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ABSTRACT

The problem of low fracture toughness and the difficulties to densify has delayed the
application of BsO materials as superhard materials in the industry. Therefore, in this
work, effort has been directed towards improving the fracture toughness and
densification of these materials by incorporating suitable secondary phases and tailoring

the microstructure to the desired properties.

Boron suboxide (BsO) powder was synthesized from the reaction of amorphous boron
and boric acid powders. The synthesized BsO powder was hot pressed at 1900°C and
50MPa. In addition to the pure BsO material, composites with transition metals,
transition metal oxides, transition metal borides and rare-earth metal oxides were
prepared at 1850°C. The microstructure, phase composition and properties of resulting

materials were investigated.

A boride secondary phase was formed after sintering. Materials with densities higher
than 95% theoretical density were achieved for the composites. Although the pure BsO
sample was brittle, fracture toughness of 7.6+1.1 MPam" was obtained for the BsO+FeB

composite.

This study gives a basis for optimizing the sintering additives with potentials for

improving the hardness and fracture toughness of BsO materials.
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CHAPTER ONE

1.0 INTRODUCTION

Superhard materials are usually composed of light elements such as boron, carbon,
nitrogen and oxygen. The intrinsically strong and directional covalent bonds of these
light elements lead to tight, three-dimensional networks with extreme resistance to
external shear (Duanwei et al., 2002). This structure creates a unique combination of
properties including low density, high hardness, high chemical stability and excellent
wear resistance, which allows these materials to find extensive use as nozzles, pump
impellers, grinding wheels, drill bit components, abrasives and cutting tools. Potential
industrial applications have in recent years brought about intense studies of the physical

and chemical properties of these materials.

Only diamond and cubic boron nitride have been used in the industry as superhard
materials, due to their great hardness and structural stability when subjected to extreme
external load. However, the application of diamond is somewhat limited at high
temperatures owing to its instability, for example, as cutting tool for steel (Zerr, 2000).
Also, as the temperature increases, diamond and cBN weaken due to the onset of the
transformation to the graphite structure as well as due to diffusion wear. Furthermore, the
dominant methods for the industrial synthesis of diamond and cBN materials require high
pressures and temperatures, which render their manufacturing expensive and limit the

sizes and geometric forms possible.
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Boron suboxide (B¢O) has been of considerable scientific interest because it displays a
range of outstanding physical and chemical properties. Recent investigation indicates that
boron suboxide qualifies as a superhard phase, having an average Vickers hardness of 45
GPa (100g load) comparable to that of diamond (Hy = 70-100GPa) and cubic boron
nitride (Hy = 60 GPa) (Zhongwu et al., 2005, Itoh et al., 1998). In addition to this
hardness, the fracture toughness of this material (B¢O single crystal) was found to be 4.5
MPa.ml1/2, which approaches that of single crystal diamond at 5 MPa.ml/2 (Duanwei et
al., 2002) and is significantly better than that of single crystal cubic boron nitride at 2.8

MPa.m!/2 (Brookes, 1986).

These properties proved that this material (B¢O) is a good candidate for cutting tool and
other applications where abrasive wear resistance is important. Moreover, unlike both
diamond and cBN, boron suboxide (BcO) bulk powders may be produced without the
need for high pressures using cheap starting materials (boron and boron oxide) (Duanwei
et al., 2002). For these reasons and because of the need to replace or complement
expensive diamond and cubic born nitride in many other applications, boron suboxide has

been of technological interest.
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1.1 JUSTIFICATION OF THE STUDY

BsO powder can be produced at low pressure in an argon atmosphere by reducing B,0;
with B or by oxidation of boron with zinc oxide or other oxidants. However, it has been
established that boron suboxide powders formed at or near ambient pressures are
generally oxygen deficient (B¢Ox, x<0.9). They also have poor crystallinity and very
small grain sizes. High pressure applied during the synthesis of B¢O can significantly
increase the crystallinity, oxygen stiochiometry, and crystal size of the materials

produced (Hubert et al., 1998).

In addition, it is very difficult to sinter B¢O powders to full density, but a careful
selection of additives in combination with controlled sintering conditions could result in
the production of B¢O materials having unique combination of mechanical properties for
industrial applications. Hot pressed B¢O materials have not produced a combination of
good mechanical properties, having hardness values between 30 and 38 GPa (Holcombe
et al., 1972; Goosey, 1974; Bairamashvili et al., 1979), but the fracture toughness
measurements were not reported. Promising mechanical properties, especially fracture
toughness, for hot pressed B¢O materials, have only been reported by Kayhan et al.
(1999). This author made sintered BsO compacts under vacuum through hot pressing and

found good hardness (37 GPa) and fracture toughness (6.2 MPa.m'?

) values but the
samples had a high amount of porosity (7.5 or more), which resulted in materials with
low strength values [50-80MPa]. Also, the diameter for the notch used to measure the

fracture toughness was 0.4mm, which renders the values reported for that property very

suspect.
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Studies were made by Itoh et al. (2000) to improve the mechanical properties of BsO
materials by introducing other hard materials, like B4C and c-BN as a binder in the
materials. Maximum micro hardness Hvg; of 46 GPa was obtained from BgO-30vol%
B,C sintered composite under the sintering conditions of 4 GPa, 1700°C and 20 minutes.
The fracture toughness was approximately 1 MPa.m"?. The fracture toughness of the
BsO-x-cBN composites increased as the cBN content increased; the maximum fracture
toughness (1.5-1.8 MPa.m"?) was observed for x=40-60 vol%. Slight crack deflection

along the BO-cBN grain boundary contributed to the increase of this property.

The composition of the grain boundary phase and the grain sizes of the phases in the
sintered material are the main features in the microstructure that influence the mechanical
properties of the material, especially fracture toughness. The presence of secondary
phases in the sintered compacts allows the activation of toughening mechanisms such as
crack bridging and crack deflection. This is assumed to occur because of mismatch in
thermal expansion between the grain boundary phases and the B¢O phases, which places
the grain boundary and the grains under residual stress (Shabalala T.C (2007), Peterson,
IM. and Tien, T.Y (1995)). In some of the BcO sintered composites investigated, the
sintering additives acted as liquid phase at sintering temperature which could have an
added the advantage of lowering the sintering temperature, rate of grain growth and the
cost of production and hence a finer grain size could be obtained. This results in a
material with higher hardness, strength and wears resistance (Shabalala T.C (2007),

Kayhan et al. (1999)). This research work is therefore aimed at improving the mechanical
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properties, especially fracture toughness of BgO-based composites by incorporating

suitable secondary phases.

1.2 AIM AND OBJECTIVES
The primary aim of this research work is to produce hard and tough B¢O-based materials
using different compounds from Fe-Cr-Co-B-O systems and rare- earth metal oxides
(Sc,03, La,03 and Yb,03) as the secondary phases. The aim would be achieved through
the following objectives:

1. Synthesizing and characterising submicron boron suboxide powder.

2. Sintering and densifying submicron boron suboxide powder with and without

additives using hot pressing technique.
3. Evaluating the mechanical properties of B¢O-based composites in terms of

hardness and fracture toughness of the micrometer grained-sized materials.

1.3 SCOPE OF RESEARCH

The approach to this work involves using the benefit of existing technology in the
literature to synthesize B¢O powder by mixing amorphous boron (B) and boric acid
(H3BO3) at a suitable molar ratio, and heating in a tube furnace under argon atmosphere.
The synthesized powder will then be milled into the submicron grain size and
characterized in terms of phase composition, particle size distribution and grain
morphology. B¢O materials will be made by mixing different additives in the form of Fe,
FeO, FeB, Cr, CrO;, Co, Sc;03, La,O3 and Yb,O3 with BgO powder. The pure BsO

powder as well as mixed powders will then be characterized and hot pressed. The
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sintered compacts and composites will be analyzed in terms of densification, phase

composition, microstructure as well as mechanical properties.

1.4 CONTRIBUTION TO KNOWLEDGE
The research studies into the improvement on the mechanical properties of boron
suboxide (B¢O) based composites using transition metal compounds as secondary
phase using the proposed methodology are expected to:
1. Provide information on the hardness-to-toughness relationship of B¢O-based
composites.
2. Provide information on the suitability of these sintering additives in the stability
of B¢O-based composites.
3. Provide information on the toughening mechanism of B¢O-based composites
when second, minority phases are present.

4. Enhance the potential for industrial applicability of B¢O-based materials.
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1.5 STRUCTURE OF THE DISSERTATION

A literature review of the work done on potential superhard compounds, followed by the
latest studies on the structure, synthesis, properties and applications of Boron suboxide
(BsO), while concluding on the toughening mechanism of ceramic material is presented

in Chapter Two.

Chapter three gives a detailed discussion of the starting materials used, together with

experimental equipments and techniques.

In chapter four the results of all the experimental work and analysis carried out are
given. The relationship between the microstructure and properties of the produced BsO
materials is discussed in chapter five, including the comparison to BsO materials

fabricated in other studies.

The dissertation ends in chapter six with the conclusions drawn from the work and

stating recommendations for future work.
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CHAPTER TWO

2.0 LITERATURE REVIEW

The search for superhard materials is driven by both the scientific curiosity of researchers
to explore the possibilities of synthesizing a material whose hardness could approach or
even exceed that of diamond and the technical importance of hard and superhard

materials for wear resistant applications such as machine cutting tools and wear parts.

The aim of this literature survey is to give a review on the progress made on the
development of synthetic superhard material with more attention given to Boron
suboxide (B¢O). The review will first highlight the work done on potential superhard
compounds, followed by the latest work done on the structure, synthesis, properties and
applications of Boron suboxide (B¢O), while concluding on the toughening mechanism of

ceramic material.

2.1 POTENTIAL SUPER HARD COMPOUNDS

Superhard materials are always required in modern technology because of their high
hardness and mechanical/ chemical stability particularly when used as cutting tools, dies,
molds or protective coatings. The higher the mechanical properties of the work piece
materials become, the harder the tools for cutting them should be (Hideaki Itoh, 2004).
This relationship accelerates the demand to develop new superhard materials, which can
be used under severe working conditions at high cutting speeds, high temperatures and

highly corrosive environments.
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Hardness is related to permanent plastic deformation after indentation. Many phenomena
are involved in this process: resistance to the volume compression produced by the
pressure created by the indenter, resistance to shear deformation, resistance to plastic
yield due to the production and motion of dislocations. These different types of resistance
to deformation indicate the conditions that a material must fulfill to be hard. The material
must first support the volume decrease created by the applied load. This is equivalent to
stating that the bulk modulus (the inverse of the compressibility) should be high. The
next condition is that a stress in a given direction should not be transmitted along a
different direction: therefore the shear modulus must also be high (Jean-Michel & Julian
Haines, 1997). These two conditions have guided the choice for selecting potential hard

materials and in particular, the search for high bulk modulus compounds.

Potential hard materials are composed of atoms linked by short bonds, which correspond
to small atoms of the light elements: B, C, N, O, and Si. The shortest bond found in a
solid network is the C-C bond in diamond; shorter bonds are found in isolated molecules,
which are linked by weak Vander Waals interactions to form solids, which have very low
bulk moduli and are not hard. The next shortest bond is B-N and, actually, cubic boron

nitride is the second- hardest material known.

