metal borides are very
desirable for biomedical applications. Iron boride (FeB) and its derivatives are among the
well-known species of borides in that class. Contrary to iron oxide, the research of iron boride
nanoparticles for their role in curing cancer and hyperthermia has attracted attention recently
[61]. Iron boride also in a very desirable material due to its’ outstanding metal anti-corrosion,
its’s performance in electrochemistry and catalytic performance [62—-64]. For instance, the
<002> orientation of Fe2B showcases an enormous energy barrier against chemical corrosion
and thus finds application as corrosion-resistance coatings [65,66]. Moreover, Fe:B was
branded as efficiency catalyst for hydrogen evolution reaction consequent to having high

adsorption for hydrogen on boron-rich surfaces [63]. All in all, one can say that introduction
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of boron can induce (e.g. Nd2Fe14B) or suppress (e.g. nickel borides) the coercivity of the

nanoparticles, thus tune the properties of the obtained product [67].

1.3.2. Mechanical properties

The boron based compounds and especially metal borides have been the center of
attention in the hard and super hard materials and ultrahigh temperature ceramics fields [68—
70]. Because of the bias that boron has towards forming chemical bonds series, it has a
tendency to form 3 dimensional covalent frameworks of strong B-B bonds. Presence of this
phenomena in the structure of metal borides results in a compound with high modulus of
rigidity as dislocations are incapable of traversing through strong directional boron bonds
[43]. The hardness of borides has induced numerous studies into their machining and
machinability properties while other properties that result from this network of bonds such
as wear resistance has been overlooked to some extend that can be useful in biomedical
applications [71,72]. Using a method such as borodizing which is a boron diffusion method,
one can form a metal rich boride layer on the surface of a metal prosthetic or implant and
thus, increase its life span. This, in turn, will eliminate the need for extra surgery and reduce
the complications of having an implant, especially for elderly people. The boron atoms in the
structure of these lower borides follows the interstitial diffusion path forming strong covalent
bonds with the metal matrix [73]. These bonds inhibit the sliding of metal planes resulting in

increased hardness and wear resistance of the compound. The Hall-Petch equation states that
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with decreasing size of the grains and thus increasing the grain boundaries, dislocation
motion becomes harder yielding a much stronger material. Consequently, the effort for nano-
scaling of metal borides have been the focus of many studies [73]. It was observed that
crystalline nano-scale films of HfB., exhibited high modulus of elasticity, high hardness and
wear resistance [74,75]. Also, an increase in the nanoindentation values obtained from
amorphous cobalt borides showed increased hardness values compared to their bulk forms
[76]. On the other hand, considering that boron has the second highest melting point among
the elements of the periodic table, it is not surprising that borides are capable of withstanding
extreme temperatures. Zirconium diboride, being one of the known refractory borides,
possess a melting point of 3230 °C and crystalizes with a two dimensional hexagonal AIB:
type of structure [77]. The combination of these two properties enables ZrB; to withstand
extreme and harsh temperatures (cycles up to 2700 °C in air) and grants it outstanding
oxidation resistance [78]. This material was investigated by the United States Army branches

for use in re-entry vehicles, hypersonic flight and, space applications [79].

1.3.3. Superconductivity
Superconductors have been the focal point of research in the past few years given their
promise of transfer of power without any loss of energy as ohmic heat, which enables
generation of large and strong magnetic fields required in devices such as NMR, MRI and

super magnets [80]. Magnesium diboride is one of metal borides that has been in the center
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of attention due to its higher critical temperature (Tc) of 39 K compared to other conventional
superconductors [2,81]. The reason for this can be related to the p orbital overlap in addition
to the s orbital overlap which is the case in traditional type-1 superconductors [82]. It was
reported that MgB:> has one of the longest c-axis among metal borides. It was validated by
calculations and modeling that on extension of the c-axis of MgB: - and compression of its
a-axis - the Tcis expected to experience an increase. Other studies were carried out on
different diborides that superconductivity can be induced in materials that do not exhibit this
behavior by using excess amount of boron. Given the complex network of boron bonds in
metal borides, there are many borides that exhibit superconductive behavior such as Mo2B,
W-B, TaB, NbB, ScBi2, YBi12, YBs, ThBs LaBs, ZrBi2 and LuBi2 ; however, none of them

possesses a higher Tc than that of MgB2 [51,83,84].

1.3.4.Electrical, thermal and optical properties
Metal borides possess other properties given their complex structure and strong bonding
network that make them important in electrochemical and photoelectrochemical
applications. For instance, the catalytic activity of palladium boride compounds was
investigated and exhibited a better activity rate in the electro-oxidation of formic acid
compared to commercial palladium carbon catalyst under the same conditions [85]. The
reason for the enhanced activity rate and poison resistance was imputed to the transfer of

electron between Pd and B, expansion of the Pd lattice and, increased number of active sites
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[85]. On the other hand, it might be surprising to talk about the optical properties of the metal
boride due to the fact that they are metallic conductors and they do not show interesting
results in the visible spectrum; however, they have remarkable interactions with other
wavelengths [86]. For instance, metal borides interact with the photons of ultra violet range,
thus, they have been used as UV light filters that can be employed in deep space applications
[87]. As other optical applications of metal borides one can refer to lanthanum hexaboride as
X-ray standard, hot cathodes, near infrared absorbers for windows and the isotopically
enriched lanthanum hexaboride for neutron diffraction. Also, the use of YBes as X-ray
monochromator and synchrotron radiation is noteworthy. Moreover, metal borides have
attracted attention due to their interesting electrical properties. For instance, the discovery of
the bulk MgB: with an interestingly high critical temperature (39 K) was a promising step
forward toward a solution for energy that is wasted as heat [2]. According to the estimated
energy use in 2019 for USA diagram, 24.2 % of the generated electricity is wasted as heat.
In light of this discovery, efforts have been made to investigate the conductive properties of
nanoscale MgB: with a focus on measuring the critical temperature in hopes of obtaining a
higher one [88,89]. Some studies reported a similar value of critical temperature for
nanocrystalline structures compared to the bulk values [90,91]. Metal borides have also been
suggested as an alternative material for electrodes in solar cells. Binary borides such as ZrB,
HfB: and, TiB: have illustrated promising properties as a barrier for Cu diffusion in electrical
circuits due to their chemical stability, electrical conductivity and low thermal dilatation [92].

There exist various other applications for metal borides such as being an alternative for
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fabrication of metal nitride semi-conductors as a result of similar crystal structure and
thermal expansion coefficient. They are also well-known amongst scientists for their fame
as field electron emitters such as LaBs which helps provide a stable electron beam [93,94].
Metal borides are considered suitable materials for thermoelectric applications due their
refractory properties and thermal conductivity. Most of the investigated metal borides for
this context are p-type materials that at higher temperatures possess high ZT values [95,96].
There are other metal borides that when doped with B-rhombohedral illustrate n-type
properties e.g. Fe, Cr, or V [97,98]. Superior p-n control was observed by Mori et al. in high-
temperature borides [99]. Binary alkaline earth hexaborides were investigated by Takeda et

al. who reported high negative seebeck coefficients for SrBs, CaBs and, BaBe [100].
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1.3.5.Catalysis

The application of metal borides in the field of catalysis started around the second half of
the 19" century with the recognition of their high efficiency in selectivity and activity during
hydrogenation and reduction of a range of organic reactions [101]. This was in the interim
with the discovery of amorphous metal borides via precipitation from solution [102,103].
Upon investigation of different alloy compositions of nanoparticles obtained from aqueous
solutions for their catalytic activity, the amorphous form of Co-B and Ni-B exhibited
outstanding performance in terms of efficiency with respect to selectivity, activity rate and,
resistance to poisoning (i.e. inhabitation of active metal sites). Thus making them a better
choice compared to their metallic form for hydrogenation of a number of organic substrates
such as alkenes, aldehydes, ketones etc. [104-107]. It was observed that presence of a
metalloid atom in the structure of the catalyst enhanced their superior efficiency as they boost
the thermal stability of the catalyst by causing a homogeneous distribution uninhibited active
metal sites [108]. Considering the aforementioned, it was observed that ternary and
quaternary boride systems exhibit outstanding catalytic performance which is due to better
stability of the amorphous phase obtained as a result of smaller particle size and thus
enhanced local disorder. Furthermore, increasing the number of Lewis acidic sites, both as a
result of introduction of additional metals in the structure of metal borides was designed for

the purpose of catalysis [109,110].
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1.4. Synthesis Methods for Metal Borides

There are many ways and techniques to synthesize and obtain metal boride compounds
each of which requires different conditions and equipment. To mention only a few are
experimental ovens and media that the reaction takes place and result in different forms of
obtained boride in terms of structure (e.g. polycrystalline powders, amorphous powders etc.)
and reaction yield and purity of the obtained boride phase. Moreover, it is well known that
most of the boride synthesis methods require highly elevated temperatures to take place. So
far, metal oxide reduction using boron is known to be the most scalable and the synthesis
from metals and elemental boron is known to yield metal borides with highest purity.
Additionally, chemical vapor deposition and molten mixture electrolysis are known to result
in production of a protective, resistant and, refractory layer on the surface of the materials.

Some examples of obtained boride phases and their references are depicted in Table 1.
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Table 1. Various metal borides and their respective crystal structure information.

Metal Boride Lattice S_I'E;l;zture Gfgjge DenS|_tz/ Ref

[gcm™]

Mg MgB:2 Hexagonal AlB2 P6/mmm 2.63 [111]

Ca CaBs Cubic CaBs Pm3m 2.45 [112]

Sr SrBs Cubic CaBs Pm3m 3.42 [113]

Ba BaBs Cubic CaBg Pm3m 4.32 [113]

Al AlB; Hexagonal AlB; P6/mmm 3.16 [114]

a-AlB12 Tetragonal Al167B22 P412:2 2.55 [115]

Y YBss Cubic YBss Fm3c 2.50 [116]

La LaBs Cubic CaBs Pm3m 471 [117]

Ce CeBs Cubic CaBs Pm3m 4.71 [118]

Nd NdBg Cubic CaBs Pm3m 4.94 [119]

Ti TiB Orthorhombic FeB Pnma 4,57 [120]

TisBa Orthorhombic TasBa Immm 4.56 [121]

TiB2 Hexagonal AlB: P6/mmm 4.46 [122]

Zr ZrB2 Hexagonal AlB; P6/mmm 6.1 [771

Hf HfB> Hexagonal AlIB: P6/mmm 11.16 [123]

\Y VB Orthorhombic CrB Cmem 5.44 [124]

VB2 Hexagonal AlB: P6/mmm 5.07 [124]

Nb NbB Orthorhombic CrB Cmem 7.57 [125]

NbB:2 Hexagonal AlB: P6/mmm 6.95 [125]

Ta TaB Orthorhombic CrB Cmem 14.21 [126]

Ta:B Tetragonal CuAl; 14/mecm 15.21 [126]

TaB2 Hexagonal AlB: P6/mmm 12.53 [127]

Cr CrB Orthorhombic CrB Cmem 6.07 [128]




Chapter 1: Introduction and review

18

Metal Boride Lattice S_I'E;l;zture chl)ojge DenS|_tz/ Ref
[gcm™]

CrB Orthorhombic MnsB Fddd 6.47 [124]

CrB2 Hexagonal AlB2 P6/mmm 521 [124]

Mo Mo2B Tetragonal CuAl2 14/mcm 9.23 [124]

a-MoB Tetragonal MoB 141/amd 8.67 [124]

B-MoB:2 Hexagonal AlB2 P6/mmm 7.87 [129]

W W:2B Tetragonal CuAl2 14/mcm 17.09 [130]

WB4 Hexagonal W1.83Bo P63/mmc 8.4 [131]

Mn MnB Orthorhombic FeB Pnma 6.37 [132]

MnB: Hexagonal AlB: P6/mmm 5.35 [132]

MnB4 Monoclinic MnB4 C2/m 4.45 [132]

Re ReB: Hexagonal ReB: P63/mmc 12.67 [133]

ResB Orthorhombic ResB Cmcm 19.36 [134]

Fe FeB Orthorhombic FeB Pnma 6.75 [124]

Fe2B Tetragonal CuAlz 14/mcm 7.34 [124]

Co CoB Orthorhombic FeB Pnma 7.37 [135]

CozB Tetragonal CuAl; 14/mecm 8.05 [135]

CosB Orthorhombic FesC Pnma 8.11 [135]

Ni NiB Orthorhombic CrB Cmcm 7.2 [124]

Ni2B Tetragonal CuAl; 14/mem 8.06 [124]

NisB Orthorhombic FesC Pnma 8.18 [124]

NisB3 Orthorhombic NisBs Pnma 7.58 [124]

Pd Pd:B Orthorhombic CaClz Pnnm 9.93 [136]

Pt Pt.B Hexagonal MoS: P63/mmc 18.79 [137]
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The first conventional method uses elemental metal powders and boron as precursors and

is carried out through the reaction presented in Eq.1:
xM +yB — MxBy 1)

In this method the precursors are either melted by usage of an arc melting furnace, a high
temperature furnace or an induction furnace or are sintered in an inert atmosphere or under
vacuum. Considering the relative melting point of the selected metal to boron, a small amount
of excess boron (=10 at%) is added to the reaction due to the possible boron loss by
sublimation during the heating process to maintain the stoichiometry of the obtained product
[77,123,138]. Moreover, formation of some borides requires presence of excess amount of
boron because otherwise, the boride form that is thermodynamically more stable will form,
such as WB4 compared to WB,. The formation of WB4 is only possible with a metal to boron
ratio of 1:12 [131,139,140]. Synthesis via arc melting is the conventional method for
obtaining poly crystalline borides which is normally carried out in an arc melting oven sealed
under argon or helium gas atmosphere by using pellets of metal and boron powders. There
are many classes of metal borides that can be obtained via synthesis of pure precursors in an
arc melting device including:

1) Lower metal borides and their alloys such as TiB; ReB,; NbB2; WB2; Ru:Bs;
Sci-xWxB2; Wi-«TaxB and Sci-xRexB2 [120,133,141,142].

2) Tungsten tetraboride (WB4) and its alloys with transition metals (Zr, Ti, V, Hf, Ta, Nb,

Mn, Cr, Mo and Re) [139,140,143,144].
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3) Metal dodecaborides (MB12) and their alloys: Zri—xScxBi2; ZrosY04B12; Thi—xZrxBu2;
Y 1-xHfxB12; ErBi2; ScBi12; Y1-xScxB12; Zr1—YxB12; YB12; UBr2and ZrBio [71,145-147].

4) B-rhombohedral boron and its transition metal doping phases (HfBso, ScBso) [148,149].

5) YPtBso [150].

Hot pressing of the precursor powder mixtures is another common method of synthesizing
metal borides which is mainly used for making boride tools [151]. Acquiring a single crystal
of a crystalline material is crucial for characterization and understanding of its properties and
behavior. In case of metal borides, a high frequency induction furnace is commonly utilized
to obtain single crystals of ScBi2, ZrBi2, YBes, UB12, TmB1, ErBi> etc. [152-154].
Furthermore, flux growth method is commonly used to produce single crystals of lower metal
borides with Bi, Sn and Al as flux reagents, such as in the case of ReBzand AlB; [114,155].
Another method to obtain lower boride single crystals is to use pressed pure metal and boron
powders sealed in a quartz ampule in presence of a mineralizer such as iodine at high
temperatures (i.e. 1000 °C), such as in the case of MnB4 and CrB4 [156,157]. Spark plasma
sintering and high temperature furnaces can also be used to synthesize metal borides, for
instance HfB2, Y2ReBs, ReB> and ZrB» can be synthesized via this route [133,134,158].
Obtaining metal borides from the reaction of elemental boron and metal sulfide, hydride or
nitride is also considered among the mentioned methods [159].

One of the other well-known methods used in synthesis of metal borides is self-
propagating high-temperature synthesis (SHS) [160]. In this method the heat produced by

the exothermic reaction of the precursors is the solely driving force and the only requirement
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is an initiation step to activate the reaction. The efficiency of the reaction and the composition
of the final product is relying on how dense the formed pellet is and the initial stoichiometry
of the precursor powders respectively. Due to the fast propagation speed of these reactions
and the fact that no additional energy sources are required for its transpiring, this method is
considered to be advantageous amongst others. However, given the fast pace of this reaction
the control of the stoichiometry of the final product is very difficult and requires precision in
sample preparation steps. This method has been utilized in synthesizing lower borides of Ti,
V, Zr, Nb, Hf, Ta, Mo and Cr [161].