Up to the present, much attention has been focused on the C-N bond which is slightly
shorter than the C-C bond in diamond. Over the past several years, the search for C3Ny
has been conducted, fueled by theoretical prediction (Cohen et al., 1997) which were

initially based on the analogy with the known homologue B-SizN4 (Cote M and Cohen
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M.L, 1997, Teter D.M and Hemley M.J 1996, Sung C.M and Sung M, 1996). The
calculated bulk moduli of hypothetical carbon nitride phases including 3-C;N, are close
to that of diamond and may exceed its value. This is not true for their shear moduli and
hardness because their properties deviate from the optimum found for diamond in all
respects. There have been reports of the preparation of thin films containing B-C3;Ny4
(Chen et al., 1997). Nanoindentation tests have been performed on non-stoichiometric
carbon nitride films and carbon nitride/TiN composite coatings yielding hardness values
of 8-35 GPa and 45-50 GPa (Li et al., 1995), respectively. It should be noted that these
materials are much more difficult to prepare than diamond and would pose the problem
of carbide formation and nitrogen dissolution into the work piece if they were to be used

to machine ferrous metals.

Considering the Si-O bond, this is slightly longer than the C-C bond in diamond. Many
compounds with Si-O bonds are known; in particular silica (SiO;) with its numerous
polymorphs in which the Si-O bonds are 1.61A long. These compounds have low bulk
moduli and are not hard because their structures are made up of corner-linked SiO4
tetrahedra which can easily tilt. However, these tetrahedral considered alone are very
hard: from single-crystal diffraction studies, it was concluded that the trihedral bulk
modulus of SiO4 was higher than 400 GPa (Hazen R.M and Finger L.W 1982). Above 9
GPa, a high- pressure phase of silica is obtained, stishovite; it is about 60% more
compact than quartz due to a dense packing of octahedra: the arrangement of the oxygen
atoms around a silicon atom has changed at the transition from a tetrahedron with four

oxygen nearest neighbours around the silicon atom to an octahedron with six oxygen
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nearest neighbours. Recent indentation hardness tests showed stishovite has the highest
hardness, H= 33 GPa (load not stated) (Leger et al., 1996) of any well —characterized

oxide, the hardness of corundum being only 21 GPa.

In 1999, a new high-pressure phase of silicon nitride having a cubic spinel structure,

denoted as y-—Si;N,orc—Si;N,, was first synthesized (Zerr et al., 1999). It was
reported that ¢ — Si; N, shows excellent thermal (meta) stability in air, which is superior

to that of other superhard materials, such as diamond, c-BN, c-BC,;N, SiO,-stishovite,

B4C, or B¢O. The vickers hardness of ¢— Si,N, sintered in a multianvil apparatus was

reported to be between 33 and 37 GPa, which approaches that of SiO,-stishovite but is

significantly below that of diamond and c-BN.

Other possible candidates for compounds harder than diamond are the carbides of
titanium and silicon. Under normal conditions, TiC and SiC are already hard (H=26 and
28 GPa, respectively). A transition to a more compact structure under high pressure was
observed in SiC (Yoshida et al., 1993). This cubic, NaCl-type structure with silicon and
carbon in sixfold coordination, could thus be superhard. The major drawback is that the

transition occurs at a very high pressure of above 100 GPa.

Solid materials composed of light elements such as B, C, N and O are known to have
superhardness, and more superhard and tough materials are expected to be synthesized by
their combinations. Fig 2.1 illustrates a map of such materials in the phase diagram of the

B-C-N-O system. Boron-rich materials, B4C, BcO and B¢P have bulk moduli of close to
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200 GPa. All these boron compounds are in fact built from boron icosahedra, as in
elemental boron, with a few additional intericosahedral chain atoms, and their hardness of

about 29-30 GPa is similar to that of pure boron.

N

Fig2. 1: Map of superhard materials in the phase diagram of the B-C-N-0O system.
(Hideaki Itoh, 2004).

The first report of the deposition of the ternary BCNy films by thermal CVD was by
Badzian et al., (1988) who also used microwave plasma for this process and obtained
deposits with a cubic modification as was seen by x-ray diffraction achieving hardness
between 4 and 33 GPa depending on the deposition conditions. More recently Riedel et
al., (1999) prepared superhard BC4N coatings by plasma CVD from single source
organometallic precursors, pyridine borane (CsHsNBH3) and triazaborabicyclodecane
[BN3H,(CHj)s]. The highest hardness of 64 GPa, which was reported by these

researchers, clearly shows that the B-C-N triangle is worthy of further detailed study.
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Solozhenko et al., (2001) synthesized cubic BC,N phase with diamond-like structure at
pressures above 18 GPa and temperatures higher than 2200K using a laser heated
diamond-anvil cell (DAC) and a multi- anvil press. The lattice parameter of c-BC;N
determined by these authors at ambient conditions was 3.642(2) A, which is larger than
those of diamond and c-BN. Vickers hardness measurement of c-BC,N under a load of
2N was reported to be 76GPa, which is higher than that of c-BN single crystal and rivals

that of diamond.

Dubrovinskaia et al., (2007) reported on the synthesis of unique superhard aggregated
boron nitride nanocomposites (ABNNCs) showing the enhancement of hardness up to
100% in comparison with single crystal c-BN. Such a great hardness (85 GPa) was
explained to be the unique combination of two factors: (1) nanosize effect, which restricts
dislocation propagation through the material, and (2) two-phase composition on nano-and
subnanometer scales, which, due to the quantum confinement, increases hardness of
individual crystallites. It makes ABNNC the first non-carbon-based bulk material with
hardness higher than that of PCD and approaching that of single crystal and

nanocrystalline diamonds and aggregated diamond nanorods.

Badzian et al., (1988) reported on superhard boron suboxide B,,O which “easily wore the
(001) surface of diamond and scratched the (111) face. The material was prepared by
solid-state reaction from a stoichiometric mixture of boron and B,O3; at 1600-2000°C.

The reported hardness was about 60 GPa.
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Stoichiometric high-pressure-temperature phases of B,O have been prepared and
described by Hall and Compton (1965) and Endo et al., (1987). In the former study, a
graphite-like B,O compound was synthesized by the reduction of B,O3; with B or Li and
by the oxidation of B with KClOs. The preparation was carried out within the pressure
and temperature ranges of 5.0 GPa to 7.5 GPa and 1200° to 1800°C. The B,O synthesis of
Endo et. al., (1987) was carried out by reacting BP with oxygen derived from the thermal
decomposition of CrO; to CrO, at pressures of 3.5 to 5.5 GPa in the temperature range
1000° to 1200°C. The recovered B,O high-pressure phase appeared to have a diamond-

like structure and was characterized by Vickers microhardness (100-g load) of 40.5 GPa.

Recently, a microhardness of 45 GPa (100g load) was measured for boron suboxide
single crystals, which is closely rivaling that of cubic boron nitride (Duanwei et al.,
2002). In addition to this hardness, the fracture toughness of this material (BcO single
crystal) was found to be 4.5 MPam®”. These properties proved that this material (B¢O) is
a good candidate for cutting tool and other applications where abrasive wear resistance is

a desirable property.

2.2 BORON SUBOXIDE COMPOUNDS

Boron normally has a valence of 3 and reacts with oxygen to form boron oxide having the
stoichiometric formula B,0;. Under suitable conditions, boron may react with oxygen
and forms compounds in which boron exhibits a valence less than 3. Powders of nominal

COl’IlpOSitiOIlS Bzo, B30, B40, B60, B70, BgO, Bloo, B120,B1302, B150, Blgo, Bzoo and
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B2,O have been reported as being formed by reacting elemental boron (B) with boron
oxide (B,03) under suitably high pressure and temperature conditions (Hayashi et al.,

1992).

Boron suboxide, B;0, was first reported by Weintraub (1909), who prepared this material
by the reduction of B,O3 and determined its composition by chemical analysis. Pasternak
(1959) and Holcombe (1972) further confirm the existence of this compound by reducing
zinc oxide with boron at a temperature adequate to effect the reduction reaction. After
this, B,O with a diamond-like structure was synthesized through the reaction of BP with
oxygen, which was supplied by the thermal decomposition of CrO; into CrO, (Endo et
al., 1987, Hall and Compton 1965). Other boron suboxides; B30, (Kharlamov et al.,
2002), B1,0, (Brodhag and Thevenot 1986, Rizzo et al, 1960), B130 (Novak 1972) B,,0
(Badzian et al., 1988) were synthesized by chemists, but firmly established formulae and
structures were still lacking up until 1990s. After Badzian et al., (1988) pointed out that
boron suboxide can be a superhard material, scientists began to pay more attention to

these borides.

Boron suboxide (B¢O), with high hardness, was for the first time prepared by Badzian in
1988. After synthesizing BcO by means of reactive hot pressing of boron and B,Os, he
melted the suboxide in an induction furnace, in an inert atmosphere of argon, and
characterized its structure and properties. The melted material was found to be black in
colour with polycrystalline morphology. X-ray diffraction analysis performed on the melt

showed the crystallographic structure of the grains to resemble -rhombohedral boron.
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2.2.1. STRUCTURE OF BORON SUBOXIDE

Boron and boron rich compounds are attractive systems because of their unique structure,
high hardness, high melting point and low density values. Their strong and short covalent
bonding provides the basis for a wide range of distinctive refractory, thermoelectric and

optical properties.

Boron, which has a valence of 3, exhibits a number of different compositions and
structures arising from the specific electronic nature of its atom. Unpaired electrons
possessing three bonding functions provide the possibility of forming a series of
electronic configurations of different stabilities. The most important and the most
common is the icosahedron (a regular polyhedron with 20 triangular faces), formed from

12 B atoms, which exhibits cubic symmetry (G. L. Gal’Chenko et al., 1977).

In addition to the crystalline forms of & and f rhombohedral and @ and [ tetrahedral

boron, an amorphous form also exists. The temperature, pressure and reactants present
during formation determine which phase will result. Each phase exhibits different
chemical and physical characteristics. Amorphous boron, which is deposited at low
temperatures, tends to be fine-grained and most reactive. As the temperature rises during
deposition, the first crystalline material to form is a-rhombohedral followed by the
formation of PB-rhombohedral. Tetragonal modifications are generally formed at

intermediate temperatures when impurities are present (G. L. Gal’Chenko et al., 1977).

Thermodynamically, the most stable form of boron is its f-rhombohedral phase, which

possesses a complicated but loosely packed crystal structure composed of By, icosahedra
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(Badzian et al., 1988). Studies have been performed for the densification of this stable
but loosely packed structure and up until now only one approach, based on the creation of
interstitial structures (and consequent formation of interstitial bonds), has been found
successful (Badzian et al., 1988). Oxygen atoms dissolving in this electron deficient -
rhombohedral boron structure can be considered a good example for this type (interstitial)

of bond formation (Kayhan and Inal, 1999).

The structure of boron suboxide (B¢O) is built of eight icosahedra at the apexes of the

rhombohedral unit cell (space group R§m) (H. Hubert et al., 1998, Duanwei et al., 2002).
The structure can be viewed as a distorted cubic close packing (ccp) of Bj, icosahedra.
Two oxygen atoms are located in the interstices along the [111] direction (fig 2.2). The

0O-O0 distance of 0.307nm precludes direct O-O bonding (M. Kobayashi et al., 1993).