Reduction of metal oxide and boron using carbon, or carbothermal reduction, is one of
the oldest methods of obtaining metal borides that dates back to 1936 [162]. The theoretical
reaction is presented in Eq. 2 as follows:

MeO(s) + B203 (1) + C(s) — MeB(s) + CO(g) T (2)

One disadvantage of this method is the formation of side products and impurity in the
form of boron carbide and/or metal. Obtaining a phase pure product by this technique has
proved to be difficult because of the required high temperatures (1900 °C) and the application
of excess boron oxide (due to loss by sublimation). The latter two are the main limiting
factors which have impeded the universal use of this method.

Borocarbothermal reaction is the case where pure boron is used as the boron source
instead of boron oxide; however, given that boron is a stronger reducing agent than carbon,

the obtained metal borides contain up to 6 wt% carbon in their structure which is a huge
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disadvantage [163]. The metal borides obtained via reduction by boron carbides yields the
least amount of carbon impurity in the final product. This happens due to the formation of
the gaseous carbon monoxide (CO) which ensures the completion of the reaction and the
vacuum atmosphere preventing the further oxidation of the products.

One of the most common industrial methods used for synthesis and obtaining metal
borides is known as the borothermal reaction and takes place through reduction of metal
oxides by boron and yields boron oxide as a by-product [164]. The boron plays two roles in
this reaction as boron source and as reducing agent, and in order to remove the final oxide
version the reaction is carried out under vacuum which, in turn, reduces the necessary
purification steps for the final product [165]. The method can be used for synthesis of
transition metal borides of group IV-VI and depending on the conditions of the reaction and
used precursors can result in various boride structures ranging from monoborides (MB) to
MB:12 [165].

A further alternative route of obtaining metal borides is the reaction of metal oxides with
boron oxide in the presence of reducing metals such as magnesium, calcium, aluminum,
sodium, potassium or silicon [166]. This method is based on a set of solid state oxidation and
reduction reactions with metals whereby magnesium being the most commonly used one
naming the reaction magnesiothermic reduction reaction [167]. This technique is also
considered to be a cost effective one considering that it allows the usage of boric acid as the

boron source instead of boron oxide [167]. Diborides of some transition metals such as Ti,
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Cr, Nb etc. and hexaborides of rare-earth and alkali metals are some of the metal boride
examples produced via this method [167].

Metal borides can also be synthesized via precipitation of the products from the gaseous
phase, also known as chemical vapor deposition (CVD). The general theoretical reaction is
presented in Eq. 3 as follows:

MeClas (s/1) + 2BCl3(l) + 5H2 (9) — MeB2(s) + 10HCI(g) (3)

Where the reaction moves forward through the reduction of the reactants to their elemental
forms by hydrogen gas, followed by the reaction to form the metal borides and the side
products. This method has been utilized to obtain films and coatings of metal boride for
applications such as combustion chambers, refractory coating for re-entry vehicles, turbine
blades, cutting tools etc. and in some cases growth of metal boride single crystals (e.g. TiB2)
[168,169]. However, optimization of the reaction parameters to obtain borides with the
desired stoichiometry and properties is one of the main handicaps of this method [170,171].
Another route for metal boride surface coatings is the preparation via electrolysis. Herein,
molten salts of strong electrolytes are mixed and subjected to a current and the final product
is deposited on the cathode or anode via electrochemical deposition reaction that takes place.
The reaction parameters such as applied voltage, temperature of the mixture and current
density can vary based on the desired composition and quality of the product. Lower borides
of chromium are examples of metal borides synthesized via this method. Other methods used
for the synthesis of metal borides also include mechanochemical synthesis and mechanical

alloying [172,173].
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One of the biggest obstacles of synthesizing pure metal borides has been the refractory
nature of them requiring the use of high-temperature furnaces, expensive equipment and
purification of the final product. This in turn has triggered the tendency towards alternative
synthesis methods such as solid-state metathesis (SSM) where two reactants capable of
forming a salt are mixed and reacted in double displacement reactions. As a result of the
initiation, self-sustaining heat is produced which acts as the driving force to yield metal
boride and a side product (generally a salt). The latter is removed via a solvent after the

reaction. OsB; and ReB: are the two examples synthesized by this method [133,174,175].

This thesis investigates a low-temperature synthesis route both with and without the help
of an inorganic molten salt environment, investigating the feasibility of obtaining ternary
and/or binary transition metal borides in detail. The properties of the obtained metal borides
are investigated in detail according to the intrinsic character of the transition element used.
The following three chapters’ exhibit the obtained results of this study classified based on

application areas and synthesis conditions according to the ideal reactions provided below:

CoCl; + FeClz + xNaBH; — CoFeBx + xNaCl + H» 4)
CoCl,-6H20 + FeCl3-6H20 + xNaBHs — CoFeBx + xNaCl + NaOH + H: (5)
CoCl; + TiCls + xNaBH4 — CoTiBx + xNaCl + H; (6)

The reaction takes place upon decomposition of NaBH4 to NaH and BHz which then reduces
the chlorides, triggering the formation of metal boride and salt as a result [39]. Further

investigations into the properties of the obtained boride samples are required to achieve a



Chapter 1: Introduction and review 25

better and deeper understanding of the applicability and compatibility of the boride

nanoparticles in various aspects of industry and life.
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Chapter 2. Crystalline Co-Fe-B Nanoparticles: Synthesis, Microstructure

and Magnetic Properties

2.1. Introduction

Due to their superior properties like high melting point, chemical stability, hardness and
wear resistance, magnetic behavior and biocompatibility, synthesis and characterization of
binary and ternary metal boride nanoparticle powders has been of dire importance in recent
years [32,176]. These properties make various transition element borides desirable for many
applications like catalysis reactions, magnetic materials, biomaterials and reinforcement
agents [32,176-178]. Given their magnetic nature, iron and its alloys and compounds have
application in various scientific and industrial fronts and products. They are also used in
biomedical applications such as cancer detection and therapy, magnetic resonance imaging
(MRI), magnetic drug targeting and delivery, cell and tissue repair, catalysis, hyperthermia
and xerography [32,176-178].

It has been reported that the performance of cobalt boride-based composites or cobalt
boron-based alloys was improved with various additives such as Co-metal-boron alloys or
Co-boron based composite nanoparticles. They were found to be suitable for use as catalysts,
magnetic materials and coating materials with high corrosion or abrasion resistance in
hydrogen storage applications [76,179,180]. Also, it has been reported that cobalt-iron-boron

compounds (Co-Fe-B) formed with the addition of Fe promise superior properties to the
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binary structures in their respective application areas [181-184]. The properties of the Co-
Fe-B based powders, such as larger active surface area and improved ability of absorption
obtained with a second metal contribution, led to greater interest in their catalytic effect
[184,185]. Also, these powders have been intensively investigated for their soft magnetic
behavior in microwave and medical domains [61,186]. The compatible electronic interaction
between Co and Fe atoms has led to use of these metal combinations to develop boron alloys
with various properties. Some CoFeB amorphous alloys have been proposed for use in fine
and ductile magnetic coating material or water electrolysis [187-189]. The wear properties
of CoFeB magnetic thin films suitable for use with various substrates and the magnetic
orientation behaviors of CoFeB alloys, which are suitable for use in modern electronic
equipment, are investigated in the literature [190,191]. CoFeB thin films of ferro-magnetic
properties have been reported to have low remanence and high saturation magnetization
properties [192].

Binary borides of cobalt and iron are generally produced via chemical reduction processes
using different forms of starting materials [32,176,177,193-195]. In addition, electric arc
method, thermal plasma method, melt-spinning, sol-gel method, auto ignition, co-
precipitation processes, self-propagating high temperature synthesis (SHS), chemical vapor
deposition method (CVD) are the other production routes for iron borides [57,196-199].
Solid-state processes are also utilized for the synthesis of iron borides [197,200,201].

On the other hand, the production methods of ternary borides are much less known than

their binary compounds and are still being investigated. The ternary borides have
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conventionally been obtained by direct reaction of pure elemental metals and boron in an
inert atmosphere or under vacuum (> 1500 °C) [39,193]. Since these processes require a very
high reaction temperature and time, it is difficult to avoid impurities of oxygen, carbon or
other elements in the final product [193]. One of the methods developed later involves
milling the binary metal boride and metallic powder mixtures in a ball mill followed by
pressing and sintering under high temperature vacuum (~1300 °C) [202,203]. Furthermore,
reduction techniques have been applied such as inorganic molten salt or aqueous solutions
for the production of ternary metal-boron compounds or alloys developed as catalyst or
magnet [39]. As the chemicals obtained by these methods are amorphous or complex
compounds, their characterization is quite difficult [204]. Additionally, these techniques are
not suitable as a general and effective synthesis method, since the final products are mostly
of low surface area and low purity [39,204].

As discussed above, there are numerous studies investigating different synthesis methods
of metal boride composites which are mainly using elemental powders for precursor and
implement high temperature techniques [187,205]. This study; however, focuses on the
synthesis of nano crystalline metal borides using metal chlorides as precursors via low
temperature routes and studies of their structures with investigations of chemical and

physical properties.
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2.2. Experimental Procedure

2.2.1. Precursor Materials

The synthesis was carried out using CoClz (Anhydrous Cobalt Chloride, Alfa Aesar, 99.7
% purity), FeClz (Anhydrous Iron Chloride, Alfa Aesar, 98 % purity) and NaBH4 (Sodium
Borohydride, Alfa Aesar, 98 % purity) powders as starting materials. The mixture of LiCl
(Lithium Chloride, Alfa Aesar, 99% purity) and KCI (Potassium Chloride, Merck, 99.5%
purity) powders with eutectic composition (LiCI/KCI with 45:55 wt. % ratio) was melted in
quartz tube using oxygen torch and then cooled to room temperature. The prepared mixture
was used to obtain a water soluble inorganic molten environment with a low melting point.
XRD patterns of the precursor powders are given in Figures Al (a)-(c) (Appendix A). The
broad peak observed at 26=15-20° belongs to the Kapton file used to prevent oxidation,
whereas the other peaks belong to the powders (FeClz ICDD Card No: 04-007-2291, CoCl;
ICDD Card No: 00-001-0173, NaBH4 ICDD Card No: 01-075-0208). DSC heating and
cooling curve of the LiCI/KCI eutectic mixture is given in Figure Al (d) (Appendix A). The
endothermic and exothermic peaks observed respectively during heating and cooling curves
indicate that the eutectic mixture melts at about 350 °C in accordance with the theoretical

temperature which in turn proved the suitability of the mixture.
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2.2.2. Reaction Systems

Two different reaction systems were used in experiments: The first one is the synthesis in
sealed steel tubes placed in a chamber furnace to which we refer as “close system” hereafter.
Stainless steel tubes were sealed under Ar using arc welding and then transferred to the
furnace for reaction at 850 °C for 2 h. The second reaction system is the synthesis in an
alumina crucible placed in a quartz tube which was carried out in a vertical tube furnace at
650-850 °C for 2 h under controlled Ar flow. To this system, we refer as “open system”
hereafter. The purpose of the open system is to get rid of unwanted gaseous by-products in
the flow of Ar which protects the prepared powder mixtures from oxidation or
decomposition. In both experimental systems, for complete decomposition of NaBH4 to
happen, the reaction was put on hold at the temperature of 550 °C for 2 h and then heated up
to reaction temperature with a holding time of 2 h. To study the effect of reaction time on the
microstructure, additional experiment was done at 850 °C for 6 h. All powder preparations
were carried out in a glovebox under Argon (Ar) gas atmosphere.

The ideal reaction between CoClz, FeCls and NaBH4 should result in a formation of
ternary metal boride and NaCl compounds, and Hz gas. Based on previous studies and our
preliminary investigations, optimum results were obtained with a molar ratio between 1:2 —
1:3 of metal chlorides to NaBH4 [32,39,206]. Thus, the powders were put in furnaces for
synthesis by using a total of 2 mmol CoCl, 2 mmol FeClsz and 12 mmol NaBHa. The eutectic
composition of KCI/LiCl was used with a 10:1 weight ratio to reactants, to create the molten

salt medium in which the reaction would take place [207]. The powders and eutectic mixture
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were subjected to roll milling for 10 min in order to achieve a more homogeneous mixture.
Process flow chart is summarized in Figure 5. Only one experiment in close system was done
without eutectic mixture to reveal the effect of molten salt environment on the phase and
microstructure. For comparing purposes, the synthesis of binary borides (CoB, FeB) were
studied in identical conditions by using CoCl>-NaBHs or FeCls-NaBHs4 mixtures,

respectively and were investigated in terms of phase formation and thermal behavior.
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Figure 5. Process flow chart used in the experiments.

Some of the powder mixtures were pressed into pellets using hydraulic press with

maximum load of 10 tons and then placed in quartz tubes, subjected to vacuum for 15 min
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and then sealed using oxygen torch. The pressed and sealed powders were annealed at 1100
°C for 2 h to confirm presence of desired phases and to investigate their crystalline structure.
In order to remove the by-products (NaCl, LiCl and KCI), the obtained powders were
repeatedly leached with distilled water at 70 °C, then centrifuged at 3500 rpm for 15 min to
precipitate the powders and finally placed overnight into a vacuum oven at 70-200 °C to dry.
The obtained powders are composed of nanoparticles, which are very hygroscopic, hence

making the leaching and drying step of importance.

2.2.3. Characterization

Phase analysis and microstructural characterization of the powders were performed by
Rigaku Miniflex X-Ray diffractometer (XRD, CuKa). The phases were determined using the
International Center for Diffraction Data (ICDD) database. A common problem during XRD
measurements of powders containing cobalt with CuKa rays is the lack of uniformity of the
patterns due to the fluorescent effect of the cobalt. This problem was solved using the XRF
reduction mode of the Rigaku device and by changing the detector angle to reduce the
fluorescence effect. Microstructural and morphological characterizations of the powders
were performed using Zeiss Ultra Plus field emission scanning electron microscope (FE-
SEM) equipped with energy dispersive X-Ray spectrometer (EDS). Structure of the powders
and the phase distribution in the structure were analyzed and supported via XRD and
SEM/EDS analysis. Thermal analyses were performed using differential scanning
calorimetry (DSC, TASC 414/3 A, Netzsch) and differential thermal

analysis/thermogravimetric (DTA/TG, STA449F3, Netzsch) apparatuses. DTA/TG analyses
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were conducted in an alumina crucible up to a heating temperature of 1500 °C with a heating
rate of 10 K/min under Ar atmosphere. Elemental analysis up to ppm level was conducted
using Bruker Tiger S8 XRF device. Particle size and distribution analyses were carried out
using particle size measuring device (Malvern ZS - Zetasizer) incorporating dynamic light
scattering (DLS) technique. Surface area measurements of some powders were done with
BET surface area analysis (Micromeritics ASAP 2020 HD) supporting particle size
measurements. For surface analysis, X-ray photoelectron spectrometer (XPS, Thermo K-
Alpha) and attenuated total reflection - Fourier transform infrared spectrometer (ATR-FTIR,
Thermo Scientific 1S10) were used. Magnetic properties of synthesized powders were

measured on a SQUID magnetometer (MPMS-XL7, Quantum Design) at room temperature.
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2.3. RESULTS AND DISCUSSION
2.3.1. Nanoparticles synthesized in close system

2.3.1.1 Effect of eutectic salt mixture on the phase formation

XRD patterns of the powders obtained from the reaction of CoCl>-FeClz-NaBH; at 850
°C with and without eutectic salt mixture are presented in Figure 6 comparatively. In both
cases the phase structure of the powders is the same and the XRD patterns show only the
presence of the binary CoB (ICDD Card No: 04-003-2122, orthorhombic, a =3.948 A, b =
5.243 A, ¢ = 3.037 A — Refined lattice parameters: a = 3.949(2), b = 5.263(4), ¢ = 3.044(2))
and FesB (ICDD Card No: 04-001 -3343 orthorhombic, a = 5.428 A, b = 6.699 A and ¢ =
4.439 A) phases. Alongside formation of CoB phase, (CoBmep = 1460 °C) which is
thermodynamically most stable phase of the cobalt boride, iron boride has been formed also

in a thermodynamically known phase [208].
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Figure 6. XRD patterns of the powders obtained by reaction of a mixture of CoCl.-
FeClz-NaBHj4 at 850 °C in the close system: (a) without eutectic salt mixture and (b) with

eutectic salt mixture (See appendix A2 for comparison with reference peaks).

Figure A3 (Appendix A) and Table 2 respectively present the FTIR and chemical analyses
of the powders obtained from the reaction of CoCl>-FeClz-NaBHjs in the close system at 850
°C. Figure A3 (@) suggests the presence of B-H bonds in the reaction products obtained
without eutectic salt mixture, which indicates the presence of unreacted NaBHs in the
powder. The chemical analysis given in Table 2 also supports this situation: While the
powder does not contain any Cl element, presence of 4.2 wt. % Na element shows that either
NaBH.4 remains unreacted or elemental Na remained in the powder after being vaporized

during NaBH4 decomposition [208,209]. The broad peak observed around wave number
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3300 cm™ is corresponding to the well-known O-H vibration which exists in the structure of
water and moisture. It is known that NaBH., is decomposed to NaH and BHs at 550 °C;
however, a recent study showed that decomposition of NaBH4 continued even after 600 °C
[208,209]. The presence of NaBHa in the powder obtained from the reaction at 850 °C can
be explained either by the difficulty in the formation of gas products due to the high pressure
in the close system and inability of all of NaBH4 to decompose or as a result of very high
vapor pressure of Na metal at elevated temperatures. Also, it could be attributed to early
decomposition of NaBHj4 as a result of presence of chlorides which act as catalysts for NaBH4
dehydrogenation by bringing the decomposition activation energy to lower values, thus
reducing the peak decomposition temperature to 470 °C [209]. According to the yield
calculations, the efficiency of the CoCl conversion in the eutectic salt mixture was found to
be 10 % higher than in the eutectic-free mixture, which can be also attributed to better
decomposition of NaBH4 as a result of presence of substantial amount of chlorides in the
mixture [208,209]. In addition, very small amount of K and/or CI elements in the
composition of the powder (Table 2) can be attributed to a small amount of KCI phase which
cannot be removed during water leaching (in case of using eutectic mixture), or a K impurity
coming from the precursors. Water-leaching was applied to this powder for a second time
and after XRF analysis, KCI was completely removed. Repeated trials have shown that
second leaching process applied to powders after drying removes unwanted chloride phases
completely. This indicates to the importance of purification processes. As a result, there is

no Na impurity in the powder obtained from the reaction performed in the close system with
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eutectic mixture environment (Table 2) and the FTIR spectra does not present any peaks

corresponding to B-H, B-OH or B-O bonds (Figure A2(b)).

Table 2. Chemical analysis of powders obtained by reaction of CoCl>-FeClz-NaBH4 in

the close system at 850 °C.

Element (wt. %) Co Fe Na Si Cl K
Without Eutectic Salt Mixture 34.64 39.38 4.2 - - 0.60
With Eutectic Salt Mixture 47.47 36.19 - 0.32 0.11 0.16

2.3.1.2 Microstructural evolution

Figure 7 shows the SEM images of the powders obtained by reaction of CoCl>-FeCls-
NaBHjs in the close system at 850 °C. The microstructure shows particles with dimensions
ranging from 30 to 80 nm and clearly, the gas pressure in the close system decreases the
particle size considerably. However, when the eutectic mixture is not used, the
microstructure shows a heterogeneous appearance: As seen in Figure 7 (b), the
microstructure in the lower magnification SEM analysis shows agglomerated particles of
sizes up to 6 pum. On the other hand, the molten media created by the eutectic mixture
provided a more homogenous appearance of the powders after the reaction (Figure 7 (c)).

These results can be attributed to the two-fold effect of the eutectic particles on
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recrystallization kinetics: particles (<0.1um) that are well distributed inhibit recrystallization
while others (>1pm) promote recrystallization through particle stimulated nucleation
[210,211,220,212-219]. It can be concluded that eutectic environment triggers a uniform
particle size distribution in the final powder morphology, while particle size distribution for
powders synthesized without it, have a broader range from nano to micron scale. In addition,
according to SEM images, it is observed that there are no other forms of morphology in the

structure.
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Figure 7. SEM images of powders obtained by reaction of CoClz-FeClz-NaBHj in the

close system at 850 °C: (a) and (b) without eutectic salt mixture and (c) in eutectic salt

mixture medium.

After the powders were dispersed in the ultrasonic bath, particle size measurements were
made using DLS analysis method. The average particle sizes of the powders prepared with
and without of the eutectic salt mixture medium were measured as 222 and 100 nm,
respectively. However, since agglomerated particles with sizes up to 6 pum observed in SEM
images (Figure 7 (b)) were not detected in the DLS technique due to fast precipitation, the

value obtained from the DLS analysis does not reflect an accurate measurement. On the other
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hand, powders presented in Figure 7 (c) is homogeneous and of submicron size which is

confirmed by SEM and DLS analyses.

2.3.2. Nanoparticles synthesized in open system

2.3.2.1 Phase analysis

Figure 8 shows the XRD patterns of the powders obtained from reaction of CoCl>-FeCls-
NaBHs4 with eutectic salt mixture in the open system at 650-850 °C, comparatively. As
illustrated in Figure 8, CoFeB; (ICDD Card No: 01-079-2846, orthorhombic, a = 5.430 A,
b =2.985 and ¢ = 4.020 A — Refined lattice parameters: a = 5.26(7), b = 2.97(2), c = 4.05(3))
phase was determined in the XRD patterns. When the temperature rises from 650 to 850 °C,
a significant increase in the peak intensity of the CoFeB. phase is observed, which results
from further crystallization of this phase with the increasing temperature. When the XRD
patterns in Figures 6 and 8 are compared, it is understood that the peaks formed between 26
= 70-85° in Figure 8 originate from the CoFeB: phase [221]. In addition, it should be noted
that peaks of CoB and FeB (ICDD Card No: 04-013-1637, orthorhombic, a = 5.504 A, b =
2.945 and ¢ = 4.056 A — Refined lattice parameters: a = 5.5(5), b = 2.7(1), ¢ = 4.3(4)) overlap
with some peaks of the ternary boride in XRD patterns. Having the same crystal structure
with CoB and FeB, it is also possible to observe binary phases with the CoFeB; solid solution
formed in between the CoB and FeB phases. This indicates that the powders obtained are

mixed phases (solid solutions) in equilibrium, which agrees with previous studies in both
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metal rich and boron rich cases [184]. Comparing the phase formations in close and open
systems (Figures 6 and 8), it was observed that CoB and FesB phases formed separately as a
result of a reaction in sealed tubes, whereas CoFeB: solid solution nano powders were
obtained in one step at 850 °C after a reaction under Ar flow. This can be attributed to two
different reaction mechanisms originating from autogenous pressure or gas flow conditions
in close and open systems, respectively. This probably affects the reaction between CoCl»
and FeCls, and hence accelerates the inter-diffusion between two binary phases and results
in a formation of a solid solution in open system.

Formation of a solid solution between borides of transition elements is a known fact. It
happens because of either a change in number of valance electron number per formula unit
of the crystal, also known as valence electron concentration (VEC) or movement of
dislocation kinks (small sections of material that move stepwise, parallel to the direction of
the normal of the plane), which in case of covalently bonded crystals such as borides, is
determined via bonding interactions between the kinks and near neighbor atoms. Mobility of
these kinks in a crystalline material are relatively easy as a result of equivalent electrostatic
forces on each side of the kink, which is disturbed when a second element is introduced to
the structure. In the present case, formation of a solid solution is attributed to change in VEC,
since cobalt and iron are not in the same periodic group, hence having different VECs
[222,223]. CoB and FeB have the same structure, similar atomic radii and similar lattice
constants, resulting in a matching XRD patterns, which is in agreement with other studies of

binary and ternary borides [222,223]. In addition, there is no undesirable phase, impurity or
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intermetallic compound in the XRD patterns of the purified powders showing that the
reaction between CoCl,-FeClz-NaBH4 is complete and that the NaCl reaction by product and
the eutectic mixture are thoroughly removed by water leaching. Thus, high purity powders

are obtained.
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Figure 8. XRD patterns of the powders obtained from reaction of CoClz-FeClz-NaBH4
(with eutectic salt mixture in the open system) at: (a) 650, (b) 750 and (c) 850 °C (See

appendix A4 for comparison with reference peaks).
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Figure 9(a) presents the XRD patterns of the CoB, FeB and CoFeB. powders obtained
from the reaction of CoCl,-NaBH4, FeCls-NaBH4, CoCl2-FeCls-NaBHj4, respectively. Figure
9(b) shows the DTA curves of the binary powders (eutectic salt mixture in the open system
at 850 °C). When compared with their XRD reference patterns (Figure 9(a)), all obtained
phases are pure with no impurity present in their composition. Combining the obtained CoB
and FeB peaks, results in the measured CoFeB; peaks, which happens due to the very similar
radii of Co and Fe, making it very hard to distinguish between the ternary phase and a solid
solution. The asymmetric and broad reflection observed at approximately 26=40° in the XRD
pattern of the binary FeB exists as a result of large number of stacking faults present in the
a-FeB modification [224]. These are also thermodynamically stable phases, which is
confirmed by the DTA curves in case of the binary phases (Figure 9(b)). DTA curves of the
binary phases show presence of no impurity or unstable phase in the obtained powders and

puts melting points of CoB and FeB at 1400-1500 °C.
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Figure 9. (a) XRD patterns of the CoB, FeB and CoFeB. powders
obtained from reaction of CoCl,-NaBHa, FeCls-NaBH4, and CoClz-FeCls-
NaBHjs, respectively (with eutectic salt mixture in the open system at 850

°C and (b) DTA curves of the CoB and FeB powders obtained
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Figure A5 (Appendix A) shows the FTIR spectra of the CoFeB2 powders, obtained by
reaction of CoCl,-FeCls-NaBH4 with eutectic salt mixture in the open system at different
temperatures. As shown in Figure A5, no peaks corresponding to B-H, B-OH or B-O bonds
are observed in the FTIR spectra. This shows that NaBH4 decomposed and reacted
completely during the 2 h hold period at 550 °C. Also, according to the chemical analysis,

no impurities exist in the powder composition.

2.3.2.2 Thermal analysis

Figures 10 and A6 (Appendix A) show the DTA and TG curves of the CoFeB> powders,
obtained by reaction of CoCl,-FeCls-NaBH4 with eutectic salt mixture in the open system at
different temperatures, respectively. The sharp and low endothermic peaks observed at about
1465 °C in the DTA curve shown in Figures 10 (a) and (b) belong to the melting of the CoB
phase (CoBmp = 1460 °C). It was observed that some amount of the powders was stuck to
the bottom of the pot after DTA analysis. Unlike these two powders, the DTA curve of the
powder synthesized at 850 °C (Fig. 10 (c)) did not show melting effect and no adhesion to
the crucible was observed after analysis. By interpreting the DTA analyses together with the
XRD patterns of the powders (Figure 8), it may be concluded that with the increasing
temperature of the reaction and thus with the increasing peak intensity of the CoFeB. phase
in Figure 8 (c), the products side dominates in the chemical equilibrium. The absence of CoB

phase in this powder is supported by DTA analysis (Figure 10 (c)) where no sharp
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endothermic peak for the melting of the CoB phase was observed [225]. The DTA curve in
Figure 10 (c) has a non-sharp broad endothermic peak at about 1340 °C. This endothermic
peak corresponds to the sublimation of boron oxide [172].

On the other hand, the TG experiments on all samples show a 2-5 % initial weight loss on
heating up to about 250 °C, which results from the evaporation of moisture from the samples
(Figure A4(a)-(c)). On further heating, an additional weight loss is observed at high
temperatures, totaling 13 wt. % at 1500 °C for the samples prepared at 650 and 750 °C and
7 wt. % at 1500 °C for the sample prepared at 850 °C shown in Figure A4 (a), (b) and (c),
respectively. This effect results from the evaporation of boron oxide. The fact that boron
oxide was not detected via XRD but its sublimation was observed during DTA/TG
measurement can be due to low amount of amorphous boron oxidizing as a result of exposure
to air during characterization steps [226]. This suggests that the powders are highly affected
by atmospheric conditions like moisture and oxygen due to their nano-sized particles. Figure
AT (Appendix A) presents the corresponding Fe-B, Co-B and Co-Fe-B phase diagrams for

further clarity [227].
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Figure 10. DTA curves of the powders obtained by reaction of CoCl,-FeCls-NaBH4
(with eutectic salt mixture in the open system) at: (a) 650, (b) 750 and (c) 850 °C.

2.3.2.3 Surface analysis

Previous studies for binary systems have reported that CoB crystalline nanoparticles have
formed in an amorphous matrix of Cobalt (1) and partially oxidized boron and that oxygen
is expected to be in the amorphous matrix [32,177]. Surface analysis was performed to prove
that the powders were affected by atmospheric conditions and to investigate the source of
oxygen in the structure. XPS analyses of the CoFeB2 powders obtained by reaction of CoCl»-
FeClz-NaBH4 with eutectic salt mixture in the open system are presented in Figure 11
indicating that a high percentage of oxygen is present on the surface of the particles. Thus,

XPS results confirm that the weight loss in TG curves is indeed due to the evaporation of the
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surface oxides. The O 1s peak at 533.0 eV, being the most intense one, corresponds to
oxidized boron, which is in turn coherent with B 1s contribution at 193.0 eV confirming the
partially oxidized boron (I1). The formation of the oxide on the surface has been attributed
to the presence of the superficial amorphous B layer encapsulating core boride particles
[177]. Furthermore, the Co 2ps;2and Fe 2pa/2 peaks in XPS spectra at 780.0 and 712.0 eV can
be attributed to cobalt(ll) and iron(l1) species, respectively [177]. Figure A8 (Appendix A)

presents the Fe and Co regions for further clarity.
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Figure 11. XPS analysis of the powders obtained by reaction of CoCl,-FeCls-NaBH4
(with eutectic salt mixture in the open system) at: (a) 650, (b) 750 and (c) 850 °C.
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2.3.2.4 Microstructural evolution and particle size measurement

SEM /EDS and DLS images and analyses of the powders obtained by reaction of CoCl.-
FeClz-NaBH4 with eutectic salt mixture in the open system are given in Figure 12. Figures
12 (a), (b) and (c) show an increase in particle size with increasing temperature. According
to the BET surface area measurements on the same powders, the surface area was reduced
from 15.28 to 14.99 m? /g with increasing reaction temperature from 650 to 750 °C,
respectively. This indicates that 100 °C increase in temperature did not have a significant
effect on the particle size of powders. As shown in the DLS analysis in Figure 12 (d), the
average particle size of the powder obtained at 850 °C is 60 nm and the size distribution of
the particles is homogeneous in the microstructure (Figure 7 (€)). The resulting powder
morphology comprises of particles with spherical, coaxial and rod-like structures. Given the
low temperature regime used in this synthesis method, formation of nano size particles was
expected. The synthesized powders had a particle size distribution of 20-100 nm. Various
studies conducted to obtain binary metal boride particles aimed towards different application
areas have reported a general particle size distribution of 4-200 nm using different synthesis
methods [177,228,237-239,229-236]. It was observed in literature that morphology of the
powders are generally spherical with a tendency towards agglomeration [236]. Furthermore,
as seen in the EDS analysis given in Figure 12 (f), oxygen was detected besides Co, Fe and
B elements. This confirms the surface oxidation of the nanoparticles, which was already

supported by XPS analysis (Figure 11).
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Figure 12. SEM /EDS and DLS analysis of powders obtained by reaction of CoCl.-
FeClz-NaBHj4 (with eutectic salt mixture in open system) at: (a) 650, (b) 750 and (c) (d)
(e) (f) 850 °C.
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To observe the effect of the reaction time, powders were reacted under the same
conditions for 6 h. Only CoFeB: phase was observed in the samples. Increasing the reaction
time from 2 to 6 h did not change the sample composition but increased the conversion yield
of CoCl: slightly. According to the calculations, when compared under the same conditions,
increasing the dwell time of the reaction from 2 to 6 h provides a 9-10 % increase in
conversion yield. Figure 13 presents SEM / EDS and DLS analyses of the powder obtained
by reaction of CoCl,-FeClz-NaBH4 with eutectic salt mixture in open system at 850 °C for 6
h. SEM images show that increase in reaction time leads to a morphological change. SEM
image in Figure 13 shows that generally spherical or rod-shape particles, which were
observed in all other experiments above, transform into thin long rod particles with the
increase of the reaction time to 6 h, which agrees with morphologies observed for Fe.B
particles synthesized in the literature [196]. According to DLS analysis, the average particle
size is 80 nm and homogeneous throughout the microstructure. The increase in reaction time
caused a slight increase in particle size.