36



@ B, icosahedral unit
®

Oxygen

Fig2. 2: (a) The structure of nominal BsO with space group Rgm, derived from the « -
rhombohedral structure of elemental boron with eight (slightly distorted) B>

icosahedra at the apices of the rhombohedral unit cell.

(b) An outline of the rhombohedral unit cell with the rhombohedral (x,, y,, z,)
and hexagonal (Chex, Anex) axes shown. The base of the rhombohedron defines a
tetrahedral figure in which the angle o may be distorted from the ideal value

(70.5°), depending upon the ratio cjey: anex (H. Hubert et al., 1998).

2.2.2 SYNTHESIS OF BORON SUBOXIDE

Though several techniques have been previously employed for producing boron

suboxide, there are two (2) general methods which have gained wide application:

Firstly, the high temperature solid-liquid reaction shown below between amorphous
boron (B) and boric oxide (B,Os3), under argon atmosphere at different temperatures

ranging from 1100°C to 2200°C with reaction time between 1 to about 12 hours results in
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the formation of boron suboxide (H. Itoh et al., 1998, H. Hubert et al., 1998, F. Goosey
1974, 1. O. Kayhan and O. T. Inal 1999, T. Lundstrom and Y.G. Andreev, 1996, D. He et

al., 2002, T. Lundstrom, 1997)

16Bg, + B0y, = 3BO5)  woveeeeeeeiiieieneeae, 2.1)

The molar ratio of B: B,Os= 16:1.03 is used with a slight excess amount of B,O3 in
comparison with the molar ratio of the stoichiometric reaction, to compensate for the
small amount of B,0; that evaporate during the synthesis. Furthermore, while the B,0O3
starting material is assumed to be essentially pure, it has been found that if the elemental
boron used as starting material is less than 95% pure, a BsO material which is harder than
previously reported in the literature can be formed (Hayashi et al., 1992). They claimed
that the impure B contained about 6% Mg, which serves as sintering aid for the BcO and
improves the hardness of the final material. An alternative method of producing B¢O of
high hardness is to use pure raw materials and separately add a suitable quantity of the
desired sintering aid. Other materials such as Ca and Y (Hayashi et al., 1992) are also

expected to act as sintering aids.

Secondly, boron suboxide powder may be produced by the reduction of metal oxides,
usually ZnO (Holcombe, Jr. et al., 1972, C. Brodhag and F. Thevenot 1986, X. Liu et al.,
1995) or other oxidants like MgO, SnO, CdO, In,0O3;, CuO and Li;;B4O7 (T. Lundstrom
and Y.G. Andreev, 1996) with boron under argon atmosphere to a temperature range of

1200°C- 1600°C. The chemistry of the reaction is generally given as:
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B+MO = ByO+M ..o, (2.2)

Liu et al., (1995) synthesized boron suboxide B;O by the oxidation of boron with an
excess of zinc oxide ZnO under a pressure of 3.5 GPa and a temperature of 1200°C,
according to the following reaction;

TB+7ZnO = B,O+Zn ....c..coooviiiiiiiiinn... (2.3)

It was observed that this route produces a single phase product of B;0, as compared with
other routes which give a mixture of boron suboxide B;O with either boron or boron
oxide B,03, Also, the zinc (melting point of 419°C) produced in the course of synthesis is
beneficial in bringing about the complete solid state reaction. Although there are many
oxidizing agents used in high pressure and high temperature experiments, such as CrOs,
KCIO3, MgO, Ga,0s etc., these authors chose ZnO to avoid working with a gas at high
pressure and high temperature.

4CrO; = 2Cr0,+30, T oo (2.4)

2KCIO, = 2KCI+30, T ..., (2.5)

With each of these procedures there are attendant shortcomings or drawbacks which
detract from the usefulness of the procedure in the production of B¢O. For example, one
of the more successful procedures involves the reduction of molten B,O3 with boron, but
the high volatilization and vapour pressure of this oxide at the reaction temperatures of
1200%- 1500°C respectively increase the likelihood of producing non-stoichiometric B¢O.
Also, the molten B,0O; reacts with the metal or ceramic reaction vessel and thereby

contaminates the B¢O. With respect to other known procedures, the reduction of B,0;
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with magnesium produces a solid solution of magnesium boride contaminants in the
suboxide while the reduction of magnesium oxide with boron produces only a relatively

small yield of B¢O.

In U.S. Patent No. 3,816,516 (Goosey), a method of fabricating boron suboxide products
is disclosed. According to this patent, a mixture of elemental boron and boron oxide is
cold pressed in a tantalum lined metal die. After the pressure on the compacted mixture
was released, it was coated with a mixture of boron nitride and boron oxide, and was
subjected to a second pressing step while heating at a temperature sufficient to melt the
boron oxide in the compacted mixture. This was followed by a cooling step and another
hot pressing step. The boron suboxide product made by this method was reported as
being smooth, sound article, free of flaws and contaminations, and suitable for a variety
of applications, e.g., cutting tools, ceramic bearings, and grinding media. Upon, analysis,
the boron suboxide product gave 80.1w?% boron and 19.9wtr% oxygen which corresponds

to the stiochiometry of B¢O.

2.2.2.1 LOW PRESSURE- HIGH TEMPERATURE TECHNIQUE

Although the synthesis of boron suboxide (BsO) at or near ambient pressure comes with
the advantage of reduced cost of production and avoids the risk of working with gases at
high pressure, it leaves an open the possibility of forming a non-stoichiometric BcO
compound, generally oxygen deficient (B¢Ox, x < 0.9) and having poor crystallinity and

very small grain size (less than 5 um). Hence, the chemical formula for boron suboxide
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was commonly expressed as BOx, where x < 1. (Duanwei et al., (2002), P.F McMillan et

al., (1999), L.A.J Garvie et al., (1997)).

Studies were made by M.Olofsson and T. Lundstrom (1997) to understand the synthesis
and structure of this non-stoichiometric B¢O. The powder was synthesized from a
mixture of amorphous boron or a-rhombohedral boron and B,0O3 in excess. They found
that the use of a- boron resulted in a more completely crystallized boron suboxide, which
was utilized to study the homogeneity range of the suboxide in the temperature range
1250°C- 1450°C. The oxygen content of solid was determined from Rietvelt analysis of
X-ray powder diffraction intensities. These authors claim that the oxygen concentration
in solid B¢O decreases with temperature in the range 1250°C- 1450°C as anticipated (Fig
2.3). The cell dimensions, occupancy of the 6¢ position by oxygen and some interatomic
distances are shown Table 2.1 for materials prepared at different temperatures and
presumably not too far from equilibrium. At temperatures lower than 1250°C it was

progressively more difficult to reach equilibrium, since the reaction rate decreases.

Occupancy of 6¢c

1250 4300 130 1400 1450
Temperature (°C)
Fig2. 3: Oxygen content (occupancy of position 6¢) of BsO vs. temperature. (Olofsson

and Lundstrom (1997)
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They concluded that stoichiometric B¢O cannot be prepared using oxygen at ambient
pressure. The cell dimensions of BgO material reported at high pressure/ high temperature
conditions were a = 5.435A and ¢ = 12.415 A, (X.Y. Liu et al., 1995) which was

substantially larger than the values shown in Table 2.1.

Table 2.1: Crysfallggraphic Data for Boron suboxide sample

) Temp. QOccup. Dist. (:M Dist. (f\)
Sample, comp. aaxis (A) ¢ axis (A) Q) of pos. b O(1)-0(1) O(1)-3B(1)

Bc»ON i
1, B0 S84 12322(1) 1430 0.78765) 300763) L463(1)
11, B:0n 53 3.3761(7) 12.32603) 1350 083165) 30256) L476(1)
1L, B0y 5, 33T 123220) 1250 08394) 3.004(3) 1476(1)

Lundstrom and Andreev (1996) also confirmed in their earlier work that B¢O contained a
high concentration of vacancies at the oxygen positions, with compositions ranging from
BsOp72 to BeOpsgs. The consistency of this result might be difficult because of the
variation of the B source for sample I, II and III and the difference in the temperature

conditions used.

2.2.2.2 HIGH PRESSURE- HIGH TEMPERATURE TECHNIQUE
With the goal of synthesizing boron suboxide with improved purity, crystallinity and less
oxygen- deficiency (i.e., closer to the nominal BcO composition), scientist began to

explore the high pressure technique.

H. Hubert et al., (1998), synthesized B¢O at high pressure and high temperature using a
Walker-type multianvil apparatus. The pressure medium consisted of a cast MgO

octahedron and force was applied by eight tungsten carbide cubes with corners truncated
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to triangular faces. The cell assembly is illustrated in fig 2.4. Amorphous boron (B) was
mixed with B,Os3 and the samples were pressurized between 1 to 10 GPa at 1200°C -

1800°C.

Thermocouple

W S0

6.25 mm

Zirconia insulating cap/sleeve
‘Graphite or LaCrQ;3 furnace
Ti-Zr-Mo (TZM) ring

MgO

BN capsule

Sample

2-bore thermocouple tubing

Fig2. 4: Cell assembly containing the B and B,0O; mixture, used for the synthesis of BsO
at high pressure. This assembly is placed at the center of MgO octahedron to

which pressure is applied isostatically. (H. Hubert et al., 1998)

Their best materials were obtained from a starting mixture containing an excess of B,0;
reacted at 1700°C, between 4 and 5.5 GPa. After the products were washed in water,
well- crystallized single-phase product dominated by icosahedrally twinned particles to
30 um in diameter was easily recovered. Oxygen occupancies ascertained from Rietvelt
refinements showed data consistent with the chemical compositions determined by
Parallel electron energy- loss spectroscopy (PEELS). The highest oxygen occupancy,

Bs0Oo.96, was obtained for the micrometer- size icosahedral particles prepared. The refined

43



hexagonal cell parameters and oxygen occupancies for B¢O;x are given in Table 2.2

along with published data.

Table 2.2: Cell parameters for some selected BsO materials (Space group, R3m, hex.

axes)

Compound

ah(‘&)

Ch(‘&)

Ch: @n

V(A?Y)

occup.

(XRD)

Prep.
Method

Reference

B60o.72

5.361(1)

12.340(1)

2.301

307.44

0.72*

Amb. P.

Lundstrom
and
Bolmgren

(1994)

B60o.76

5.367(1)

12.328(2)

2.297

307.53

0.76*

Amb. P.

M.
Kobayashi
et al., (1993)

B60Oo.77

5.3696(4)

12.3258(6)

2.295

307.77

0.77

Amb. P.

H. Hubert
et al.,

(1998)

B60Oo.78

5.3824(4)

12.322(1)

2.289

309.15

0.787%

Amb. P.

Lundstrom
and
Andreev

(1996)

B60Oo 839

5.3761(7)

12.326(3)

2.293

308.52

0.839*

Amb. P.