The inorganic molten salt technique applied in the scope of this study makes possible the
removal of the impurities stemming from the system. This is achieved by changing the
reaction parameters, which is allowed by the low temperature and the method being based
on metal chlorides. In current literature, Fe-B and some other binary borides were obtained
and reported in high purity by applying this technique [177,196]. The present work is the
first one that reports successful synthesis process of crystalline Co-Fe-B ternary metal boride

nanoparticles using the low temperature method and inorganic molten salt environment.
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Figure 13. SEM / EDS and DLS analysis of powder obtained by reaction of CoCl»-
FeClz-NaBHj4 (with eutectic salt mixture in open system) at 850 °C for 6 h.

2.3.2.5 Effect of annealing on the phase formation

To observe the effect of annealing on the phase change, the powders synthesized at 850
°C for 2 h were annealed at 1100 °C for 2 h. The resulting XRD pattern and the DTA curve
are presented in Figure 14. As seen from the XRD pattern, the CoFeB. phase has indeed
formed in situ and, in agreement with earlier explanation, the increased temperature forces
the reaction towards a highly crystalline CoFeB2 phase. The smaller characteristic peaks of
CoFeB: are present at 20 = 70-85°. Using the inorganic molten salt and subsequent annealing

techniques, CoFeB: phase was obtained in crystalline form well below the temperature
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reported in the literature. As seen from the DTA curve after annealing (Figure 14(b)), the
obtained phase is a pure one with the exception of a very minute endothermic effect at around
1300 °C, which corresponds to trace amounts of boron oxide in the powder. Given that the
boron present in the obtained powder is of nano scale and also amorphous, it is oxidized very
easily. Comparing Figure 10 (c) and 14 (b) shows that all major effects caused by moisture
and evaporation of boron oxide disappeared. This indicates that annealing the samples
successfully removes moisture and surface oxides from the composition of the powder. In
addition, the missing endothermic effects corresponding to CoB and FeB melting points,
which were observed in Figure 9 (b), prove the formation of the ternary Co-Fe-B phase,
which has a very high melting point in comparison to the two binary phases. The combined
study of the XRD pattern and the DTA curve of the annealed powder makes it clear that the

obtained CoFeB. powder is crystalline and of very high purity.
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Figure 14. (a) XRD pattern and (b) DTA curve of the powders obtained by
reaction of CoCl>-FeCls-NaBH4 (with eutectic salt mixture in open system at 850
°C) and annealed at 1100 °C (See appendix A9 for comparison with reference

peaks).
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Table 3 presents the chemical analysis results of the synthesized and annealed CoFeB:
powders at 850 °C and 1100 °C, respectively. As seen from the results, Co to Fe ratio of the
obtained powders changed from 1.5 to 1.03 indicating elimination of the thermodynamically
unstable phases and formation of the stable CoFeB. phase. Thus, chemical analyses of
annealed CoFeB: powders gives the molar ratio of Co and Fe to be approximately 1:1 and

this value agrees with the determined stoichiometry in the powder structure.

Table 3. Chemical analysis of powders obtained by reaction of CoCl>-FeClz-NaBH4 in

open system at 850 °C, before and after annealing at 1100 °C.

Element (wt. %) Co Fe

CoFeB; 44.98 29.79

Annealed CoFeB; 33.73 32.56
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2.3.2.6 Magnetic Measurements

Figure 15 presents the magnetic hysteresis curves of CoB, FeB and CoFeB, powders at
room temperature (25 °C). CoB is expected to be paramagnetic at room temperature and as
seen from Figure 15 (a), the synthesized CoB exhibited the saturation magnetization (Ms) of
only 0.8 emu/g, which suggests that about 0.4 % of Co in the sample might be found in
elemental form. The ferromagnetic FeB powders exhibited saturation magnetization (Ms) of
44.6 emu/g. On the other hand, as seen in Figure 15(b), synthesized CoFeB. powders
exhibited an average saturation magnetization of 21.1 emu/g, which is a value between those
of two binary borides. As all powders obtained at different reaction temperatures contain the
same phase (Figure 15(b)), they yield similar hysteresis curves and show a ferromagnetic
property. Because of the small coercive field (Hc), the hysteresis curves are quite narrow,
and the powders can be classified as soft magnetic material. Other studies implementing
various synthesis methods have investigated magnetic properties of Co-Fe-B nano particles
[186,192,234,240], including a study reporting a saturation magnetization (Ms) of the
synthesized powders of about 83.5 emu/g [186]. They also observed that the coercivity (Hc)
of the samples increased with increasing Fe/Co ratio and showed a maximum of 148 Oe in
some cases [186]. In comparison, the magnetic measurements of the nano particles
synthesized in this study showed an average saturation magnetization of 21.1 emu/g at the
magnetic field of 70 kOe. However, the samples were handled in air and thus the mass of the
sample might have increased slightly due to oxygen and moisture intake. Furthermore, in the

present study, before the measurements, no surface modification was applied on the powders
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to protect the surface. Repeating the magnetic measurement with a sample reacting at 850
°C and never exposed to air resulted in an increase of saturation magnetization by 20 %. The
hysteresis curve at high fields continues to increase slowly, indicating that the magnetization
does not completely saturate. This most likely originates from the paramagnetic CoB, which
was shown by the XRD to be present in the samples. As indicated in the inset of Figure 15,
the samples show an average coercivity value of about 500 Oe, except for the sample reacting
at 650 °C, where the coercivity of only about 130 Oe is observed. Thus, extended reaction
temperature is seen to produce coercivity enhancement without significant reduction in
saturation magnetization. With the decreasing size of the particles, the reduction of saturation
magnetization and an increase of coercivity are typically observed until a single domain limit
is reached [61]. Thus, in case of FeB, a kind of minimum in saturation magnetization and a
maximum in coercivity was found for the average crystallite size of 30 nm [61]. Soft
magnetic behavior with small coercivity lowers the amounts of energy loss for alternating
current applications [186].

Figure 15(c) shows the magnetic hysteresis curves of the annealed CoFeB, powders. As
the result of the powders synthesized at 850 °C (Figure 15(b)) is compared to that of annealed
powders at 1100 °C (Figure 15(c)), it is seen that the ferromagnetic property changed to
superparamagnetic with the magnetization reaching a value of 13 emu/g at the magnetic field
of 7 T and with the tendency of further increase. This can be explained by the phase and
chemical change in the powder structure after annealing at 1100 °C: As mentioned above,

annealed powders comprised of a single-phase (CoFe)B: solid solution (Figure 15) without



Chapter 2: Crystalline Co-Fe-B nanoparticles: Synthesis, microstructure and 58
magnetic properties

any CoB or FeB present in the structure. Due to the ferromagnetic FeB phase existing in the
powders synthesized at 850 °C (Figure 8(c)), a ferromagnetic property is observed in the
hysteresis curve of the powders before annealing (Figure 15(b)). However, after the
formation of stable and highly crystalline (CoFe)B: solid solution phase with a Co:Fe molar
ratio of 1:1 and removal of all impurity and oxide phases in the structure, a
superparamagnetic property was obtained, as seen in Figure 15(c). It is worth to mention that
the ferromagnetic property of the amorphous Co-Fe-B nanoparticles, already reported in the
literature, may be related to the remaining FeB phase, which could not be detected in XRD
analysis due to the amorphous structure. Thus, it is clear in the present study that the
crystalline single-phase (CoFe)B. particles possess superparamagnetic behavior at room

temperature.
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Figure 15. Magnetic hysteresis curves of CoB, FeB and CoFeB: powders: (a) CoB and
FeB powders respectively obtained from CoCl>-NaBH4 or FeCls-NaBHa reaction with
eutectic salt mixture in the open system at 850 °C, (b) CoFeB. powders obtained from

CoCl,-FeCl3-NaBHas.
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2.4. Conclusion

The usage of molten salt synthesis method reduced the melting point of reactants and the
impurities in final powders, ensuring that the powders had a more homogenous appearance
and particle size. After the reaction of CoCl,-FeCls-NaBH4 with eutectic salt mixture in close
system at 850 °C, CoB and FesB stable phases formed separately in-situ. The reactions of
binary systems CoCl>-NaBH4 and FeCls-NaBH4 respectively resulted in pure CoB and FeB
formation in open system at 850 °C under Ar flow. On the other hand, after the reaction of
the CoCl,-FeCls-NaBH; with eutectic salt mixture under identical conditions, CoFeB; solid
solution nano powders were obtained in one step via a strong diffusion between two binary
phases of CoB and FeB. Purity of the obtained Co-Fe-B phase was supported via FTIR and
DTA data showing no B-O, B-H and/or B-OH bonds and no endothermic peaks
corresponding to the melting point of the binary phases. CoFeB., powders possess crystalline
structure, with a high purity and an average particle size of 60 nm, which comprised of
crystalline particles with spherical, coaxial and rod-like structures. Due to nano sized
particles and possible superficial amorphous boron layer, the powders oxidized during the
leaching or storing while exposed to air. These effects were reduced significantly after
optimization of the leaching step and completely removed after annealing, making it possible
to obtain pure crystalline powder. Thus, following annealing at 1100 °C, CoFeB: solid
solution powder was stable, high crystalline and all impurity and oxide phases were removed.

Chemical analysis data of the annealed powders confirmed obtaining pure CoFeB; phase and
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also gave a Co:Fe molar ratio of approximately 1:1 which agreed with the XRD results. As-
synthesized particles exhibited ferromagnetic property and possessed a narrow hysteresis
curve characteristic of soft magnetic materials. They also showed an average saturation
magnetization of 21.1 emu/g and an average coercivity of 500 Oe. Extended reaction
temperature in the open system from 650 to 850 °C is seen to produce coercivity
enhancement without significant reduction in saturation magnetization. On the other hand,
after an annealing process and subsequent phase and chemical change, crystalline (CoFe)B:2
particles exhibited superparamagnetic property, which resulted from the absence of binary

FeB phase as the source of ferromagnetic property.
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Chapter 3. Evolution of magnetic properties of crystalline cobalt-iron
boride nanoparticles via optimization of synthesis conditions using

hydrous metal chlorides

3.1. Introduction

Transition element borides have attracted noticeable attention due to various desired
properties including major applications in industry such as hard magnets (Nd2Fe14B), hard
materials (TiB2), conductive and bulk refractory ceramics (ZrB. , HfB,), and
superconductors (MgB>) [27,32,43,176]. The combination of a very strong covalent bond
and a partially full d orbital has led to numerous binary and ternary combinations of transition
metal borides. Consequently, the ability to combine multiple properties such as magnetism,
catalysis, biomedical applications alongside outstanding mechanical and chemical stability,
hardness, and corrosion resistance, etc. of different elements has triggered wide-spread
utilization attempts in both scientific and industrial fronts. For example, crystalline nano
particles of iron boride (FeB), cobalt boride (CoB), and cobalt iron boride (CoFeB;) for
magnetic behavior [184,186], nickel and cobalt boride (NiB, CoB) as catalyst for hydro-
desulfurization and dehydrogenation reaction [241,242], iron boride (FeB), vanadium
diboride (VB2), and CoB as multi electron transfer anode materials for battery applications
[243], iron diboride (FeB2) and molybdenum borides as electro-catalysts for hydrogen

evolution reaction [63,244]. Other studies have investigated the role of cobalt iron boride-
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based nanoparticles for applications such as for brakes [245], sealing [246], lubricating [247],
sensors [248], targeted drug delivery [249], and so forth. All of these different properties are
associated with the boron covalent framework present in metal-boron alloys [32]. Most of
the aforementioned are bulk properties; however, scaling down to nano scale has proven
beneficial by yielding modified, improved and, in some cases, novel properties and behaviors

that the bulk form of those materials do not possess [32].

Reducing the particle size has been very effective and useful in various application fields,
especially in biomedical and therapeutic applications such as magnetic drug targeting,
magnetic particle imaging, and magnetic hyperthermia [250-255]. Furthermore, nanoscale
cobalt-iron boride particles are promising materials in electromagnetic devices and high
frequency applications due to their high chemical stability [256]. However, in such
applications, alloys and compounds with soft magnetic behavior e.g. high magnetization, low
coercivity, and magnetic permeability are desirable [186]. Among the potential candidates,
borides of iron play an important role given their magnetic properties [61]. The literature
reports that the presence of additional third elements such as iron in the structure of cobalt
iron boride (Co-Fe-B) compounds complements and enhances the properties of these
compounds such as by providing larger surface area and improving catalytic activity
compared to their binary counterparts [76,180,184,185]. In our earlier study, magnetic
properties of iron boride (FeB), cobalt boride (CoB), and cobalt iron boride (CoFeB2) were
investigated. The saturation magnetization (Ms) values of 44.6 emu/g, 0.8 emu/g and 21.1

emu/g were reported, respectively [257].
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Presently, there are not many studies investigating metal borides, especially their ternary
compounds, due to the challenges existing in conventional methods [258]. Conventional
method for the synthesis of transition metal borides uses elemental powders and high
temperature and/or pressures (e.g. higher than 2500 °C via arc melting) or a chemical or
physical method which proves impractical to produce such material in nanoscale
[32,176,177,194,195]. Previous studies, have reported the formation of various species of
boron oxide encapsulating the synthesized crystalline core particles [177,242]. The aim of
this study is to investigate the possibility of obtaining nanoscale cobalt-iron metal boride
powders employing hydrous metal chlorides as precursors and sodium borohydride (NaBH4)
playing both roles of boron source and reducing agent. To this purpose, the final phases were
investigated, and their magnetic properties were examined in order to improve the synthesis

condition and also to study the role of oxidation on magnetic properties.
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3.2. Experimental Procedure

3.2.1.Precursor Materials
CoCl2-6H20 (99.9 % purity, metals basis, Alfa Aesar), FeClz-6H.O (>99 % purity,
Honeywell), and NaBH4 (98 % purity, Alfa Aesar) powders were used as precursor materials.
These powders were mixed in a mortar inside a glove box under Argon gas (Ar). The
resulting powder after the reaction was a black powder with small white sodium chloride
particles, which were removed by repeated leaching with hot distilled water. Two samples
with different stoichiometry were selected considering the molar ratios of the FeClz.6H-O to

NaBH4, mentioned hereafter as 1:1 and 1:2 samples.

3.2.2. Reaction Systems

To investigate the effects of the synthesis condition parameters on the final product, two
different routes for the reaction of CoClz-6H20-FeClz-6H.0-NaBH4 were adopted in this
study. The first one, which we hereafter designate as the ‘open system” was comprised of an
alumina crucible that includes the sample powders and is put into a silica tube. This setup
was then installed in a vertical furnace, and the reaction was performed at 850 °C for 2 h
under controlled Ar flow. The second route is hereafter referred to as ‘closed system’. In this
route, the sample powders were sealed inside a hydrothermal reactor (316-L stainless steel)
and then put inside a chamber furnace operating under Ar gas atmosphere to react in a single-

step process under autogenic pressure at 850 °C for 2 h. The idea behind the open system is
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to remove all the gaseous by-products via Ar flow, in order to protect the products and
reactants from oxidation and/or decomposition. Additionally, the effects of the autogenic
pressure are investigated by comparison of both systems. Since NaBHy is playing two roles
in this experiment, one as the reducing agent and the other as the boron source, it is vital for
us to optimize the decomposition step of this reactant carefully. There are many studies
investigating the mechanisms of the decomposition of NaBH4. While two studies report that
NaBHs decomposes into NaH and BHs at 550 °C [259,260], another one reported that this
decomposition step continues even above 600 °C [209]. In an earlier study, we discovered
that the decomposition step starts at 550 °C, therefore, we implemented a hold step in our
reaction heating regime for 2 h at 550 °C in order to bring the decomposition reaction to

completion [242,257]. The flow chart of the process is summarized in Figure 16.

quartz tube

rxn
(open system)

Ar, 850C
CoCl,. 6H,0 + FeCl,.6H,0 + NaBH,
é s vertical tube leaching
Cr ) furnace rocess
‘ hydrothermal ————
reactor
pure
powders
Ar, 850C

rxn
(closed system)

chamber furnace

Figure 16. Flow chart of the process used in the experiments.
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3.2.3. Characterization

The investigation of the obtained phases and the microstructural characterization of the
powders were carried out on Rigaku Miniflex X-Ray diffractometer (XRD, CuKa). The
phases were identified using the International Center for Diffraction Data (ICDD) database.
A known obstacle during XRD measurements with CuKa rays of samples containing cobalt
is the lack of uniformity of the patterns due to the fluorescent effect of the cobalt. To prevent
this from happening, the detector was set to XRF reduction mode to reduce the fluorescence
effect. Rietveld refinement was achieved utilizing a TOPAS total pattern solution software

(Bruker Corp., Karlsruhe, Germany). The intensity of the XRD profile is represented by:

Irietveld(20) = b(20) + SY,;, Lk |Fk|?> @ (26i - 26k) PkAx 4)

Where b(20) is the background intensity, S is the scale factor, Lk contains the Lorentz
polarization and multiplicity factors, @ is the profile function, Pk is the preferred orientation
function, Ax is the absorption factor and F« is the structure factor. The index K represents
Miller indices for Bragg reflections. The Zeiss Ultra Plus field emission scanning electron
microscope (FE-SEM) was used to carry out the microstructural and morphological
characterizations of the powders. Both XRD and SEM/EDS analysis were utilized to analyze
the composition and the phase distribution in the structure of the powders. Differential
thermal analysis/thermogravimetric (DTA/TG, STA449F3, Netzsch) apparatuses were used

to carry out the thermal analyses, which were performed using an alumina crucible up to the
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temperature of 1500 °C with a 10 K/min heating rate under Ar atmosphere. The Bruker Tiger
S8 XRF device was utilized to carry out the elemental analysis. A SQUID magnetometer
(MPMS-XL7, Quantum Design) was used to measure the magnetic properties of synthesized
powders at room and high temperatures. To prevent this from happening, the detector was
set to XRF reduction mode to reduce the fluorescence effect. The Zeiss Ultra Plus field
emission scanning electron microscope (FE-SEM) was used to carry out the microstructural
and morphological characterizations of the powders. Both XRD and SEM/EDS analysis were
utilized to analyze the composition and the phase distribution in the structure of the powders.
Differential thermal analysis/thermogravimetric (DTA/TG, STA449F3, Netzsch)
apparatuses were used to carry out the thermal analyses, which were performed using an
alumina crucible up to the temperature of 1500 °C with a 10 K/min heating rate under Ar
atmosphere. The Bruker Tiger S8 XRF device was utilized to carry out the elemental
analysis. A SQUID magnetometer (MPMS-XL7, Quantum Design) was used to measure the

magnetic properties of synthesized powders at room and high temperatures.
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3.3. Results and Discussion

3.3.1. Analyses of the synthesized powders

The XRD patterns of the synthesized powders in the open system are presented in Figure
17 comparatively. The XRD patterns of the 1:2 batch yielded ternary (CoFe)B. (ICDD: 01-
079-2846, orthorhombic, a=5.430 A, b=2.985 A, ¢=4.020 A — Refined lattice parameters:
a=5.436(2) A, b=2.981(1) A, c=4.025(2) A) and CoFeB (ICDD: 01-082-5452, tetragonal,
a=5.09 A, c=4.24 A — Refined lattice parameters: a=5.091(3) A, c=4.237(1) A) phases while
the 1:1 batch yielded Co;B (ICDD: 04-001-0996, tetragonal, a=5.015A, ¢=4.220 A —
Refined lattice parameters: a=5.017(1) A, ¢=4.22(1) A) and FesB (ICDD:04-001-3343,
orthorhombic, a=5.43 A, b=6.69 A, c=4.43 A — Refined lattice parameters: a=5.424(2) A,
b=6.699(3) A, c=4.439(3) A) phases. The results suggest that the 1:2 batch is comprised of
a solid solution of cobalt-iron boride. On the other hand, the presence of an excess amount
of iron chloride hexahydrate in the 1:1 batch triggered the formation of the metal rich form
of iron boride (FesB) which, in turn, effected the magnetic properties of the produced powder
discussed later on [208,257]. Chemical analysis of the samples revealed a presence of slight
aluminum impurity (0.97 wt. %) in the 1:2 batch, originating from the reaction crucible;
small amounts of chlorine (0.23 wt. %) also exist which are considered to be remnants of the

chloride reactants which were not washed away during the leaching process.
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Figure 17. XRD patterns of the synthesized powders in the open

system: (a) 1:2 and (b) 1:1 batch (See appendix B1 for comparison

with reference peaks).

Figure 18 shows the XRD patterns of the synthesized powders in the closed system. As
illustrated in Figure 18, (CoFe)B (ICDD: 01-082-5452, tetragonal, a=5.09A, c=4.24 A —
Refined lattice parameters: a=5.079(4) A, ¢=4.227(2) A) alongside Feo71C00.20 (ICDD: 04-
018-4135, cubic, a=2.86 A, — Refined lattice parameters: a=2.862 (1) A) and Fe3B7ClO13
(ICDD: 04-010-2555, Rhombohedral, a=8.623 A, ¢=21.050 A — Refined lattice parameters:
a=8.608(2) A, c=21.050(4) A) phases were obtained from the 1:2 batch while the results
from the 1:1 batch yielded (CoFe)B (ICDD: 01-082-5452, tetragonal, a=5.09 A, c=4.24 A —

Refined lattice parameters: a=5.100(2) A, ¢=4.238(3) A) alongside Feo71C00.29 (ICDD: 04-
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018-4135, cubic, a=2.86 A, — Refined lattice parameters: a=2.864 (2) A) and Co3B7ClO13
(ICDD: 04-015-9718, Rhombohedral, a=8.54 A, ¢=20.96 A — Refined lattice parameters:
a=8.578 (3) A, ¢=20.973 (2) A) phase. The intermetallic Feo71C00.2¢ is a cubic phase and is
stable at room temperature according to the Co-Fe phase diagram and has a nominal
composition of Fe1.xCox which can change as a result of substitutional diffusion between Co
and Fe due to similar atomic radii [261-263]. One key factor affecting the outcome of the
aforementioned products is pressure occurring during the reaction. Reactions of the closed
system are carried out inside a specially constructed stainless-steel reactor designed to
withstand corrosion and also to contain the pressure produced by the gaseous products. The
results obtained from the 1:1 and 1:2 batches confirm the formation of the (CoFe)B solid
solution phase under autogenic pressure. Chemical analysis was performed on the
synthesized powders of the closed system. The authors believe that the difference between
the phases obtained from the two systems i.e. the presence of oxide species in the products
of the closed system compared to that of the open system, can be attributed to presence of an
Ar blanket in the setup of the open system and flow of Ar gas inside the reaction vessel. This
helps facilitate the removal of minute amount of oxygen (if any) alongside the water vapor
coming from the hydrous precursors. However, that is not the case for the closed system,
where the Ar gas flows outside the reaction vessel and the water vapor originated from the
precursors remains inside the vessel which at higher temperature and pressure results in
formation of the oxide species in the products of the closed system. The results showed

minute impurities originating from the reactor, namely, magnesium and chromium at ppm
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level, which most probably exist due to the corrosion taking place as a consequence of using
chloride precursors. Similar to the products of the open system, the presence of minute
amounts of chlorine in the structure of the final powder suggests that additional leaching
steps are required. Table B1 (Appendix B) summarizes the theoretical and refined lattice
parameters for the open and closed systems. The reported refined lattice parameters of the
obtained phases can have very close values due to the fact that Co and Fe elements possess
very close radii and thus are diffused into each other through substitution. This in turn, alters
the lattice parameters slightly compared to a case where interstitial replacement would be the
case. Moreover, the existing difference between refined lattice parameters and the associated
compounds is believed to be due to substitution of Fe and Co with each other in the structure
of the compound. Considering the different radii of the Co and Fe elements, this substitution
will result in variation of the void space in the lattice structure, bond lengths etc. that causes
strain in the lattice. This strain will in turn change the nominal composition of the bulk for
the obtained phases and also the position of the corresponding XRD peaks obtained from the
samples to shift a bit from the standard positions, thus making refinement of the patterns
necessary for correct identification of the phases which will be addressed in the magnetic

characterization part.
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Figure 18. XRD patterns of the synthesized powders in the closed system: (a) 1:2 and

(b) 1:1 batch (See appendix B2 for comparison with reference peaks).

Figure 19 illustrates the secondary electron SEM images of the synthesized powders in
the open system at 850 °C. As seen from Figure 19a and 19c, the microstructure of the
obtained powders possesses irregular and mostly aggregated shapes with a homogeneous
distribution throughout the sample (< 2 pum). The particles obtained from the 1:1 batch
possess an additional needle shape morphology as well (Figure 19d and Figure B3). One
visible difference between these two batches is that the 1:1 batch containing an excess
amount of iron chloride tends to form bigger particles compared to the interconnected
sponge-like morphology of the 1:2 batch. On the other hand, at higher magnifications, the

formation of much smaller particles, with an average size of about 80 nm, of the synthesized
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particles obtained from the 1:2 batch is observed (Figure 19b). However, there is a slight
difference between the images obtained from the 1:2 batch and the 1:1 batch, in that, this
particular structure is abundant and of much smaller scale on the surface of the particles

originating from the 1:2 batch. A similar phenomenon was reported by Palani et al. [264].

Figure 19. SEM images of synthesized powders in the open system: (a)-(b) 1:2 and (c)-
(d) 1:1 batch.

Figure 20 presents the secondary electron SEM images of the synthesized samples in the
closed system at 850 °C. It is observed that particles formed in the closed system possess a
spherical morphology, which is attributed to the autogenic pressure present inside of the

reaction vessel. The particles possess an average size of 20 nm. Formation of nanoscale
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particles, discussed in the SEM images of the open system, is observed in particles of the
closed system as well, but they are noticeably smaller in size. The main difference between
particles obtained from the open and closed system is the morphology and average particle
size. Particles obtained from the closed system possess spherical morphology and are on
average 4 times smaller than the ones obtained from the open system, which is most likely

due to the presence of pressure in the reaction vessel of the closed system.

Figure 20. SEM images of synthesized powders in the closed system: (a) 1:2 and (b) 1:1
batch.

DTA/TG analysis was carried out on the select powders to examine the purity of the
powders and also to observe possible phase transformations. Figure 21 illustrates the DTA
measurement results for the 1:2 and 1:1 batches of the reaction products in the open system.
The DTA curve of the 1:1 batch reveals a minute endothermic effect at 965 °C which,
according to the iron-boride phase diagram, corresponds to the transformation of a-Fe to

Fe>:B phase [262]. Additionally, two sharp endothermic effects were observed at 1115 °C
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and 1133 °C. The effect occurring at 1115 °C is attributed to the CosB-B eutectic phase
transformation, and the following endothermic effect occurring at 1133 °C is believed to
result from another phase transformation taking place between CosB, Co2B, and liquid CoB
according to the Co-B phase diagram [262]. In an earlier study, we found that given the
adopted low synthesis temperatures, the formation of amorphous shell-like nano sized boron
structures, encapsulating the crystalline core boride particles was almost inevitable
[177,257]. This amorphous layer would oxidize rapidly upon exposure to air during
characterization steps and handling time. To avoid the complications of removing this oxide
layer and obtaining a pure phase product, precautions were taken to keep the air exposure
time to a minimum. On the other hand, the DTA curve of the 1:2 batch reveals a large
endothermic effect at 1323 °C which most likely corresponds to the phase transformation
between (CoFe)B: and (CoFe)B and free boron according to the Co-Fe-B phase diagram.
This amorphous boron phase is seen as a broad peak in the XRD pattern visible between 260
= 20° — 32° presented in Figure B4 (Appendix B). Additionally, the presence of (CoFe)B>
and (CoFe)B compounds in the XRD pattern obtained after DTA measurements supports this

idea even further (Figure B2) [225,265].
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Figure 21. DTA curves of the synthesized powders in the open
system: (a) 1:2 and (b) 1:1 batch.

Figure 22 presents the thermogravimetric (TG) results of the open system. In comparison

to the previous studies, it reveals a significant reduction of the % mass loss, which was 0.87

% for the 1:2 batch and 3.4 % for the 1:1 batch, while results reported in previous studies

have a range of 5 to 15 % mass loss [242,257]. The difference in the % mass loss between

1:2 and 1:1 batch corresponds to the evaporation of the slightly higher amount of formed

boron oxide layer on the particles obtained from the 1:1 batch, comparatively (Figure 22a

and 22b).
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Figure 22. TG curves of the synthesized powders in the open system: (a) 1:2 and (b) 1:1
batch.

3.3.2. Magnetic Measurements
The magnetic hysteresis curves of all obtained samples at room temperature (25 °C) are
presented in Figure 23. A number of studies have examined the magnetic properties of Co-
Fe-B nano particles synthesized via different routes [186,192,196,266]. In our earlier study,
we synthesized and measured the magnetic properties of binary CoB and FeB compounds,
and the highest reported saturation magnetization was 44.6 emu/g for FeB nanoparticles
[257]. Significantly higher saturation magnetization of the synthesized samples are observed

in this study and amount to 183 emu/g and 146 emu/g for 1:2 and 1:1 batches of the open
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system and 111 emu/g and 104 emu/g for the 1:1 and 1:2 batches of the closed system,
respectively (Figure 23). The difference of magnetization values for the samples of the open
system that exhibited a decrease of magnetization from 180 to 140 emu/g is believed to
originate from the different final compositions. The 1:1 batch of the open system yields a
mixture of Co2B and FesB phases (58.22 % for Co.B and 41.78 % for Fe3B according to the
Rietveld analysis). Both phases are ferromagnetic with their saturated magnetization values
of approximately 70 emu/g and 197 emu/g (theoretical), respectively [267,268]. It appears
that the solid solution of the two ternary phases in the 1:2 batch of the open system has a
large positive effect on the magnetization of the obtained sample. According to the Rietveld
analysis the samples obtained from this batch is comprised of 70.79 % of the (CoFe)B: phase
and 29.21 % of the (CoFe)B phase. The magnetization value of 183 emu/g is substantially
higher than e.g. 83.5 emu/g measured on Co-Fe-B nano particles [186] or our previous
measured value of about 21 emu/g for pure CoFeB:> [257]. According to these findings, two
possibilities can be considered for the magnetization value of the (CoFe)B phase. First, if the
existence of a constructive magnetic behavior is ignored, then the calculations suggest that
the individual magnetization of the (CoFe)B phase is about 168 emu/g. Second, is that there
exists an additional constructive magnetic behavior that amplifies the magnetization value of
the obtained products (both 1:1 and 1:2 batches of the open system). This surprising result
requires further investigation, which is beyond the goals of this study. In the case of the
samples obtained from the closed system, two ferromagnetic phases are present, (CoFe)B

and Feo71C00.20. The saturation magnetization of the Feo71C0o.29 phase has already been



Chapter 3: Evolution of magnetic properties of crystalline cobalt-iron boride
nanoparticles via optimization of synthesis conditions using hydrous metal 81
chlorides

measured to be 231.46 emu/g [263], but unfortunately, no definite magnetization values of
the (CoFe)B compound exist. However, a trend of increased magnetization values with the
increased concentration of the magnetic atoms within compounds is observed. Thus, higher
concentration of Feo 71C00.29 enhances the magnetization of the sample and we may conclude
that the relative concentration of the Feo.71C00.20 phase and the (CoFe)B phase determines the
magnetization of the sample as a whole. To further analyze this, the Rietveld refinement
results of the powders revealed the quantitative amounts for the obtained phases of the closed
system. According to the refinement results the 1:2 batch is consisted of 93.56 % (CoFe)B,
5.38 % FesB7ClO13 and, 1.06 % of the Feo.71C0o.29 phase, while the 1:1 batch contained 89.01
% (CoFe)B, 8.44 % Co3B7ClO13 and, 2.55 % of the Feo.71C00.29 phase. This means that for
the 1:2 batch of the closed system which exhibited a magnetization value of 104 emu/g, the
mathematical expected value (Appendix B), contributing to the overall magnetization of the
sample is 1.10 emu/g and 2.83 emu/g for the 1:1 batch. Given the low amount of the
Feo.71C00.29 phase, its contribution to the overall magnetization values of the obtained phases
is not of statistical significance.

The paramagnetic nature of these oxide species reduces the potential saturation
magnetization values in the products of the closed system by preventing some of the iron and
cobalt to obtain ferromagnetic property [269]. Moreover, as stated in our previous work, the
presence of the boron oxide species in the structure of the final powder also hinders
magnetism by increasing the mass ratio of the nonmagnetic part of the sample [257]. The

same study reported that by implementing precautions to avoid oxidation of the samples,
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saturation magnetization of the mentioned samples was enhanced by 20 % [257]. The
discussed precautions were implemented in the synthesis of the samples in this study as well,
with more optimization. As seen in Figure 23, all samples investigated herein, possess a very
narrow coercive field with an average coercivity in the range of 20 — 100 Oe, classifying
these materials as soft ferromagnets. As observed in the TG curves (Figure 22), the reduction
of the air exposure time (e.g. during characterization steps) resulted in reduced mass loss and
thus also enhanced the magnetic properties of these samples significantly. Among all the
samples, the 1:2 batch synthesized using the open system has the highest saturation
magnetization at 183 emu/g which, to the best of the authors’ knowledge, has not been
reported in the literature for the Co-Fe-B based particles. This finding, in turn, emphasizes
the importance of the absence of oxide species and their effect on the magnetic properties of
boride nanoparticles. However, the main reason for this increased saturation magnetization
is thought to be the simultaneous presence of crystalline (CoFe)B and (CoFe)B. phases
(Figure 17(a)) [224]. Additionally, obtained magnetization values are most probably
connected to the low temperature synthesis method adopted in this study which, in turn,
resulted in the formation of all phases in nanoscale crystalline structures (Figure 19 and 20).