Lundstrom
and
Andreev

(1996)
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BsOg 59 5.3872(1) | 12.3152(3) | 2.286 | 309.53 | 0.89 5.5 GPa | H. Hubert
et al., (1998)
1800°C
BsOg .05 5.3902(2) | 12.3125(4) | 2.284 | 309.78 | 0.95 5.5 GPa | H. Hubert
et al., (1998)
1700°C
BsOy 5.395 12.342 2.288 | 311.10 | - hot P. H. F. Rizzo
etal.,
(1962)
BsOy 5.435 12.415 2.284 | 317.60 | - 35GPa | X. Liu et
al., (1995)
1200°C
BsOy 5.370(1) | 12.328(3) |2.296 | - - Amb. P | Shabalala
(2007)
BsOy 5.390(1) | 12.334(4) |2.288 | - - Hot. P Shabalala
(2007)

* O occupancy reported at ambient pressure.

P.F McMillan et al., (1999) confirmed that increasing the synthesis pressure in the
presence of an oxidizing agent will result in an increase in the oxygen chemical potential,

and that this drives the composition of the B¢O phase closer to the nominal stiochiometry.
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2.2.2 PROPERTIES OF BORON SUBOXIDE

The scope of investigations was broadened when researchers discovered that boron
suboxide (BcO) displayed a range of interesting physical and chemical properties such as
great hardness, low mass density and high chemical inertness due to its short interatomic

bond lengths and strongly covalent character.

Hideaki Itoh et al., (1998), studied the oxidation resistance properties of B¢O and found
that B¢O compact exhibited an oxidation resistance in air up to 600°C and a mild
oxidation behavior in the temperature range of 700-1000°C, resulting in the formation of
a liquid film of B,Os. In addition, it was found that this B¢O compact had a superior
oxidation resistance in air at high temperatures in comparison with B4C compact, sintered
at the same conditions. The porosities in both materials were not reported, but the BcO
compacts were reported to have densities higher than 95% theoretical. Fig 2.5 shows the
results of thermal analysis that was performed using TG-DTA on both single phase

compacts.

Time / h
——3
¥

(a) B,C sintered compact

_ - 7
/J%

loss <> gain
&ndo. <—> X0,
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L : 5 .
30 200 4C0 500 800 1000+ ———*>1C0O
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Fig2. 5: TGA and DTA analyses of single phase compacts a) B4C and BsO prepared at
5GPa, 1700°C and 20 minutes. Heating rate: 3°C/min, atmosphere: air
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Fig 2.6 shows the B,0O; film thickness after the oxidation of B¢O sintered compact. It was
found from the graph that the thickness of the oxidation film increased by a small amount
until the treatment temperature reached 1100°C, however, when the treatment
temperature reached 1200°C or more, the thickness of the oxidation film increased
despite the fact that the B,O3, which played a role as a protective film, volatized rapidly.
This indicates that when the treatment temperature is 1200°C or greater, the B4O sintered

compact is rapidly oxidized whether or not a protective film is present.
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Fig2.6: B,O:; film thickness after oxidation in air for 4 hours as a function of treatment

temperature.

The thermochemical properties of boron suboxide (BsO) were studied by V.S Makarov
and Y.A Ugai (1986). They found the standard enthalpy of formation of B¢O which was

determined by calorimetric dissolution of BgO and strong nitric acid to be:

AH { (By04,298.15K) = (527 +32)KJmol ™", but this study was limited to temperatures up

to 800K. Recently, A. Andrews et al., (2008) studied the thermodynamic properties of

boron suboxide (BgO) over the temperature range of 800K to 2300K. This study was
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based on the assumption that BcO has similar heat capacity to B¢Si since both compounds
have a similar structure, composition, and chemical bonding. The heat capacity of B¢O at

2300K was estimated to be 204J/K mol from this study.

In the study done by T.C Shabalala et al., (2007), the elastic constants of hot pressed BcO
and of composites materials made with Al content of 2.2 and 5.6 wt% were measured
using ultrasonic pulse-echo technique, the result are given in Table 2.3. The data obtained
in this work was slightly higher than the data found in other literature (D.R Petrak et al.,
1974, B.F Goosey 1974). Shabalala claimed that the difference was due to the amount of
boron oxide (B,O3) and oxygen content of the synthesized powder. It was also found that
the elastic constant values decrease with the addition of Al, which was due to the lower

elastic modulus of the aluminium borate phase present in the composite.

The procedure in naming the hot pressed (sintered) B¢O materials is as follows,
HP19BcO means BcO samples hot pressed at 1900°C. While, HPBsO2.2wt% Al,
HPBO3.7wt% Al and HPB¢O5.7wt% Al implies B¢O composites hot pressed (at

1900°C) containing 2.2, 3.7 and 5.7 wt% Al in secondary phases, respectively.
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Table 2.3: Elastic properties of hot pressed BsO and BsO composites

Elastic Bulk
Material Modulus E Shear Modulus | Modulus
(GPa) (GPa) (GPa)
HP19B:O 540 227 300
(T.C Shabalala et al., 2007)
BsO( Petrak et al., 1974) 470 206 230
BsO (B.F Goosey 1974) 483 - -
HPBO2.2wt%Al 514 221 255
(T.C Shabalala et al., 2007)
HPB¢O3.7wt%Al 467 199 240
(T.C Shabalala et al., 2007)
HPBOS5.6Wwt%Al 419 179 214
(T.C Shabalala et al., 2007)

The hardness of B¢O is due to the strong covalent bonding and short interatomic bond
lengths between the B, icosahedral units and within the B, units, as well as from the
optimization of the B¢O stoichiometry as a result of using high pressure techniques.
Duanwei et al., (2002) grew B¢O single crystals (at pressures of about 5.5 GPa) with
grain sizes greater than 100 ¢m which enabled them to measure the intrinsic properties of
BsO. The Vickers hardness of B¢O single crystals was measured using a diamond
indentation method, after the samples had been polished using diamond abrasive disks
and slurries. Under a loading force of 0.98 N, an average hardness of 45GPa was
obtained. The fracture toughness was found to be very promising at 4.5 MPa.m"? which

approaches that of single crystal diamond at 5 MPa.m!1/2,
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Kayhan and Inal (1999) made sintered B¢O compacts under vacuum through hot pressing
and found good hardness (37 GPa- 100g load) and fracture toughness (6.23 MPa.mm)
values but the samples had a high amount of porosity (7.5 or more), which resulted in
materials with low strength values [50-80MPa]. Also, the radius of the notch used to
measure the fracture toughness of the resulting material was 0.4mm, which makes the

values obtained for that property very suspect.

Studies were made by Itoh ef al. (2000) to improve the mechanical properties of BcO
materials by introducing other hard materials, like B4C and c-BN, as a binder in the
materials. Maximum microhardness Hvq ; of 46 GPa was obtained from B¢O-30vol% B4C
sintered composite under the sintering conditions of 4 GPa, 1700°C and 20 minutes. The

fracture toughness was approximately 1 MPa.m'?

. The fracture toughness of the BcO-x-
cBN composites increased as the cBN content increased; the maximum fracture
toughness (1.5-1.8 MPa.mm) was observed for x=40-60 vol%. Slight crack deflection

along the BcO-cBN grain boundary contributed to the increase of that property.

2.3 B;O- BASED SINTERED COMPOSITE

Different considerations have been given to the study of improving the mechanical
properties of B¢O material in order to fully utilize the potentials of the material as
grinding wheels, drill bits, abrasives and cutting tools. And a wide area of interest was
initiated to investigate the type of materials that will emerge from high-pressure and high

temperature treatments of BcO powder with other superhard materials.
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Hideaki Itoh (2004) synthesized single phase BcO powder with grain sizes of 1.2-1.4um

at 1350°C for 300 min under normal pressure via a solid-liquid reaction between

amorphous boron and boron oxide in a pure argon atmosphere. Fig 2.7 shows the

preparation procedure of the composites. The synthesized B¢O powder was mixed with

commercially available B4C, ¢cBN or diamond powder. Thus, the blended powder was

heated in vacuum at 600°C for 60 min to remove the adsorbed moisture and oxygen, and

treated under high-pressure and high-temperature conditions.

with C,H,0OH, 30 min

1350°C, 4 h, Ar flow

B,O, Amorphous B
Wet mixing
Heat treatment
|
Washing with H,0

B.O

B,C, cBN or Diamond

Wet mixing with C,H,OH, 30 min

l

Vacuum treatment 600°C, 20 min

l

High pressure sintering

4-8 GPa
1500-2500°C

Y

B,O - based sintered composite

Fig 2 7: Preparation procedure of BsO- based sintered composites.
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2.3.1 B;O-B,C COMPOSITES
The X-ray diffraction patterns of BsO-xB4C specimens obtained at 4 GPa and 1700°C for

20 min from the study made by Itoh er al. (2000) revealed strong diffraction peaks for
single phase BsO when there was no addition of B4C, as shown in Fig.2.8. When 5 vol%
or 40 vol% B4C were added, the diffraction lines for B4C were confirmed with their

intensities increasing with increasing content of B4C.

(a) B,O
v L
JU T
LN T
9' (b) B,O - 5 vol% B,C

L | "

: (c) ByO - 40 vol% B,C
rrwy LA
LR Y

20 30 40 50 60 (0 80
28 (CuKa)

B, |

SR

Fig2.8: XRD patterns of the BsO-xB4C specimens for (a) x = 0 vol%, (b) x = 5 vol% and
(c) x = 40 vol%. Sintering conditions: 4 GPa, 1700°C and 20 minutes. ¥ BsO, ®
B,C.

No variation of lattice constants for both B¢O and B4C were observed, suggesting that
neither formation of solid solution nor new compound formation occurs under the high
pressure and high temperature conditions employed. The existence of mixed phase, BcO
and B4C only was confirmed at higher pressures up to 6 GPa and higher temperatures up
to 1800°C. But, Hubert er al. (1997) and Garvie et al. (1997) synthesized composites of
B¢O and B4C by high pressure and high temperature treatment (7.5 GPa, 1700°C, 30 min)

of starting powder of B,0O3, amorphous boron and graphite.
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From the study, it was found that the effect of B4C content was minor as far as
microhardness is concerned. However, fracture toughness increases with increasing B4C
content. Fig 2.9 shows the effect of B4C content on the microhardness and fracture
toughness under the constant conditions of pressure 4 GPa, temperature 1600°C and

holding time 20 min.

40 3
- 425
33 =]
£ T 7 Il &
~ ]- T o o
o 2 g
g J J l )
z | — J15
-
=]
= " - 1l =
H A
= _,_,_.-o-""_
= 204 E—--" J_ 0 E"
: L
15 L i i L 0
0 10 20 30 40

B,C content [ vol%

Fig2.9: Vickers microhardness (®) and fracture toughness (m) of the sintered composites

as function of B4C content.

Also, the effect of applied pressure on the microhardness and toughness was found to be
minor, while sintering temperature was a critical factor for the properties. It was noted
that the microhardness increases with temperature in the cases of high content of B,C. A
maximum microhardness of 46 GPa (200g-load) was attained at 1800°C for the BsO- 30
vol% B4C composite in contrast to the hardness of the monolithic B¢O sintered compact
of 34 GPa. Fig 2.10 shows the summarized diagram of microhardness vs. sintering
temperature for various compositions of the sintered composites prepared in the pressure

of 4 GPa and holding time of 20 min.
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Fig2.10: Microhardness (200g-load) as a function of sintering temperature for various
compositions of the BsO-B4C sintered composites prepared at the constant

pressure of 4GPa and holding time of 20 minutes.