To further investigate the magnetic properties of the obtained powders, the 1:2 batches
from both the open and closed systems were chosen, and their magnetic behavior with
changing temperature was investigated (up to the temperature limit of the device being 795
K with a 4K/min rate at 10 kOe). Figure 24 presents the high temperature magnetic behavior

of the select samples from the open and closed systems. It was observed that both samples
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exhibit the expected reduction in magnetization at increasing temperature. However, the
Curie temperature was not reached up to 795 K for the tested samples, which marks them as
stable ferromagnets in the measured temperature range. At 10 kOe, the magnetization of the
samples is close to complete (as observed in the hysteresis loops) and thus no significant
difference between heating and cooling is observed. The magnetization of the sample from
the closed system only drops from 171 emu/g at 300 K to 152 emu/g at 795 K, while the drop
for the open system sample is much more pronounced, going from 105 emu/g at 300 K to 56
emu/g at 795 K. This suggests that the Curie temperature is somewhat higher in the former
than in the latter sample.
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Figure 23. Magnetic hysteresis curves of obtained samples of both open and closed

systems.



Chapter 3: Evolution of magnetic properties of crystalline cobalt-iron boride

nanoparticles via optimization of synthesis conditions using hydrous metal 84
chlorides
120 200
@) (b)
1 00 M, 180+ e ._*‘——\___
] 160+ T
804 1404
@ @ 120+
E 60 4 E 100+
L 2 80
S 40- S g0l
204 40
20+
0 : : : 0 : : :
200 400 600 800 200 400 600 800
T (K) T(K)

Figure 24. High temperature magnetic measurements of 1:2 synthesized samples: (a)
open and (b) closed system.

3.4. Conclusion

Nanoscale and crystalline cobalt-iron metal boride powders were obtained using different
reaction systems and optimized synthesis conditions. After reaction of CoCl,-6H.0-
FeClz-6H20-NaBH,4 at 850 °C under autogenic pressure, (CoFe)B-Feg71C00.29-Fe3B7ClO13
and (CoFe)B-Feo.7:C00.20-C03B7CIO13 phases were obtained. On the other hand, (CoFe)B-
(CoFe)B2 and Co2B-FesB phases were obtained in the open system under Ar flow. The
crystalline nanoparticles had a homogenous microstructure with irregular shapes for the
agglomerated particles obtained under Ar flow with an average particle size of 2 um;
however, at higher magnifications, smaller particles were observed with an average size of
about 80 nm. Spherical particles were obtained under autogenic pressure (closed system)
with an average particle size of 20 nm. The thermal analysis of the obtained powder showed

that the precautions taken to avoid oxidation were effective and reduced the % mass loss
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significantly. The synthesized powders exhibited a saturation magnetization range of 104-
183 emu/g and a coercivity range of 20-100 Oe, marking these materials as soft magnets with
very high magnetization values. It was observed that the precautions taken to avoid oxidation
were indeed effective and increased the saturation magnetization up to 183 emu/g for the
powders containing (CoFe)B, and (CoFe)B pure phases. The high temperature
measurements of magnetization at 10 kOe revealed that the obtained samples were stable

ferromagnets up to 795 K as no transition temperature (T¢) was observed.
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Chapter 4. CoB-TiB: crystalline powders: Synthesis, microstructural

analysis and their utilization as reinforcement agent

4.1. Introduction

Having a combination of superior chemical, physical, and mechanical properties have
made transition metal borides of dire importance in various scientific and industrial fields
[270-272]. Transition metal borides, thus, are utilized in automotive and aerospace industries
and applied in numerous applications such as wear resistant coatings, magnets, catalyzers,
cutting tools, and reinforcement agents in metal matrix composites or ceramics [272-277].
Numerous studies investigating properties of various binary and ternary boride ceramics
have been conducted to obtain and/or improve the ceramics to meet the needs of industry
and science. Co-based boride compounds have been used in various alloys as a coating
material with high wear and corrosion resistance. There have been studies in the literature on
significant improvements in the mechanical properties (elastic modulus, fracture toughness,
etc.) of cobalt boride coated or impregnated alloys [176,278,279]. It is thought that Co-B
based compounds developed by doping Ti will give superior properties compared to the
binary system in terms of their mechanical properties [76]. On the other hand, being a well-
known high temperature ceramic and possessing a set of highly desirable properties such as

high melting point, strength, elastic modulus (>500 GPa), and hardness (>20 GPa), TiB- has
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attracted much attention in science and industry due in part to heavy duty wear applications
and, thus, is considered amongst the most advanced and prominent ceramics [272,280-285].
Various studies have investigated binary boride compounds, and many synthesis methods
have been applied to obtain them such as self-propagating high temperature synthesis (SHS),
carbothermal reduction, borothermal reduction, and mechanochemical synthesis [27,39,286—
289]. A comparison of various synthesis methods including the effect of the synthesis
conditions and parameters on the feasibility of the method is illustrated in Table C1
(Appendix C). However, the production of binary/ternary composite borides have been
investigated less frequently. The conventional method for simultaneous production of these
ternary materials uses pure elemental precursors and takes place at elevated temperatures (>
2000 °C) [39,193]. The elevated temperatures and long synthesis steps used in the mentioned
reaction methods make obtaining pure phases somewhat difficult, and impurities such as
carbon and oxygen are almost inevitable in the final product [193]. Moreover, such high
temperature methods are not ideal for the synthesis of the desired composite borides as they
deliver final products of large particles [39]. Hence, the most efficient and optimal method
for obtaining transition element composite powders with fine particles requires further
investigation and research. One important application where the synthesized nano/sub-
micron particles can be used is as reinforcement particles in metal matrices (e.g. Ti-based
alloys) that can target various scientific fronts. Some of the conventional methods for
fabrication of Ti-based components include powder metallurgy, casting and forging

[290,291]. These methods also require post processing steps such as heat treatment or
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machining to obtain the desired component; however, it becomes a very tedious process in
the case of Ti metal as a result of impediments such as high levels of chemical affinity and
relative low thermal conductivity. These obstacles are highly undesired as they may result in
unwanted chemical reactions and products, and they significantly deteriorate the
machinability of the components, which renders these conventional methods inefficient as
they require substantial material, energy, and time, which adds to the cost and difficulty of
the fabrication of Ti-based components [292]. As a consequence, novel methods such as
selective laser melting (SLM) based on a layer by layer approach (additive manufacturing)
has attracted significant interest given its ability to fabricate near net shape geometries very
efficiently which require very little post processing if not at all. This makes the process much
simpler and much faster compared to conventional methods [293]. Overall, the focus of this
research is on introducing a better and more efficient alternative path to obtain the mentioned
composite metal borides via low temperature methods. Another important benefit of this low
temperature synthesis method resides in the microstructure of the obtained powder. Smaller
particle size, which is achieved by exercising low temperature synthesis routes, will have
positive effects in the sintering steps of these powders as reducing sintering time and/or
temperature [294]. In addition, the eligibility of the synthesized nano powders to be used as
reinforcement particles is studied. In order to do this, metal matrix composites (MMC) in
bulk form were fabricated by SLM method using synthesized composite powders as

reinforcement agents and Ti6Al4V powder as the matrix.
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4.2. Experimental Procedure

4.2.1. Precursor Materials

CoCl, (Alfa Aesar, 99.7 % purity) and liquid TiCls (Honeywell, > 99 % purity), and
NaBHs4 (Alfa Aesar, 98 % purity) powders were used as precursors. The amount of the
precursors was determined according to the ideal reaction between CoCly), TiCls gy and
NaBHyas) that should prompt the formation of solid ternary metal boride and NaCl compound,
and Hz gas. Three different compositions were studied based on the balanced reaction being:
stoichiometric amount of the starting materials, 50 wt. % excess amount of NaBHa, and 50
wt. % excess amount of TiCls. These samples were prepared using the molar ratios of metal
chlorides to NaBHs as 1:3, 1:4.5, and 1:2.4 respectively. The process flow chart of the
experiment is given in Figure 25. To obtain a homogenous powder blend the powder
mixtures were grinded in a mortar. Considering that TiCls is in the liquid form in room
temperature (it has a very low melting point -24 °C), to introduce it to the reaction mixture a
Hamilton™ syringe was used. All samples were prepared in a glovebox operating with Ar
gas atmosphere. The prepared mixture was then placed in a sealed 316-L stainless steel
hydrothermal reactor and put in a chamber furnace to be synthesized in a single-step process
at 850 °C for 2 h under autogenic pressure with a heating rate of 5 °C/min. Previous studies
on kinetics of decomposition of NaBH4 reported that decomposition of NaBH4 at 550 °C
yields NaH and BHz [259,260]; however, a recent study claimed that decomposition of

NaBH4 was not completed even after 600 °C [209]. Our previous investigation revealed that
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complete decomposition of NaBH4 takes place at 550 °C but it is not instantaneous, so to

achieve complete decomposition, an 2 h interval at constant temperature was introduced to

the reaction heating regime and then the temperature was increased to 850 °C [242,257]. The

obtained powders were leached with hot deionized water for 15 min and then centrifuged at

3900 rpm for 15 min to remove the byproducts of the reaction (NaCl). This step was repeated

three times to completely remove all of NaCl from the powder and then the powders were

vacuum dried overnight at 110 °C. After the purification step, samples were pressed to form

pellets using a manual hydraulic press and a maximum load of 10 tons, and then placed in

quartz tubes and sealed via an oxygen torch. These samples were subjected to an annealing

process at 1100 °C for 2 h. The effect of the amount of precursors on the phase formation

was investigated.

TiCl, + CoCl, + NaBH,

rxmn
—_—

Ar, 850 °C

reactor

chamber furnace

by-product water \ :
5 as-received
, ~ removing leaching powders
. 4 - - with all reaction
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Figure 25. Process flow chart of the experiment.

hydrothermal



Chapter 4: CoB-TiB: crystalline powders: Synthesis, microstructural
analysis and their utilization as reinforcement agent 91

4.2.2. Characterization of the powders

Rigaku Miniflex X-Ray diffractometer (XRD, CuK,) and International Center for
Diffraction Data (ICDD) database was used to analyze the phase structure of the samples. A
common obstacle for the phase analysis of the powders containing Cobalt while using a
CuKa source, is known as the fluorescent effect, which both deforms and reduces the quality
and uniformity of the obtained XRD diagram. To address this issue, the detector set up was
changed to XRF reduction mode. Differential thermal analysis/thermogravimetric (DTA/TG,
STA 449C Jupiter, Netzsch) apparatus was used for thermal analysis. The DTA/TG analyses
were carried out using an alumina crucible and via a heating rate of 10 K/min, under Ar
atmosphere up to 1500 °C. Attenuated total reflection - Fourier transform infrared
spectrometer (ATR-FTIR, Thermo Scientific 1S10) was utilized to investigate surface
properties and have better understanding of reaction mechanisms. Zeiss Ultra Plus field
emission scanning electron microscope (FE-SEM) equipped with energy dispersive X-Ray
spectrometer (EDS) was used for microstructural and morphological investigation, and also
for measuring the particle size and distribution. Secondary electron detector was used to
obtain the SEM images with an acceleration voltage of 10 kV and setting the working
distance at 5 mm. Bruker XFlash 5010 EDS detector with 123 eV resolution was used for
EDS measurements. To investigate the elemental and phase distribution, and to better
understand the interaction of the coexisting phases with each other, the powders were
incorporated into bakelite, then carefully polished to obtain a smooth surface. Electron

backscattered diffraction (EBSD) analysis was performed on these polished powders with a
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Bruker CrystAlign 400 system, connected to a scanning electron microscope JSM 7800 F

(JEOL).

4.2.3. Bulk properties

4.2.3.1 Preparation of the bulk samples

In order to investigate the effect of the synthesized powders on the properties of the bulk
samples, they were embedded in Ti6Al4V (SLM Solutions, ELI Grade 23) which is a Ti-
based alloy and considered to be a suitable matrix material. Ti6AI4V was chosen as matrix
powder given its wide range of applications in aerospace and biomedical engineering fields
due to properties such as high strength (1070 MPa), high hardness (350HV), high fracture
toughness, high corrosion resistance, and light weight. Samples were prepared by addition
of 1 wt. % of the reinforcement powder to the matrix powder. The as received commercially
pure TiB> (Titanium Boride - Metals Basis, Alfa Aesar, 99.5% purity, -325 mesh) hereafter
referred to as (CP- TiB2) and in house synthesized TiB; [282] hereafter referred to as (S-
TiB.) with particle size range of micron and submicron scale, were also incorporated into
this matrix for the purpose of comparison. Powder mixtures were roll milled to achieve a
homogenous distribution of the reinforcement particles and to ensure their proper attachment
to the matrix particles. The milling step was done using a tumbler mixer with a speed of 75
rpm and a ball to powder ratio of 3:1 for 24 h. The resulting powders were then utilized to
fabricate bulk samples via SLM method. SLM is a sub branch of additive manufacturing

(AM) developed as an answer to the need of producing fully dense or porous metal
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components (bulk) from powders, which are capable of competing with the components
fabricated via conventional methods in terms of mechanical and structural properties [295].
In a SLM process, the high energy density laser, scans and selectively melts and fuses
specific parts of the powder with a very high precision and resolution. The SLM (Realizer
SLM 50 — Realizer GmbH) machine containing a 120 W laser was used for fabrication of the
bulk parts under flow of high purity Ar gas. Manufacturing process was carried out with a
scanning speed of 0.33 mm s, hatching distance of 0.08 mm and layer thickness of 25 pum.
The process was done via a continuous laser mode adopting a 60° rotation in the direction of
melting. In order to compare the improvements in the mechanical behavior of the fabricated
samples, a reference sample made of only Ti6AI4V was prepared using the same parameters
and condition. Figure C9 (Appendix C) provides the schematic SLM procedure for further

clarity.

4.2.3.2 Characterization of the bulk samples

To investigate the mechanical properties of the SLM fabricated components, compression
and hardness tests were performed on the samples. Fabricated cylindrical samples were
polished to obtain parallel and smooth surfaces using a Phoenix 4000 metallographic
lapping/polishing machine (BUEHLER) and then subjected to compression strength test via
an Instron 8516 machine with a load cell of 100 kN operating at a fixed crosshead speed of

5mm mint. To measure the hardness of the fabricated bulk samples, they were incorporated
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into black phenolic resin via Simpliment 3000 automatic mounting device (BUEHLER) and
then their surfaces were polished to obtain a smooth surface. Hardness tests were carried out
using a Shimadzu HMV-G 21D micro hardness device with optical microscope. An average
of 15 indents was taken for each measurement with a force of 98.07 mN and a 10 s dwell time.
To investigate the microstructure of the samples, a Zeiss Ultra Plus FE-SEM equipped with

EDS was used.
4.3. RESULTS AND DISCUSSION

4.3.1. Phase and thermal analyses

Phase formation of the powders obtained from the reaction of CoCl>-TiCls-NaBH4 at 850
°C with different stoichiometry were investigated. An XRD diagram of the obtained powders
are presented in Figure 26 comparatively. XRD diagrams obtained from the reaction matched
CoB (ICDD Card No: 04-003-2122, orthorhombic, a = 3.948 A, b =5.243 A, ¢ = 3.037 A)
and TiB, (ICDD Card No: 04-001-3239, hexagonal, a = 3.03100 A, b = 3.03100 A, ¢ =
3.22900 A) and are present in all tested stoichiometry, which happen to be
thermodynamically stable as well. Nonetheless, different stoichiometry of Ti-B phases (i.e.
named as TiBx) were also observed in both cases with excess amounts of precursors (Figure
26(b) and (c)). The mechanism of the conversion of the chlorides to the obtained composite
products in this study is based on reduction of the chloride precursors with decomposition of
the NaBH. which is both the reducing agent and the boron source. The produced BH3 and

NaH react with and reduce the metal chlorides yielding NaCl and H» gas as by products and
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the freed boron atoms attach to metal atoms yielding metal boride composite of CoB-TiB:.
The detailed mechanism of conversion of binary systems of metal chlorides and NaBH4 to
metal borides was investigated both in our previous work and also in the literature
[32,39,177,257]. Thermal analysis was done on the as-synthesized powders obtained from
the reaction of CoCl,-TiCls-NaBH; at 850 °C. Figure C1 (Appendix C) presents the DTA
curves of the as-synthesized powders. The broad endothermic effects seen at about 140-150
°C (peak max.) for all samples corresponds to the evaporation of the moisture present in the
structure of the powders due to handling in air after synthesis. Since the temperature regime
used in this study is lower in comparison to other conventional methods, the resulting
powders tend to form particles of nano size which, in turn, increase the possibility of surface
oxidation due to significant increase in surface area in these powders after synthesis. The
sharp endothermic effect observed at around 1350 °C is attributed to the melting point of the
eutectic phase between CoB and B whose melting point is defined at 1350 °C according to
the Co-B phase diagram [262]. Furthermore, additional evaporation or sublimation of the
boron oxide species formed during leaching and/or air handling time could also be
contributed to this endothermic effect. The XRD pattern of the DTA sample (Figure C1(a))
after heating it up to 1500 °C resulted in the B7O/B¢O phases in addition to the major CoB
and TiB: phases indicating oxidation of the B phase. Previous studies on binary boride
systems have reported the presence of an amorphous boron layer surrounding the synthesized
boride particles, which oxidizes after synthesis and during leaching and/or air handling time,

thus, validating our claim [39,177,277]. Figure C2 presents the TG curves of the samples and
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shows a 12 — 15 % initial weight loss during heating up to 200 °C which agrees with the
broad endothermic effect seen in DTA curves and is assigned to moisture elimination. The
presence of trace amounts of surface oxide in the structure of the powders is in agreement
with previous studies in the literature [177,257]. There is an additional weight loss of 4.69
% and 4.36 % for samples (b) and (c) and 2.92 % for sample (a) observed at 1300 — 1500 °C,
which also supports the evaporation of boron oxide species. The corresponding Co-B and Ti-

B phase diagrams are presented in Figure C3 (Appendix C) for further clarity.
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Figure 26. XRD patterns of the powders obtained from the reaction of CoCl-TiCls-
NaBHjs at 850 °C: (a) stoichiometric, (b) 50 wt. % excess NaBH4 and (c) 50 wt. % excess

TiCla.
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4.3.2. Effect of annealing on the phase formation

Obtained powders were annealed at 1100 °C for 2 h to investigate the effect of annealing
on the phase change, possibly improving the crystallinity of the powder and also to remove
the undesired TiByx phase. Figure 27 presents the XRD patterns of the stoichiometric powders
obtained (a) from reaction of CoCl,-TiCls-NaBH4 and (b) after annealing at 1100 °C. It was
observed that the crystallinity of the TiB, phase was increased compared to the as-
synthesized sample. Considering the fact that the formation of the TiB> phase in this study
takes place at relatively lower temperatures compared to conventional methods, one can say
that the reason for this is because lower reaction temperature between TiClsg)-NaBHas) was
sufficient for the formation of this phase. Nevertheless, since TiB: is thermodynamically
stable (TiB2mp = 3230 °C), higher temperatures were necessary to initiate its recrystallization,
which was provided during the annealing process and gave rise to increased crystallinity.
However, it was not enough to continue the recrystallization, which is explained later on. It
was observed that samples with excess amounts of TiCls or NaBHas still had the unwanted
TiBx phase after annealing process. Figure C4 illustrates the XRD patterns of CoB-TiB.-
TiBx composite powders after annealing at 1100 °C for 2 h. Thus, we chose the

stoichiometric version as the optimum option.
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Figure 27. XRD patterns of the powders obtained from the stoichiometric reaction of
CoCl2-TiCls-NaBHjs: (a) obtained at 850 °C and (b) after annealing at 1100 °C (See

appendix C10 for comparison with reference peaks).

To investigate phase purity and possible phase transformations, DTA/TG and FTIR
analysis were implemented on the annealed powders. Figures 28 and 29 present the results
obtained from stoichiometric samples. As seen in Figure 27, CoB-TiB, composite powder,
has indeed formed from the reaction of CoCl.-TiCls-NaBHsat 850 °C, and no further phase
transformation was observed during the annealing process at 1100 “C. As seen in Figure 28
(b), all major endothermic effects belonging to moisture and evaporation/sublimation of
boron oxide derivatives (Figure C1) no longer exist, meaning a pure phase has formed. The

small endothermic effect at 1460 °C shows the melting of the CoB phase. This indicates a
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partial melting of the powder which consists of CoB (MP: 1460 °C) and TiB: having a
melting temperature higher than 3000 °C. The TG curve presented in Figure C5 exhibits no
weight loss up to 1200 °C. However, a 4 % weight loss was noted after 1200 °C
corresponding to the evaporation of trace amounts of remnant boron oxide. As seen from the
FTIR spectra in Figure 29, B-OH, B-O, and B-H vibrations (vibration of the attached
hydrogen or oxygen) are observed in the as-synthesized powder; however, all mentioned
vibrations were absent for the annealed powders, which also validates the claim of purity for

the products that were subjected to annealing at 1100 °C for 2 h.
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Figure 28. DTA curves of the powders obtained from the stoichiometric reaction of

CoCl2-TiCls-NaBHa: (a) obtained at 850 °C and (b) after annealing at 1100 °C.
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Figure 29. FTIR spectra of the powders obtained from the
stoichiometric reaction of CoCl2-TiCl4-NaBH4: (a) obtained at

850°C and (b) after annealing at 1100°C.

4.3.3. Microstructural and chemical analyses of the powders

Figure 31 presents the SEM image of the powders obtained from the reaction of CoCl»-
TiCls-NaBH4 at 850 °C. It was observed that the resulting powders possess particles with
spherical-like morphology with some agglomerations, which are homogenously distributed
between 300 — 500 nm. To have a deeper understanding of the relationship between
morphology and elemental distribution and to investigate the presence of two distinctive
phases, elemental mapping was performed on the annealed samples. Figure 31 illustrates the

SEM/EDS images of the CoCl>-TiCls-NaBHa4 powders after annealing at 1100 °C for 2 h. The
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elemental mapping results clearly show that agglomerates are comprised of Cobalt element
while other nano size particles are made of Titanium element. Observing nano particles was
expected; however, their distribution is not homogenous within the powder, as CoB particles
recrystallize and tend to form agglomerates while the reaction temperature is not high enough
to trigger the recrystallization of the TiB> particles. Hence, two distinctively different
morphologies are observed. The average particle size of different phases in the powders was
measured using the screen measurement tool during SEM analysis. On the one hand, cobalt
boride particles are frequently observed forming agglomerates with an average particle size of
~ 450 nm in homogenous distribution. On the other hand, TiB> particles have an average
particle size of ~ 60 nm, which is also homogenous within TiB; particles. Table C2 and Figure
C6 (Appendix C) summarize the average particle size measurement results for the CoB and
TiB. phases for the particles after annealing in comparison to the particle size distribution of
the powders before annealing. The results agreed with our hypothesis stating that CoB particles
form agglomerates and TiB; particles remain in the nano scale and do not recrystallize as

explained above.
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Figure 30. SEM image of the powders obtained from the stoichiometric reaction of

CoCl,-TiCls-NaBHa.



Chapter 4: CoB-TiB; crystalline powders: Synthesis, microstructural
analysis and their utilization as reinforcement agent 103

Figure 31. SEM images and EDS analysis of the powders obtained from the

stoichiometric reaction of CoCl,-TiCls-NaBH4 and subsequent annealing: Secondary
electron SEM images at different magnifications with corresponding elemental mapping
(10 kV).

It is known that the oxidation rate of TiB. depends on temperature, composition, and oxygen
partial pressure. For instance, monolithic TiB: starts oxidation by forming TiBOs first at
temperatures below 400 °C and is further oxidized to form B20s [296]. In order to detect the
oxidized areas, the polished samples were subjected to SEM/EDX analysis at low

magnification. Figure 32 presents the elemental distribution map of the polished powders
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obtained by the reaction of CoCl>-TiCls-NaBHas powders after synthesis at 850 °C and
subsequent annealing at 1100 °C. It is observed that the oxygen element is present alongside
elemental Ti, which corresponds to minute TiB> particles with an average size of 60 nm
illustrated in Figure 31. This, in turn, exposes a higher surface area of the material and
facilitates the oxidation of the TiB> phase. The boron oxide is evaporated at temperatures above
900 °C leaving behind a porous TiOz layer [282,297-299]. Presence of elemental Ti, B, and O

in the same place validate this claim.

Figure 32. Low magnification SEM/EDX analysis (15 kV, elemental distribution map)

of the polished powders obtained from the stoichiometric reaction of CoCl,-TiCls-NaBHa

and subsequent annealing.
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Figure 33(a) and (b) show the quality and CoB phase maps taken from the same polished
samples during EBSD analyses. The visualization of the phase mapping in Figure 33(b) was
possible due to the single diffraction of CoB phase from the samples. It is notable that
electron backscattered patterns could only be generated because neither a non-crystalline nor
an intermediate phase was detected. The EDS analysis results taken from the BSE-SEM
image in Figure 33(c) are presented in Figure 33(d) and Table 4. According to the EDS
analysis results, it is clear that the green and red areas in Figure 33(d) correspond to the CoB
and TiB2 phases, respectively. However, TiB: phase could not be detected in the quality map
during EBSD analysis most likely due to an amorphous layer surrounding the surface of the
crystalline boride particles. The EDS analysis results taken from the marked regions 3, 4,
and 5 present an excess amount of B which can be related to the amorphous boron layer
and/or non-crystalline boron oxide species. Moreover, the EDS analysis results taken from
the marked regions 1 and 2 show the CoB phase without any excess amount of boron. This
also explains the reason of the detection of oxygen element alongside elemental Ti
throughout the microstructure as seen in Figure 7. It can be concluded that nano sized TiB:
particles were surrounded by an amorphous boron layer. This layer is thought to be oxidized
at a later stage during handling steps. To the best of the authors’ knowledge, formation of
separate boride phases in this study can be attributed to a couple factors including low
solubility of the reaction precursors in each other, slow rate of cation diffusion, and a
difference in the reactivity of the chloride precursors with the reducing agent (NaBHa). This

can trigger formation of the binary borides at different time points during the overall course
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of reaction. This promotes the formation of two separate phases, which is in agreement with
previous works in the literature [277,300]. Studies in the literature have tried to solve this
issue via incorporation of a diffusion promoter such as Cu element powder or by increasing
the temperature of the reaction and the annealing step. However, doing so would contradict
the goals that this study by means of introducing impurity and/or possible undesired by
products [277]. Hence, the results of the present study will be useful and important for
optimizing the synthesis conditions of the binary boride compounds in terms of in-situ

reactions of the metal chlorides at low temperatures, as well as for obtaining crystalline and

nano-scaled composite powders while keeping the focus on the purity of the final products.

o "55".3';-‘ o8 : ,,. - M
Figure 33. EBSD and SEM/EDS analyses of the polished powders obtained from the

y K
Nl R

stoichiometric reaction of CoCl2-TiCls-NaBH4 and subsequent annealing: (a) quality map.
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Table 4. EDS point analysis of the marked regions taken from the polished powders
obtained from the stoichiometric reaction of CoCl>-TiCls-NaBH4 and subsequent

annealing.

0,
Marked regions Amounts of elements detected by EDS analyses (at. %)

B Ti Co
1 50.22 0.05 49.73
2 50.69 1.23 48.08
3 70.71 26.48 2.81
4 71.73 25.44 2.83
5 72.42 25.76 1.82

4.3.4. Properties of the bulk samples

4.3.4.1 Microstructure of the bulk samples

The bulk samples fabricated by incorporating the synthesized nano-scaled composite
powder (CoB-TiB>) were studied in comparison with those reinforced with the binary TiB>
powders. The SLM fabricated parts were incorporated into phenolic resin and then polished
following the standard polishing procedures, and their mechanical and microstructural
properties were studied. Figure C7 (Appendix C) presents the SEM analysis results of the
polished samples. It was observed in the secondary electron SEM images that, other than
minute porosity, the surface of the samples was smooth. The observed porosities can exist
due to a variety of reasons such as balling or keyhole effects or as a result of a rapid
heating/cooling rate of the SLM process (10%-108 K/s). Moreover, the fact that TiB: has a

higher melting point (3225 °C) compared to Ti6Al4V (1933 °C) renders simultaneous
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melting of the matrix and reinforcement difficult [301]. Processing metallic systems
containing intermetallic compounds and ceramics via laser-based manufacturing techniques
is challenging due to the high melting point of these compounds and can result in increased
viscosity of the melt, thus, causing defects [302]. The dynamic viscosity of the molten layer
should be low enough to allow proper spreading of the melt yet also high enough to prevent
the balling effect from happening [303,304]. The elements present in the matrix powder were
detected (Ti, Al, and V) in the EDX analysis with the exception of boron because it is a
lightweight element. Co and Ti were detected in the samples reinforced with the synthesized
CoB-TiB> powder, which was also present in the structure of the reinforcement powder. On
the other hand, the observation of reinforcement particles was not possible in the secondary
electron SEM images most likely due to the fine and homogeneous distribution of the low
number of particles (1 wt. %) in the matrix. The Fe present in the EDX results of this sample
corresponds to trace amounts of impurities coming from the machine during the SLM

process.

4.3.4.2 Hardness and compression evaluations

Figure 34 reveals the Vickers microhardness values and indent shapes taken from the
SLM fabricated samples. It is observed that Ti6Al4V matrix reinforced with CoB-TiB>
particles have the highest hardness value compared to S-TiB, and CP-TiB.. The reason for

the improvement in the hardness values of the samples compared to that of those reinforced
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with CP-TiB: is the smaller particle size of these powders, comparatively. The average
particle size for the CP-TiB: is 44 um (325 mesh), for the S-TiB it is 500 nm, and 300-500
nm for CoB-TiB. composite powder. The corresponding average Vickers micro hardness
values are 420+11, 497+13, and 506+10 HV, respectively. It is thought that as a result of the
smaller particle size of the S-TiB; in comparison to that of CP-TiBy, the S-TiB> particles
induce additional grain boundary hardening and inhibit dislocation motion in the structure of
the sample. This eventually increases the hardness by 18.5 % in comparison to that of CP-
TiB:> reinforced matrix. In the case of the CoB-TiB: reinforced samples, this increase goes
up to 20.5 % compared to the CP-TiB; reinforced sample. Figure C8 (Appendix C) illustrates
the indentation marks left on the surface of the bulk CoB-TiB: reinforced sample, which is
proof of homogeneity of the indents and, hence, the hardness values. Furthermore, an average
hardness value of 410+30 HV was measured for the prepared Ti6AI4V reference sample.
Thus, a significant improvement (506£10 HV) is achieved for the CoB-TiB; reinforced

sample by comparison to unreinforced sample and the others.
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Figure 34. Vickers micro hardness values for SLM fabricated parts (Ti64 stands for
Ti6AI4V).

Figure 35 presents the compression stress vs. strain diagrams of the reinforced bulk
samples. It was observed that among the SLM fabricated bulk samples, the CoB-TiB>
reinforced sample withstood the highest compressive stress at 1682 MPa followed by that of
S-TiB: reinforced sample at 1617 MPa, and CP-TiB, at 1605 MPa. Simultaneously, the
prepared Ti6AI4V reference sample could only bear a compressive strength of 1320 MPa.
The reason behind the enhancement of the mechanical properties of the reinforced bulk
samples observed both in hardness (Figure 34) and compression tests (Figure 35) is likely
due to dislocations and strengthening mechanisms. It can be concluded that the smaller the

grain size of a material, the higher the grain boundary area, hence the improvements in
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hardness and compressive strength [305]. The relationship between the grain size and the
mechanical properties of the materials (Hall-Petch Equation) is described in the literature
[306]. The authors believe that such is the case in this study: The smaller the size of the TiB:
particles (60 nm) in the synthesized composite powder (Figure 31 and Table C2), the more
improved are the obtained results. Given that TiB: is a much harder material than CoB, and
higher hardness values would be expected from TiB. reinforced samples, the authors believe
that the presence of CoB particles could have enhanced the mechanical properties of CoB-
TiB> reinforced samples even more by increasing the average grain boundary area. Other
studies have reported the hardness and compressive strength values of the monolithic
Ti6AI4V sample as 396 HV and 1070 MPa, respectively [307]. However, the prepared
Ti6AI4V reference sample showed hardness and compressive strength values of 410 HV and
1320 MPa in the present study, which is considered the result of the different parameters
used during the SLM process. Consequently, the incorporation of CoB-TiB> reinforcement
particles in this work clearly illustrates the further enhancement and improvement of the

discussed properties (506 HV and 1682 MPa).
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Figure 35. Compressive stress-strain curves for SLM fabricated parts. Legend indicates

the reinforcement powders used in Ti6Al4V matrix.