2.3.2 BsO-cBN COMPOSITES

With the goal of obtaining better mechanical properties, Hideaki Itoh and Ryuuji
Yamamoto (2000) used high pressure of 4-6 GPa and high temperature of 1500°-1800°C
to sinter a mixture of B¢O (average grain size of 1.5um) and commercially available c-
BN powder (average grain size of 0.5, 3, or 6 um) in an hexagonal boron nitride (h-BN)

capsule using a girdle-type high-pressure apparatus. The sintered compact was further

characterized and properties were measured.

The starting B¢O-cBN powder compositions were nominally 0, 10, 40, 60, and 100 vol%
cBN. The average grain size of the cBN charge was 0.5 pum. Single —phase BsO was
identified as stoichiometric in the 0 vol% cBN specimen. Only the diffraction peaks of

BsO and c-BN were observed in the specimens with 10,40,60,80, and 90 vol% cBN. The
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diffraction intensities increased with increasing cBN content, which indicates that no

solid- state reaction or decomposition occurred in any compositions at 6 GPa and 1800°C.

However, from the XRD pattern it was found that under higher pressure and higher
temperature conditions (7.7GPa and 2300-2500°C), sharp diffraction lines of an unknown
new phase appeared instead of rhombohedral B¢O. Observation of the recovered
specimens suggested a transformation of molten B¢O and crystallization to a higher

temperature phase of boron suboxide under high pressure.

The influence of the amount of cBN added on the microhardness (H,) and fracture
toughness (Kic) of the B¢O- ¢cBN composites sintered at 6 GPa and 1800°C is shown in
Fig. 2.11. A maximum microhardness of 46 GPa was attained in the case of 40 vol% cBN
addition. On the other hand, a fracture toughness of approximately 1.5 MNm™? was

measured in the range of 40-60 vol%.
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Fig2.11: Influence of amount of cBN added on microhardness (Hy) and fracture
toughness (Kjc) of the BsO- ¢cBN composites sintered at 6 GPa and 1800°C.

55



The toughness was also found to depend on the particle size of cBN, having a maximum
of 1.8 MNm™? when 60 vol% cBN with a particle size of 3 um was characterized. The
toughness increase was attributed to the crack deflection along the grain boundary

between BgO and cBN.

2.3.3 B¢O-Diamond COMPOSITES

The combination of superior properties (Vickers hardness of between 70 to 100 GPa
(Zhongwu et al., 2005), and fracture toughness of a single crystal of 5 MPa.ml1/2
(Duanwei et al.,, 2002) in diamond, have triggered an interesting study of what type of
material and properties will emerge from high-pressure and high- temperature sintering

of mixed B¢O and diamond powders.

R. Sasai et al., (2001) produced sintered composites in the BsO-xdiamond (x = 0- 80vol
%) system, using high pressure and high temperature conditions (3-5 GPa, 1400°C-
1800°C) from the mixture of in-laboratory synthesized B¢O and commercially available
diamond powder with various grain sizes (<0.25, 0.5-3, 5-10 um). In every specimen
both B¢O and diamond were identified by XRD, indicating that neither solid solution nor
new chemical compounds were formed under the conditions of temperature and pressure
used. When the diamond particles used were larger than those of the B¢O, they were
found to be evenly distributed over the BsO matrix. In contrast, diamond particles
behaved as matrix material for dispersing BcO particles, when the diamond grain size is

small.
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Raman spectra of the BsO- 40 vol% diamond composites sintered at 5 GPa, 1700°C, and
20 min, showed a typical diamond peak at 1330 cm™ in the case of using diamond
powder with grain sizes larger than 0.5 pm, which indicates that the diamond structure
would be maintained in the composite even under high pressure and temperature
conditions. On the other hand, the Raman spectrum of the sintered composite prepared
using finer grain sizes (<0.25 um) showed two broad peaks, which correspond to the G-
and D-bands of diamond-like carbon (DLC). Part of the fine- grained diamond located at
the grain boundary between diamond and B¢O was transformed to DLC, since finer
diamond grains have higher activity and surface energy than those larger than a few

micrometers.

The treatment temperature has a great influence on the formation of strong interparticle
bonding between B¢O and diamond, which increases the hardness of the sintered
composites. A maximum microhardness of Hy = 60 GPa (200g-load) was measured in the
BsO- 60 vol% diamond composite with diamond grain sizes < 0.25 um. The grain size of
the added diamond particles greatly affected the microhardness and fracture toughness of

BsO- diamond sintered composites.

2.3.4 BcO- ALLO3; COMPOSITES

Recently it was shown that the addition of Al or Al,O3 results in improved fracture
toughness with only minor reduction in hardness (T.C. Shabalala et al., (2007), Davis G.

et al., (2006), Shabalala T.C (2007)).

57



In the study carried out by Shabalala T.C (2007), he synthesized pure B¢O from boric
acid and amorphous boron powder following the method reported in the literature, which
was then coated with alumina of different amounts. The mean particle size of the coated
powder was 3.5 pum. The synthesized powder was sintered, using a hot pressing furnace
under argon atmosphere, at temperature of 1900°C for 20 min, while the applied pressure
was kept at 50 MPa. The main second phase, a-Al;Os, in the starting powder changed

into Al13B4033 in the hot pressed material.

The SEM images for the hot pressed BO materials containing 2.2 wt% and 5.6 wt% Al
respectively in the secondary phase are shown in Fig 2.12. The white phase on the
micrographs is the aluminium borate phase while the black phase is B¢O. The sample was
observed to be nearly dense, with the aluminium borate phases homogeneously

distributed.

Fig2.12: SEM images of hot pressed BsO composite materials containing (a) 2.2 wt% Al
and (b) 5.6 wt% Al. (Shabalala 2007)
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The analysis done using transmission electron microscopy (Fig 2.13) revealed that the
grain growth occurring in these materials was minimal. However, some large grains were

observed, at large Al-free regions in the SEM micrographs.

BsO phass

B0 grain

f.'
.
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Fig2.13: TEM images of hot pressed BsO composite material (HPBs05.6 wt% Al) after
sintering. (Shabalala 2007)

The hardness and the fracture toughness of the materials obtained are given in Table 2.4.
With increase in Al content the hardness (Hy) decreases from 29.3 to 27.8 GPa (5 kg-
load) but the fracture toughness increases from 3.1 to 3.4 MPa.m!/2. This means that the
aluminium borate phases that were formed after sintering improve the fracture toughness
of the material without degrading the hardness of the materials significantly, as compared
to that of pure B¢O.

Table 2.4: Mechanical properties of hot pressed BsO materials (Shabalala 2007)

Sample name Density [g.fcm") Hvs (GPa) Kie (MPa m"l) Phases (after sintering)
HP17B,0 1.84 B0

HP18B0 212 B0

HP19B,0 2.50 301 £ 1.2 (1 kg load) Britle B:O

HPB:0O2.2 wi% Al 25 293047 il =x012 B0, ALiB10Oy
HPB,O3.7 wi%e Al 245 282£155 3232015 B:0., ALB.Oy
HPB:03.6 wi% Al 2.51 218z L 337013 B0, ALiB10Oy
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HP17B40O, HP18B4sO and HP19B¢O represent BsO samples hot pressed at 1700, 1800 and
1900°C, respectively. Furthermore, HPBsO2.2wt%Al, HPBsO3.7wt%Al and
HPB4O5.7wt% Al signify B¢O composites hot pressed at 1900°C containing 2.2, 3.7 and

5.7 wt% Al in secondary phases, respectively.

Kayhan and Inal (1999) made sintered B¢O compacts under vacuum at 1800°C through
hot pressing for full densification and found good hardness (37 GPa- 100g load) and

fracture toughness (6.23 MPa.m"?

) values but the samples had a high amount of porosity
(7.5 or more), which resulted in materials with low strength values [50-80MPa].
However, the mechanical properties of their materials were later improved by the
infiltration of aluminium. Also, the radius of the notch used to measure the fracture

toughness of the resulting material was 0.4mm, which makes the values obtained for that

property very suspect.

2.4 POTENTIAL APPLICATIONS OF BsO MATERIAL

The most promising useful property of the boron suboxide crystal is to take advantage of
its abrasive qualities due to its high hardness. Boron suboxide (B;0) with microhardness
Hvp of 38.20 GPa has been reported to be highly refractory and suitable for use on
surfaces subject to abrasion, e.g. grinding wheels, drill bits, machine tools, etc., and in
structures employed in high temperature applications (Holcombe and Ottis, J.H, 1972).
Kayhan and Inal (1999) successfully made aluminium infiltrated boron suboxide drag

cutters and drill bits. Their boron suboxide (BsO) material had a stability higher than
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1800°C (under vacuum), which dramatically exceeds that of polycrystalline diamond
(PCD) cutters.

B¢O is thermally stable at high temperatures above 1000°C. For this reason, it should
have an advantage over the use of diamond. As an abrasive, it could handle the high heat
generated by cutting through high-strength steel materials and it is possible it would not
interact with the iron, as much as diamond or cBN because it does not contain C or N.
Diamond in the presence of transition elements is not thermally stable at these high
temperatures and will react with ferrous materials under these conditions. It is well
accepted that the development of boride-based materials has been driven by the fact that

they have a better oxidation resistance than diamond or cBN-based materials.

Hayashi et al. (1994), claimed to have produced a method of removing a material from a
surface, by abrading a surface with an abrasive tool, an abrasive powder or slurry,
comprising a boron suboxide (BxO) composition, where during the abrading step the
boron suboxide (BxO) composition is maintained at low temperatures. The abrasive,
which is from boron suboxide (BxO) family of compounds, exhibits unexpected high
quality abrasive properties, comparable with the highest quality particulate, natural and
synthetic, diamond, which has hardness twice that of boron suboxide (BxO). The powder
is made from a dense, finely crystalline boron suboxide (BxO) material with Knoop
hardness KNH;(y of about 28 to 38 GPa. Therefore, boron suboxide material has the

potential to be used in the abrasives field.

Boron Suboxide, together with Boron carbide, has high potential for successful use in

ballistic amour, nuclear power engineering, chemical industries, in thermoelectric energy
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converters. The material can also be used in coatings for wear-resistant metallurgical
equipment.

BsO material, with hardness close to that of cBN, as well as similar chemical inertness
and thermostability as cBN, has been produced. A big advantage is that B¢O can be
synthesized at ambient pressure or relatively low pressure compared to diamond and
cBN. Therefore, one can expect B¢O and its composites to have a great potential for new
superhard materials with industrial applications. These potential applications of ultra-hard
BsO materials have not been realized because of the low fracture toughness and strength
of the materials produced up to now. An exception to this statement is the material
produced by T.C Shabalala et al., (2007), which begin to approach in properties to those

of PcBN cutting tools. This work intends to build on the findings of those authors.