Chapter 4: CoB-TiB: crystalline powders: Synthesis, microstructural
analysis and their utilization as reinforcement agent 113

4.4. Conclusion

In this study, we successfully synthesized cobalt-titanium-boron based composite
nanostructures in a single-step process using metal chloride powder blends via a low
temperature synthesis method, in a sealed reactor, under autogenic pressure. Stoichiometric
excess amounts of precursors reacted at 850 °C yielded CoB, TiBz, and unstable TiBx phases.
However, after a reaction of the stoichiometric amounts of precursors at 850 °C, we were
able to achieve the conversion of metal chlorides to nanocrystalline CoB-TiB, composite
powders with an average particle size of 300-500 nm. DTA/TG and FTIR analyses showed
that water, moisture, and boron oxide species present in the structure of the powder were
successfully removed after annealing at 1100 "C. SEM images of the annealed powders
revealed that CoB and TiB, phases possess particles of distinguishably different
morphologies and sizes. TiB; particles having an average size of 60 nm were surrounded by
an amorphous boron layer, which could be oxidized later, whereas the CoB particles formed
agglomerates with an average size of 450 nm without any surface oxidation. This is
considered an interesting result for further investigation on the sintering processes of these
nanocrystalline powders or their incorporation in metal matrix composite structures. Thus,
recrystallized CoB particles with higher sizes would prevent further oxidation during the
sintering of the composite powders at elevated temperatures. Bulk samples were fabricated
via the SLM method using Ti6Al4V powder as matrix and synthesized CoB-TiB, composite
powder, in house synthesized TiB>, and CP-TiB; powders as reinforcements. It was observed

that both hardness and compressive strength were enhanced in all of the produced Ti6Al4V
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samples, and the CoB-TiB. reinforced sample exhibited the highest values, being 506 HV
and 1682 MPa, respectively, in comparison with the unreinforced sample (410 HV and 1320
MPa) and the others (420-497 HV and 1605-1617 MPa). Consequently, investigations on the
reinforced samples revealed that mechanical properties of Ti6Al4V sample could be
significantly improved by incorporating composite powders consisting of sub-micron CoB,

and nano-size TiB particles.
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Chapter 5. Prospectus

The summary of the achievements and results obtained during the course of this thesis are
presented in this chapter. The powder samples in this work were synthesized via two different
methods implementing low-temperature heating regime known as inorganic molten salt and
reduction at autogenic pressure techniques. The obtained final materials were targeted
towards various application fronts and optimized respectively. Following is the summary of

what was accomplished over the course of this thesis.

The CoFeB, CoFeB, CoB-FesB, CozB-FesB, CoB-TiB: phases obtained in this study
were synthesized utilizing the optimized low-temperature synthesis method. Within the
context of this work, the conventional synthesis temperature of composites/ternary borides
of Co-Fe-B and Co-Ti-B was reduced significantly (from about 2000 °C to Tmax=850 °C)
and nano or submicron size crystalline powder samples were obtained thanks to the
optimized synthesis methods in a single-step reaction. Results showed that the synthesized
CoFeB; powder (obtained from the anhydrous precursors) is suitable for use as a soft magnet
with ferromagnetic properties and exhibits a superparamagnetic tendency after annealing and
obtaining the high stability phase. The synthesized CoFeB. powder (obtained from the
hydrous precursors) is also suitable for use as a soft magnet with ferromagnetic properties;
however, after optimization of the synthesis conditions, the saturation magnetization of the
obtained powders was increased 9 times. On the other hand, the synthesized CoB-
TiB. powders were introduced as reinforcement to Ti6Al4V matrices by powder metallurgy

methods and improved combination of microstructure-mechanical property was achieved.
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Summary of the most important achievements are as follows:

e The nano-crystalline ternary CoFeB: phase was successfully synthesized from the
single-step reaction of anhydrous CoCl>-FeClz-NaBHjs in presence of inorganic
eutectic mixture (LiCI/KCI) following a reaction at 850 °C via the open system
route.

e The nano-crystalline CoB and FesB phases were obtained from the single-step
reaction of anhydrous CoCl>-FeCls-NaBH4 in presence of inorganic eutectic
mixture (LiCI/KCI) following a reaction at 850 °C via the closed system route.

e A pure (CoFe)B; solid solution was obtained after annealing the samples obtained
from the reaction of anhydrous CoCl>-FeClz-NaBHa4 via the open system at 1100
o@s

e An average particle size of 60 nm was successfully obtained (for the samples
obtained from the reaction of anhydrous CoCl,-FeCl3-NaBHs at 850 °C via the
open system), where the particles were homogeneously distributed throughout the
sample containing spherical, co-axial and, rod-like morphologies.

e The as-synthesized samples obtained from the reaction of anhydrous CoCl,-FeCls-
NaBHj; at 850 °C via the open system are classified as soft magnetic materials
exhibiting a narrow hysteresis curve and an average coercivity value of 500 Oe
and an average magnetization of 21.1 emu/g.

e Superparamagnetic behavior was observed after annealing the samples obtained
from the reaction of anhydrous CoCl>-FeClz-NaBHasat 850 °C via the open system
at 1100 °C as a result of the absence of the FeB phase as the source of the
ferromagnetism.

e The nano-crystalline cobalt iron metal boride powders were successfully
synthesized as a result of the reaction of CoCl,-6H.O-FeCls-6H.O-NaBH, at 850
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°C, using different reaction systems and optimized synthesis conditions according
to the results of the first chapter.

e After the reaction of CoCl,-6H>0-FeCls-6H>0-NaBH, at 850 °C under autogenic
pressure, the (CoFe)B - Fep.71C0o.29 - Fe3B7ClO13 and (CoFe)B - Feo71C0o.29 -
Co3B7ClO13 phases were obtained.

e After the reaction of CoCl,-6H,0O-FeCls:6H,O-NaBH; at 850 °C in the open
system under Ar flow, (CoFe)B - (CoFe)B. and Co2B - FesB phases were obtained.

e The crystalline nano-particles obtained from the reaction of CoCl,-6H20-
FeCl3-6H20-NaBH4 at 850 °C in the open system under Ar flow had a
homogenous microstructure with irregular shapes for the agglomerated particles
obtained under Ar flow with an average particle size of 2 um; however, at higher
magnifications, smaller particles were observed with an average size of about 80
nm.

e The optimization steps discussed in the previous chapter were implemented and
the thermal analysis of the obtained powder showed that the precautions taken to
avoid oxidation were effective and reduced the % mass loss significantly.

e Also, after application of the optimization steps, the obtained particles exhibited
an average saturation magnetization of 104-183 emu/g with the highest belonging
to the stoichiometric batch of the open system and the lowest belonging to the
stoichiometric batch of the closed system, which pleasantly revealed a 9-fold
increase in magnetization values and a coercivity range of 20-100 Oe.

e High-temperature magnetic measurements revealed that obtained samples are
stable ferromagnets up to 795 K at 10 kOe, as no transition temperature (T¢) was
observed.

e Cobalt-Titanium-Boron based composite nanostructures were successfully
synthesized in a single-step process after the reaction of CoCl>-TiCls-NaBH, at

850 °C, via a sealed reactor under autogenic pressure.
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e The reaction of stoichiometric excess amounts of CoCl,-TiCls-NaBHj4 at 850 °C
resulted in crystalline CoB, TiB> and, unstable TiBx phases.

e The reaction of stoichiometric amounts of CoCl>-TiCls-NaBH4 at 850 °C resulted
in the complete conversion of chloride precursors to crystalline CoB-TiB>
composite powders with an average particle size of 300-500 nm.

e Particles obtained from the reaction of the stoichiometric amounts of CoCl,-TiCls-
NaBHs4, exhibited two distinctive morphologies: CoB particles formed
agglomerates with an average size distribution of 450 nm without any sign of
surface oxidation where TiB> particles possessed a homogenous distribution and
an average particle size of 60 nm which were prone to oxidation due to the affinity
of Titanium to oxygen.

e Bulk samples were fabricated via the SLM method using Ti6Al4V powder as
matrix and synthesized CoB-TiB> composite powder, in-house synthesized TiBy,
and CP-TiB> powders as reinforcement particles.

e With addition of 1 wt. % of reinforcement particles, both the hardness and
compressive strength of the bulk samples were enhanced as a result of grain
boundary hardening and dislocation motion prevention by the reinforcement
particles.

e It was observed that samples reinforced with CoB-TiB; particles exhibited the
highest hardness and compressive strength values being 506 Hv and1682 MPa,
respectively. In comparison, the hardness and compressive strength values for the
unreinforced sample (pure Ti6Al4V) were 410 Hv and 1320 MPa, while they were
420 Hv and 1605 MPa for the CP-TiB: and, 497 Hv and 1617 MPa for the S-TiBx,
respectively.

e Considering the amount of the incorporated reinforcement particles (1 wt. %), it
could be anticipated that addition of the higher amounts of composite CoB-TiB:

particles can significantly enhance the mechanical properties of the host matrix.
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Figure Al. XRD patterns of a) CoCly, b) FeCls, ¢) NaBH4 powders and d) DSC heating

and cooling curve of LiCI/KCI eutectic mixture.
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Figure A2. XRD patterns of the powders obtained by reaction of a mixture of CoCl.-
FeClz-NaBHj4 at 850 °C in the close system: (a) without eutectic salt mixture and (b) with

eutectic salt mixture.
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Figure A3. FTIR analysis of powders obtained by reaction of CoClz-FeClz-NaBH4 in
the close system at 850 °C: sample (a) without eutectic salt mixture and (b) with eutectic

salt mixture environment.
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Figure A4. XRD patterns of the powders obtained from reaction of CoCl,-FeCls-NaBH4
(with eutectic salt mixture in the open system) at: (a) 650, (b) 750 and (c) 850 °C.
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Figure A5. FTIR analysis of powders obtained by reaction of CoCl,-FeClz-NaBH4 (with
eutectic salt mixture in the open system) at: (a) 650, (b) 750 and (c) 850 °C.
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Figure A6. TG curves of powders obtained by reaction of CoCl,-FeCls-NaBHa (with
eutectic salt mixture in the open system) at: (a) 650, (b) 750 and (c) 850 °C.
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Figure A9. XRD pattern of the powders obtained by reaction of CoCl,-FeCls-NaBHa (with
eutectic salt mixture in open system at 850 °C) and annealed at 1100 °C.



Appendix B

135

Appendix B

Table B1. Theoretical and refined lattice parameters for the obtained phases both in

open and closed system.

a b C
FesB Theoretical 5.43 6.69 4.43
11 Orthorhombic Refined 5.424(2) | 6.699(3) | 4.439(3)
CozB Theoretical 5.015 4.22
Open Tetragonal Refined 5.017(1) 4.220(1)
System (CoFe)B: Theoretical 5.430 2.985 4.020
19 Orthorhombic Refined 5.436(2) | 2.981(1) | 4.025(2)
(CoFe)B Theoretical 5.09 4.24
Tetragonal Refined 5.091 (3) 4.237 (1)
(CoFe)B Theoretical 5.09 4.24
Tetragonal Refined 5.100(2) 4.238(3)
11 Feo.71C00.29 Theoretical 2.86
Cubic Refined 2.864(2)
Co3B7ClO13 Theoretical 8.54 20.96
Close Rhombohedral Refined 8.578(3) 20.973(2)
system (CoFe)B Theoretical 5.09 4.24
Tetragonal Refined 5.079(4) 4.227(2)
1:9 Feo71C0020 | Theoretical 2.86
Cubic Refined 2.862(1)
FesB7ClO13 | Theoretical 8.623 21.050
Rhombohedral Refined 8.608(2) 20.999(2)
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Figure B1. XRD patterns of the synthesized powders in the open system: (a) 1:2 and (b)
1:1 batch.
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Figure B2. XRD patterns of the synthesized powders in the closed system: (a) 1:2 and (b)
1:1 batch.
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Figure B3. High magnification SEM image of the needle-shaped morphology of the 1:1

batch of the open system.
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Figure B4. XRD pattern of the obtained powder from the 1:2 batch in the open system,

after DTA.
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Definition of the mathematical expected value:

In probability theory, the expected value of a random variable X, denoted E(X) or E[X],
is a generalization of the weighted average, and is intuitively the arithmetic mean of a large
number of independent realizations of X. The expected value is also known as the
expectation, mathematical expectation, mean, average, or first moment. Expected value is
also a key concept in economics, finance, and many other subjects.

By definition, the expected value of a constant random variable X=c is c. The expected
value of a random variable X with equiprobable outcomes {cu,...,cn} is defined as the
arithmetic mean of the terms ci. If some of the probabilities P; (X=ci) of an individual
outcome c; are unequal, then the expected value is defined to be the probability-weighted

average of the c;, that is, the sum of the n products ¢i*P; (X = ci).
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Appendix C

Table C1. Comparison of various synthesis methods on the feasibility of the method (= is
an indicator showing lowest amount of the discussed quality with = and highest amount

W|th lllll).
Synthesis
Method Reactant  ~o yivion ~ Product Post Ref
Price T Purity  Processing
emp., etc.
Arc Melting . [77,123,131,138,139]
Hot Pressing lllll [T L 1] [ 1] L1 1] [151]
Induction Furnace
Melting EEEER EEEER mEn um [152_154]
Spark Plasma
Sintering (SPS) [77,123,134,273]
Self-Propagating
High Temperature . [161]
Synthesis (SHS)
Carbothermal
Reduction L 11} mEEn L1} mEEn [162]
Borocarbothermal
Reduction [163]
Boron Carbide
Reduction mEEEN EEEN mEEn L 1] [166]
Borothermal
Reduction [163,164]
Chemical Vapor EEEN EEEN EEEEN EEEEN [168 170 171]
Deposition B
Metallothermal
Reduction [166,167]
Low Temperature .
Synthesis This work, [257]




Appendix C 148

lExo

Heat Flow (a.u.)

T l T l T I T I T I T I T I
0 200 400 600 800 1000 1200 1400

Temperature (OC)

Figure C1. DTA curves of the powders obtained from reaction of CoCl,-TiCls-NaBHj at

850 °C: (a) stoichiometric, (b) 50% excess NaBH4 and (c) 50% excess TiCla.
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Figure C2. TG curves of the powders obtained from reaction of CoCl,-TiCls-NaBH4 at

850 °C: (a) stoichiometric, (b) 50% excess NaBH4 and (c) 50% excess TiCla.
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Figure C3. Binary phase diagrams of Co-B and Ti-B



Appendix C 152

®CoB #TiB, +TiB ®CoB vTiB_ +TiB
(a s TRy (b) v . $TB,
v
- o
3
o~ .
2 v 4 o
\E/ ”wr b
z z @
3 =1
=
=
v
T T T T T T T T T T T T T T

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
26 (degree
(degree) 20 (degree)

Figure C4. XRD patterns of powders after annealing at 1100 °C: (a) 50% excess NaBH4

and (b) 50% excess TiCls containing mixture.



Appendix C 153

100
(b)

95 -

= 90

2

=

-
= *
80 -

— T~ T T T~ T T+ T * T T
200 400 600 800 1000 1200 1400
Temperature (_UC)

Figure C5. TG curves of the stoichiometric powders: (a) obtained at 850 °C and (b) after

annealing at 1100 °C.
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Table C2. Average particle size measurement of the different phases in the powders after
annealing with comparison to the particle size distribution of the powders before annealing.
(Powders obtained from the stoichiometric reaction of CoCl>-TiCls-NaBH4 and subsequent

annealing).

60 nm 450 nm 300 - 500 nm
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Figure C6. Average particle size distribution graphs for: (a) TiB2 phase after annealing, (b)

CoB phase after annealing and, (c) powders before annealing.



Appendix C 156

Figure C7. SEM analyses (Secondary electron images and EDS analysis) of the bulk SLM

fabricated samples of Ti6Al4V matrix reinforced with a) Synthesized CoB-TiB, composite

powder, b) Synthesized TiB2and c) CP-TiB..



Appendix C 157

Figure C8. Indentation map carried out on the CoB-TiB: reinforced sample.
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Figure C9. Schematic of the SLM procedure and sample fabrication steps.
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Figure C10. XRD patterns of the powders obtained from the stoichiometric reaction of
CoCl2-TiCls-NaBHjs: (a) obtained at 850 °C and (b) after annealing at 1100 °C.
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