2.5 TOUGHENING MECHANISM IN CERAMIC MATERIALS

Technological advances are continually placing greater demands on the performance
characteristics of engineering materials. Traditionally, engineering ceramics have been
considered for heat containment, wear resistance, static load bearing, and electro-optical
applications owing to the generalized properties of ceramics which include hardness,
corrosion resistance, stability at high temperatures, creep resistance, high elastic modulus,
and electrical & thermal resistivity. Unfortunately, these properties come at the expense
of toughness. While metals typically have toughness values of 15 to 150 MPa.m'? |
2

ceramics usually have toughness values below 5 MPa.m'? frequently below 2 MPa.m"

(A.G Evans, 1988).
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Significant research effort has been directed toward the development of tough ceramics,
since such materials have the potential to open up a large range of specialized
engineering applications. Toughness can be significantly improved with the production of
ceramics with a very small grain size (< 50 um). A general solution is to engineer the

microstructure of ceramics in such a way to inhibit crack propagation (F.Lee et al., 1993).

A number of toughening mechanisms such as crack deflection, crack branching, crack
bridging, transformation toughening, frictional interlocking and microcracking have been
suggested in literature, but there is an ongoing debate about the relative importance of
each of these mechanisms (T. Hansson et al., 1993, Seung K.L. and Chong H.K, 1994).
Some authors believe that crack deflection is the main toughening mechanism (S.A
Meguid, 1996). The more commonly active mechanisms have been classified in a general

way by Wachtman (1996) and are given for the present discussion in Table 2.5.
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Table 2.5: A general classification of some of the toughening mechanisms in ceramics.

Taken and adapted from Wachtman (1996)

Class of effect Mechanism

Crack deflection Generation of out of plane components by
a tilting or twisting of a crack plane around

grains and secondary —phase inclusions.

Crack bowing Pinning of a crack front by secondary-
phase pinning points, leading to an in plane

bowing of the crack front

Crack branching Subdivision of a crack into multiple

propagation fronts.

Crack bridging Inhibited crack opening and enhanced
crack energy dissipation around
ligamentary grains that span the crack

wake.

Crack-tip shielding A reduction of the crack-tip stress intensity,
through direct stress modifications, or
through crack-tip blunting by ductile
deformation, phase transformation, or

microcracking processes.

Transformation Toughening Occurs as a result of a stress-induced phase
transformation of particulate inclusions in a
ceramic matrix. Residual stresses surround
each particle which acts across the
projected fracture plane, and have to be
nullified for the crack to propagate through

the transformed zone.
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The general concept of impeding the growth of a crack by placing inhomogeneities
(obstacles: second phase particles, whiskers and fibres) in the crack path thereby
increasing the fracture toughness of ceramics has been studied (Clarke & Farber 1987).
Although the presence of such obstacles would encourage the pinning of the crack, the
crack path could deviate from the obstacle by either bowing around the obstacle (Fig.
14(a)) or by deflecting out of the crack plane (fig 14 (b) and (c)). Crack deflection takes
place whenever the crack path adopts a least resistant path. This may occur as a result of

the presence of residual stresses and different phase elastic moduli.

A 4

Obstacle

(a) Bowing (b) Tildng

(c} Twisting

Fig2.14: Effect of obstacles upon crack-tip interaction. (S.A. Meguid 1996)
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Lange (1970) and Evans (1972) examined the effect of crack bowing on the fracture
toughness of brittle materials and claimed that the extent of the toughening is strongly

influenced by the stress state.

This mechanism serves as the motivation for introducing some obstacles as second phase
into the B¢O matrix, to interact with the crack front and impede the growth of such crack,
thereby improving the fracture toughness of the B¢O-based composite produce in this

work.
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CHAPTER THREE

3.0 EXPERIMENTAL DETAILS

This section gives detailed explanation of the characterization of the starting powder, the
equipment used, procedure for making boron suboxide (B¢O), conditions for milling the
powder into the sub-micron size range, mixing of the powder with additives,
consolidation of the admixed powder and characterization of the sintered materials in
terms of phases present, morphology of the phases, density, hardness and fracture

toughness.

3.1 MATERIALS & CHARACTERIZATION

The starting materials used for the synthesis of boron suboxide (BgO) consist of
amorphous boron (average particle size of about 2 um) and boric acid. The particle size
distribution for the boron powder was analyzed using a Malvern Mastersizer 2000

(Microscientific), with water as a carrier fluid (Fig 3.1).

Amorphous boron powder

0 T T T 1
0.01 0.1 1 10 100

Particle size (microns)

Fig3.1: Particle size distribution of the amorphous boron powder (used in

synthesizing BsO powder).
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The morphology of the powders was also analyzed using Field Emission Scanning
Electron Microscopy (FESEM). Fig 3.2 shows the particle arrangement and the
agglomeration present in the amorphous boron powder, while Fig 3.3 shows the plate-like

morphology of the boric acid powder.

AccV SpotMagn Det WD Exp 1 Bum
10.0kY 3.0 5000x SE 271 0 Boron

Fig3.2: SEM image of amorphous boron powder

AccV S'pot Magn
5.00 k¥ 3.0 1186x

Fig3.3: SEM image for boric acid powder

Other powders used in this study were mixed with the boron suboxide (BsO), to improve
the overall mechanical properties of the sintered BcO composites. Table 3.1 shows all the

powders, as well as chemicals, gases, solvent and their suppliers used for this work.
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Table 3.1: Material used

Material Purity (%) Colour Supplier
Amorphous boron 96 Brown H.C. Stark
Boric acid 99 White Saarchem
Iron (Fe) 99 Reddish-brown Industrial Analytical
Iron oxide (FeO) 99.5 Black Industrial Analytical
Iron boride ( FeB) 98 Grey Industrial Analytical
Chromium (Cr) 99 Silver grey Industrial Analytical
Chromium oxide 98+ Dark red Industrial Analytical
(CrO3)
Cobalt (Co) 99.5 Grey Industrial Analytical
Scandium oxide 99.99 White Industrial Analytical
(S¢203)
Lanthanum  oxide 99.99 White Industrial Analytical
(Lay03)
Ytterbium oxide 99.99 White Industrial Analytical
(YD203)
hBN - White H.C. Stark
Poly-vinyl - White Fluka
pyrrolidone (PVP)
Argon, UHP - Colourless Saarchem
Methanol 99 Colourless Saarchem
Ethanol 99 Colourless Saarchem
Acetone 99 Colourless Saarchem
Distilled water Colourless -
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3.2 EQUIPMENT USED

The following pieces of equipment were used during this work:

3.2.1 Turbula mixer

A turbula mixer was used to dry mix the starting powders during the synthesis of BcO
powder. Alumina balls with a diameter of 12 mm were used as milling media during this
mixing. The number of alumina balls used depended on the amount of powder that was
mixed while the mixing time/cycle was not less than 120 min for each mixing run made.
To maximize homogeneity during mixing the turbula mixer was stopped after 30 to 40
minutes and the sample container (usually a plastic bottle sealed with a tape) was

manually shaken, and after that the mixing run was allowed to continue.

3.2.2 Attrition ball mill

An attrition ball mill was used for size reduction of the synthesized BcO powder from the

micron grain to the sub-micron grain size. Fig 3.4 shows the attrition ball mill.

Fig3.4: An attrition ball mill
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3.2.3 Planetary ball mill

A planetary mill, Fritsch Pulversette 6, was used during wet mixing of powders, using
ethanol or methanol as a solvent. The mixing vessel used inside the planetary ball mill
was made from alumina with a capacity of 250 ml. Steel balls of 2.5 mm in diameters
were used as milling media. The mill was operated at a speed of 250 rpm for 2 hours. Fig

3.5 shows the planetary ball mill.

Fig3.5: A planetary ball mill, PM100

3.2.4 Tube furnace
A tube furnace (Elite TSH17/75/150), bought from Elite Thermal Systems Limited, with

capabilities of running to a maximum temperature of 1600 °C was used for the synthesis
of boron suboxide B¢O powder. The centre tube was aluminium oxide, with an inner
diameter of 7.40 cm, outer diameter of 7.70 cm and a length of 120 cm. Rectangular
alumina crucibles were used as the sample holder and placed at the centre (hot zone area)

of the tube furnace. The furnace has a Eurotherm microprocessor that controlled the
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temperature profile executed during experimentation, i.e. heating rate, dwelling times and
cooling rate. The furnace temperature was measured by a standard Pt-Rh thermocouple,
which was connected to the microprocessor. All the experiments carried out were done

under argon atmosphere. The picture of the tube furnace is shown in fig 3.6.

Fig3.6: The tube furnace

3.2.5 Uniaxial Hot Press
A Uniaxial hot press (HP20 Thermal Technology), from Thermal Technology Industries,

was used for sintering and densification of samples. It consists of a furnace which is
heated by carbon element and circulated with water to cool the system. The maximum
obtainable furnace temperature is 2100°C and the maximum pushing force that can be
applied to compacts during hot pressing is 100 KN. The force is applied through graphite
punches uniaxially from the bottom graphite punch. A rotary vacuum pump is attached to

the hot press and is capable of vacuum levels of 10 mtorr. Fig 3.7 below shows the
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picture of this Uniaxial Hot Press. A programmed computer was used to monitor the

sintering cycle (densification stages) during hot pressing.

Fig3.7: The Uniaxial Hot Press used for sintering

The graphite components that were placed in the hot-zone of the furnace were coated
before sintering with an h-BN suspension, which was stabilized using poly-vinyl
pyrrolidone (PVP). The suspension was made by mixing 37g of h-BN and 100 ml of
water, with poly-vinyl pyrrolidone (2g) used as a stabilizer. All the ingredients in the
suspension are stirred together vigorously, in a 250 ml beaker, using a magnetic stirrer
until the constituency of the entire suspension is uniform. The suspension was then

applied by paint brush to the clean hot graphite components.

3.2.6 Capsule

Hexagonal-BN was chosen as a crucible material in this work due to its high temperature
stability (decomposition temperature around 3000°C), chemical inertness (stability in

argon gas atmosphere up to 2200°C), high thermal shock resistance and high thermal
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conductivity. The sample cell was made from h-BN, while the piston was a graphite rod
coated with layers of h-BN suspension. A 3mm h-BN cylindrical plate was placed
between the graphite piston and the sample to avoid any carbon contamination. Fig 3.8

shows the drawing of the capsule used in this work.

15.00

A: Graphite
B: hBN

4.18 B 3.00

14.63

9=17.30 18.92

Fig3.8: Drawing of Capsule used

3.3 SYNTHESIZING BORON SUBOXIDE (B;O) POWDER

The powder was synthesized from the reaction of amorphous boron and boric acid
(instead of B,0O3) powders. This was done by first mixing the two starting materials,

approximately 50g per batch, using the turbula mixer for 2 hours. An excess amount (3
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mol %) of boric acid was added to compensate for the evaporation of B,Os that occur
during synthesis. The mixture was then put into an alumina boat and heated inside the
tube furnace. This heat treatment was done under an argon inert atmosphere. The
temperature was kept at 300°C for 30 minutes to allow complete formation of boron
oxide (B,03). The reaction (synthesis) temperature was 1380°C and the reaction time was
6 hrs. The rate of heating and cooling was 5°C/min. A flow chart, showing how the BsO
powder was synthesized, is given in fig 3.9. The reaction taking place is given in equation
3.1 and 3.2 respectively. The resultant B¢O was washed in warm water and/or ethanol to
remove any soluble impurities.

2H,BO; = B,0, +3H,0 ... 3.1

B,0y +16B —3B,0 ... 32

Amorphous B and Mixture into an alumina

H;BO;. Mixed for 2 hrs  |— boat. Alumina tube was
e (rlbile ot used for heat treatment

v

Heat from RT to
> 300°C I

v

300°C to 1380°C

Dwell time: 30 minutes
Heating rate: 5°C/min

Dwell time: 360 minutes

Constant flow of : s
Heating rate: 5°C/min

argon gas during
Heat treatment

A 4

1380°C to RT
b Cooling rate: 5°C/min
v
BsO product Washed in warm
Ethanol and/or H,O

Fig3.9: A flow chart showing the process of synthesizing BsO powder

75



3.4 MILLING OF BORON SUBOXIDE (BcO) POWDER

B¢O powder were charged into the attrition ball mill to induce particle size reduction
using steel balls of 2.5mm diameter, milling speed of 200rpm and isopropanol as the
media, while the ratio of charge to steel ball was kept at 1: 10. After milling for 30 hours,
the milled powder was withdrawn and washed with HCl to remove any iron
contaminations introduced during the milling and in ethanol to remove B,O3 The milling
conditions stated above were found to produce the optimum size reduction. Initially, the
particle size distribution was measured at 5, 20, 30, 35 and 50 hours. It was observed that
increasing milling time decreases the average particle size of B¢O and that it remained
almost constant after 30 hours of milling. Further milling above this time, resulted in
higher percentage of iron contaminant in the powder, without necessarily decreasing the
particle size. Table 3.2 shows the parameters needed for optimum milling. The purpose of
milling BcO powder was to reduce its particle size, which in turn would be beneficial in
terms of the mechanical properties after sintering.

Table 3.2: Milling parameters employed for the attrition ball mill.

Component Parameter
Mixing pot Steel
Milling balls 2.5 mm (Steel)
Milling speed 200 rpm
Milling time 30 hrs
Mass of BsO 100 g
Mass of steel balls 1000 g
Solvent Isospropanol
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3.5 CHEMICAL ANALYSIS OF THE BsO POWDER (ICP METHOD)

The milled B¢O powder was chemically analyzed using Inductively Coupled Plasma
analysis (ICP) to determine the amount of iron and chromium contaminant present in the
powder. A Spectrociros CCD ICP analyser equipped with an end on plasma and a
coupled charged detector was used to do the analyses. The plasma was operated at
1200 W. 0.1g of the sample was digested in a solution containing HNO3 (55%) and
HF (40%) by microwave digestion in a Multiwave 3000 SOLV analytical sample
preparatory microwave supplied by Anton Paar. Digestion was done at 1200 W for

65 minutes. The actual quantitative results will be discussed in detail in chapter 4.

3.6 MIXING BsO POWDER WITH OTHER COMPOUNDS

Submicron BsO powder was mixed with different compounds from Fe-Cr-Co-B-O
system and rare-earth oxide (Sc,0s, La;O3 & Yb,03) in methanol for 2 hours using the
planetary ball mill. The mixing speed was kept at 200 rpm, while using 2.5mm steel ball
as the media. The calculation of the weight % of each additive was carefully done in
order to retain the same volume % in the BcO powder; this is shown in the Appendix of
this dissertation. After the mixing, the slurry was dried using the rotavap, and then
characterized using X-ray powder diffraction to identify the phases present and then SEM

to check the homogeneity of the admixed powder.
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3.7 HOT PRESSING OF POWDERS
In this work, two different sintering profiles were used to achieve dense materials. The

first was used to sinter pure B¢O, while the other was used for sintering BsO composite.

A typical hot pressing procedure of pure BcO sample was as follows: the hot press was
evacuated to pressures less than 200 mtorr and then back filled with argon. Argon was
then allowed to flow through the furnace during the furnace temperature cycle. The
furnace was heated to 1700°C at 15°C/min and held at this temperature for 20 minutes, to
apply the load. The furnace was further heated to 1900°C (sintering temperature) at
10°C/min and held at this temperature for 20 minutes. The furnace was then cooled to
room temperature at 20°C/min. At temperatures lower than 500°C the load was removed
from the sample. At room temperature the sample cell was removed from the graphite
die/insert and the sample was then removed from the h-BN crucible for analysis. Fig 3.10

shows this sintering profile.

20 min,
1500
&
o
o 20 min
% 1700 %?\
g %
j=9
g \$§ Apply Pressure
H o (50 MPa)
R
RT
Time (min.)

Fig3.10: Optimum Sintering Temperature profile for pure BsO

78



This same profile was used for sintering BsO composites, but high densification was not
achieved due to the heterogeneity of the samples. Many other profiles were tried to
achieve high density, until one was arrived at that gave a good sintered product. Table 3.3
shows some of the profiles tried in this work and the densities obtained for BcO
composites.

Table 3.3: Some heating profile and densities obtained.

Heating Profile Pressure Density Obtained
(MPa) (g/cm’)

Room Temp.— 1700°C (15°C/min)
. 50 1.79
Held for 20 min to apply pressure
1700°C— 1900°C (10°C/min)

Held for 20min

- F F & &

Cool to room temp. (20°C/min)

Room Temp.— 1400°C (20°C/min)
Held for 20 min to apply pressure 50 2.25
1400°C— 1900°C (20°C/min)
Held for 20min

= F & &

Cool to room temp. (20°C/min)

4+ Room Temp.— 1400°C (20°C/min)
4+ 1400°C— 1600°C (20°C/min) (apply
50 2.31

pressure)
+  1600°C— 1850°C (20°C/min)

4+  Cool to room temp. (20°C/min)
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Room Temp.— 1400°C (20°C/min)
Held for 5 min to apply pressure 50 2.54
1400°C— 1850°C (20°C/min)

=+ &

Cool to room temp. (20°C/min)

In this profile, the furnace was heated to 1400°C at 20°C/min and held at this temperature
for 5 minutes, to apply the load. The furnace was further heated to 1850°C (sintering
temperature) at 20°C/min and held at this temperature for 20 minutes. The furnace was

then cooled to room temperature at 20°C/min. Fig 3.11 shows this sintering profile.

20 min.

1800

1400

Temperature (°C)

Lpply Pressure
(50 MPay

RT

Time (min.)

Fig3.11: Optimum Sintering Temperature profile for BsO composite
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3.8 ANALYTICAL PROCEDURE

After sintering the materials were ground on the surface to remove any h-BN material
(from the sample cell) stuck on the samples and also to remove any decomposed layer.

The materials were then cleaned before further analyses.

All materials were cross-sectioned to give two halves which were thus analyzed. The one
half was polished at the cross section, mounted and then analyzed using optical
microscope (OM), X-ray diffraction (XRD) and scanning electron microscope
(SEM/EDS). Hardness and fracture toughness measurements were performed on this

polished part. The other half was used for density determination.

3.8.1 DENSITY MEASUREMENTS

The density of the samples was determined using the Archimedes method. Firstly, the
samples were immersed in distilled water (in a beaker) and then boiled for 3 hours, using
a hot plate, in order to displace air from the pores in the sample. The thickness of the
sintered samples was about 4 mm, therefore it was decided that 3 hours of boiling is
enough, instead of 5 hours that is suggested in the ASTM method. A few experiments
were also carried out confirming that boiling the samples for 5 hours gives similar results.

After boiling the samples were cooled down to ambient temperature.

The density of the material was calculated by first determining the mass of the water
impregnated sample, i.e. suspended mass (ms). The sample is then removed from the

water and dried lightly on the surface using a paper towel to remove excess water from
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the surface, and the water saturated mass (my,) is then determined. Finally, the dry mass
(my) of the sample was measured after the sample had been dried in an oven, for about 20
minutes, and then cooled to ambient temperature. For accuracy each mass was
determined five times in order to calculate a mean value which was then used to
determine the density (ps) and the porosity (P,) of the samples. The equation used to

determine the density of the sample is given in equation 3.2 and the porosity in equation

33
p, = MaPuer e, 3.2)
(mS - mw)
P =(’"W m"jxlOO .................................. (3.3)
m,—m,
where,

m, = suspended mass
m,= water saturated mass Doer =1.000gcm™

my = dry mass

P,= Open Porosity

3.8.2 POLISHING OF THE SAMPLES

A cylindrical sintered sample was cut into two pieces using a diamond saw. One of the
pieces was hot mounted in resin, using Lucite powder. After mounting, the cross-section
of the sample was lapped for 20 minutes on a standard lapping wheel using diamond grit

(350 um). Samples were then lapped further, with 120 um diamond grit, for 20 minutes
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in order to remove the scratches on the surface of the samples caused by the 350 um
diamond grit.

By experimentation an optimum (best) method of finally polishing boron suboxide and
boron suboxide (BsO) composites was developed. The samples were further lapped
using a Metlap platen with 9 um diamond slurry, for 30 minutes, and then with 6 um
diamond slurry for another 30 minutes, with a speed of 200 rpm and a load of 200kPa.
After this, the samples were polished, using diamond slurry (6 pm), on a nylon cloth for
20 minutes at a speed of 250 rpm. The final polishing step done was using 1 pm diamond
slurry on a cloth at a speed of about 300 rpm, until all the scratches have been removed.
Scratches were a big problem in polishing B¢O because the material is hard and the

problem of particle pull out was experienced.

3.8.3 X-RAY DIFFRACTION (XRD)

X-ray diffraction was performed on a PW1710 Philips powder diffractometer, using
monochromatic Cu Ka radiation at 40 kV and 20 mA. The XRD analysis was done to
check the phases present in the powders and sintered samples. Diffractograms were

collected over a range of 20 between 10-80°, with a step size of 0.02.

Diffraction data for pure phases, obtained from the International Centre for Diffraction

Data (ICDD) database using JCPDS cards, was used to identify what phases were present

in the actual samples.
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3.8.4 FIELD EMISSION SCANNING ELECTRON MICROSCOPY (FESEM)

A Phillips (XL30 SERIES) scanning electron microscope (SEM) equipped with a field
emission gun operating between 5 and 30 kV was used to assess the microstructure of the
polished samples. Elemental analysis was done using an energy dispersive spectrometer

(EDS) analyser.

3.8.5 OPTICAL MICROSCOPY (OP)

Polished sintered BcO materials were also viewed under a light microscope.

3.8.6 HARDNESS AND FRACTURE TOUGHNESS DETERMINATION

Vickers indentation hardness (Hv) measurements were done using lkg load for sintered
“pure” BgO and 5 kg load for B¢O composites. The diagonal lengths of the indentations
(d; and d; in Figure 3.12) were used to calculate the hardness of the material (according
to equation 3.4). The length of the cracks generated by the indentation (c; and c,), were
measured (as shown in Figure 3.12) and used to calculate the indentation fracture

toughness (K;¢) of the materials, using Anstis equation (3.5).
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Figure 3.12: Figure indicating how the diagonals of the Vickers indentations and the

crack lengths are measured

d; = vertical indentation length

d>= horizontal indentation length

cij=vertical length spanned by indentation cracks
¢,= horizontal length spanned by indentation cracks
d= average indentation length

c= average length spanned by indentation cracks

H, = 1854.4x§ .................................. (3.4)

where P is the applied load in Newton (N) and d is the arithmetic mean of the two

diagonals in micrometers ( tm ).
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where, & is the calibration constant (0.016), E is the Young Modulus of Elasticity (GPa)

and c the radial crack length (in micrometer) (Anstis et al., 1981).
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CHAPTER FOUR

4.0 EXPERIMENTAL RESULTS

This section present the results obtained from the synthesis of boron suboxide, milling of
the powder, mixing the powder with different additives, hot pressing of the admixed
powder, characterization of materials using XRD and SEM/EDS to determine the phase
(s) and the impurities present as well as the density, hardness and fracture toughness of

the sintered material.

4.1 SUB-MICRON BORON SUBOXIDE (BO) POWDER

4.1.1 Synthesis of boron suboxide (Bs0) powder

Boron Suboxide (BcO) powder was synthesized at Wits according to the method
described in section 3.3. It was formed via solid-liquid reaction between B and B,0;
powders, with B,O; (melting point of about 450°C) formed from H3;BO;, The synthesized
BsO powder was washed with warm water, and sometimes with warm ethanol, to
dissolve any soluble impurities like amorphous boron oxide, B,Os3, which formed (re-
crystallized) as a result of using extra amount of boric acid during synthesis (as explained
in section 3.3). The surface morphology of the powder was predominantly spherical and

the colour of the powder was reddish brown.

Fig 4.1 shows the phase analysis done on the synthesized BsO powder after washing in
ethanol using XRD technique. The observed pattern in the end product was pure BgO.
The synthesized boron suboxide powder had the following Ilattice parameters,

a=5.370+0.001A and c=12.328+0.003 A, determined using X-ray diffraction. This data
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was compared with literature to estimate the oxygen content (occupancy) in the powder.
Hence, the oxygen occupancy was estimated to be 0.77, which means that the synthesized

boron suboxide has the stoichiometry; BOg 77.
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Fig4.1: XRD pattern for the synthesized B¢O powder

The particle size distribution of B¢O powder (fig 4.2) which was determined using
Malvern particle size analyzer had a similar particle size distribution as that of the
starting amorphous boron, shown in fig 3.1. The similarities in the particle size
distribution suggest that the particle size of the resultant BO powder depends on the size
of the starting amorphous boron. Fig 4.3, showing SEM image of the synthesized BcO
powder, also confirms the similarities in the grain size between the two materials, but the
particle morphology is different. It was noted that the synthesized B¢O powder needs

milling after removal from the tube furnace because it tends to form agglomerates.
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Fig4.2: Particle size distribution of boron suboxide powder

Figd4.3: SEM image of boron suboxide (BsO) powder
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4.1.2 Milling of boron suboxide (Bs0O) powder

The BsO powder produced at IKTS — Dresden from the procedure described in section
3.3 was milled in an attrition ball mill for 50 hours as described in section 3.4 to reduce
the particle size, which in turn would be beneficial in terms of the mechanical properties

after sintering. The particle size distribution was measured at 5, 20, 30, 35 and 50 hours.

Fig 4.4 shows how that the particle size distribution of the powder depends on the milling
time. It was observed that increasing milling time decreases the average particle size of
the powder and that it remained almost constant after 30 hours using 2.5mm steel balls.
Further milling above this time increased the wear of the steel balls, without necessarily
decreasing the particle size. From these investigations it was concluded that the optimum
milling conditions are: 30 hours milling time at 200 rpm using 2.5 mm balls. These
conditions resulted into djp= 0.253um, dso= 0.529um and dgp= 1.144 um. Fig 4.5 shows
the SEM micrograph of the sample milled for 30 hours. The scale bar on the micrograph
gives an indication that each sphere of B¢O powder is in the sub — micron range.
Therefore, sub- micron boron suboxide powder was successfully produced from the

milling process described above.
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Figd4.4: Particle size distribution of BsO powder after milling for 5, 20, 30, 35 and 50

hours.
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Fig4.5: SEM image of boron sub oxide (BsO) powder after milling for 30 hours
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4.2 CHEMICAL ANALYSIS OF THE BORON SUBOXIDE (BsO) POWDER

The boron suboxide (BsO) used in this work was milled in five different batches and the
amount of iron (Fe) and chromium (Cr) impurities in the starting powder was determined
using Inductively Coupled Plasma analysis (ICP). Table 4.1 shows the result obtained
from the ICP analysis described in section 3.5. It can be seen that the total amount of

impurities for each batch of powder is less than 0.15 wt%.

Table 4.1: ICP measurements of the amount of iron & chromium impurities after

washing
Amount in wt%

Batch Fe Cr

1 0.085 0.008

2 0.040 0.012

3 0.089 0.023
4 0.045 0.033
5 0.057 0.039

4.3 PROPERTIES OF SINTERED PURE BcO MATERIAL

BsO powder was hot pressed in the uniaxial hot press at a temperature of 1900°C and
pressure of 50 MPa for 20 minutes according to the procedure described in section 3.7.
By using Archimedes principle to measure the density of the sintered material, a nearly

dense material having more than 95% of the theoretical density was produced.

Table 4.2 gives the summary of the properties obtained after cutting, grinding and

polishing of the sintered material. During the hardness measurement, it was observed that
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the material fractures while using a load of 5kg on the Vicker hardness tester, so a load of

1kg was employed on the machine. Due to the brittle nature of the sample, it was difficult

to determine the fracture toughness of this pure sample.

Table 4.2: Properties of hot pressed BsO material

Sample Hot pressing Density | Open Vickers hardness
name conditions ( g/cm3 ) Porosity (%) | (GPa)
Pure BsO 1900°C, 50 MPa, | 2.46 3.7 30.2+1.0 ({ kg)

20 minutes

Fig 4.6 shows the XRD pattern of the BO sample hot pressed at 1900°C. It can be noted

that no phase difference was observed between the patterns of the synthesized B¢O

powder and the hot pressed BO sample but there was reduction in the width of the peaks

and the crystallinity had increased after hot pressing.
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Fig4.6: XRD pattern of BsO sample hot pressed at 1900°C
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The sample was further characterized using SEM/ EDS and light optical microscope.
There were small holes observed (see fig 4.7) which are assumed to represent porosity,
but it must be mentioned that some of them came from material pull-out experienced
during polishing. Further optical analysis showed that this hot pressed BO sample had
porous edges, which were caused by slight decomposition at the sintering temperature.
The overall EDS on the sample indicate the presences of B¢O, but on the white spot the
presence of impurities (Fe & Cr) was detected in agreement with the ICP result. The
grain size of the hot pressed compacts could not be determined from the SEM images.

This is partly due to lack of good etchant for this material.

AccV SpotMagn Det WD Exp 1 20um
150kv40 1000x CL 1200  B6D

Fig4.7: SEM image of a BsO sample hot pressed at 1900°C
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4.4 BORON SUBOXIDE (BcO) MATERIALS WITH SINTERING ADDITIVES

With the primary aim of this research work being to produce BsO- based materials with
enhanced mechanical properties mainly in terms of fracture toughness, different elements
and compounds having potential to achieve this objective were added to the BcO powder.
These additives were grouped into four parts: transition metals, transition metal oxides,

transition metal borides & rare- earth oxides.

4.4.1 Transition metal additives

Three transition metals including iron (Fe), chromium (Cr) and cobalt (Co) were added to
boron suboxide (B¢O) powder as sintering additives. The motivation for these
experiments was to obtain B¢O materials with different grain boundary chemistry, which

could assist in establishing a relationship between structure and mechanical properties.

Sub- micron B¢O powders were admixed separately with 1.17 wt% iron powder, 1.07
wt% chromium powder and 1.33 wt% cobalt powder (these amounts corresponds to a
constant value of 0.4 vol% of additives, which were pre-determined and shown in the
Appendix A.2) in ethanol using the planetary ball mill for 2 hours. Steel balls were used
for the mixing, while the milling speed was kept at 200 rpm. The admixed powders were

dried using a rotavap and then hot pressed.

The mixtures were first characterized using XRD and also the morphology was observed
with SEM before using the heating profile described in section 3.7 to hot press the

mixtures. After sintering, the densities of the composites were determined using
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Archimedes principle and the samples were mounted, ground & polished for further

characterization.

The XRD patterns of the admixed powders before sintering are shown in Fig B.I to
Figure B.3 of Appendix B, to confirm the existence of the metallic phase in the mixture.
The position of the main peak for the iron mixture was at 20 = 45°, for the chromium
mixture at 20 = 44° while that for the cobalt mixture was at 26 = 44°. The formation of
boride secondary phase in the matrix after sintering (fig 4.8, 4.9 & 4.10) was observed by
XRD. Comparing the admixed powders to the hot pressed composites, it was obvious
that the Fe, Cr and Co have reacted completely and disappeared as pure metal phases in

the final composite.
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Fig4.8: XRD pattern of sintered BsO material with 1.17wt% Fe (00-050-1505, 01-076-
0092).
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Fig4.9: XRD pattern of sintered BsO material with 1.07wt% Cr (00-050-1505, 00-034-
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Figd4.10: XRD pattern of sintered BsO material with 1.33wt% Co (00-050-1505, 00-003-
0959)
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The morphology of the admixed powders shown using scanning electron microscope in
Appendix C.1 gives an indication that the average particle size of the additives are less
than 10um. Cross- sections of the sintered materials were mounted, ground, polished and

analyzed using SEM/ EDS and are shown in fig 4.11, 4.12 & 4.13 respectively.

It was observed that the BsO+Fe and BsO+Co composites had good homogeneous
distribution of the boride secondary phase within the main matrix without grain growth.
But for the B¢O+Cr composite segregations of Cr phases were observed in the
microstructure. Energy dispersive X-ray (EDX) analyses show that these pockets of
liquid phase have higher amount of chromium than other parts of the matrix. Although,
the BcO+Cr composite was fully dense (2.57g/cm3 ), yet at higher magnification some
dark spots which represents pull-out of the binder phase was observed. Since B¢O is a
superhard material, it requires long polishing time to obtain a scratch free surface after

grinding.

The segregation of boride second phase suggests variation in the properties of the
materials at different points in the sample. EDS on each sample confirms that the grey
phase represents BcO, while the white represents the respective borides of the additives,

in agreement with the phase composition obtained from the XRD analyzes.
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Fig4.11: SEM image of the (BsO + Fe) material sintered at 1850°C for 20 min (a) x2000
(b) x5000.
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Fig4.12: SEM image of the (BsO + Cr) material sintered at 1850°C for 20 min (a) x2000
(b) x5000 (c) EDS on grey phase (d) EDS on white phase.
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Fig4.13: SEM image of the (BsO + Co) material sintered at 1850°C for 20 min (a) x2000
(b) x10000 (c) EDS on white phase
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The Vickers hardness was measured with a load of 5kg. An average was taken from 5
measurements. Table 4.3 gives the results obtained from analyzing the material. It could
be seen that the open porosities obtained for the materials were lower than that of the hot
pressed BgO sample. This indicates the influence of the additives on densification. Also,
for small weight % of the binder added the fracture toughness of the materials increased

significantly compare to ‘pure’ B¢O which was found to be brittle.

Table 4.3: Properties of the BsO materials with transition metal additives sintered at

1850°C for 20 minutes.

Sample name Hot pressing | Density | Open Vickers Fracture

conditions (g/cm’) | Porosity hardness Toughness
(%) (GPa) (MPa.m.”)

Pure BsO 1900°C, 50| 2.46 3.7 30.2%1.0 brittle
MPa, 20 min. (I kg)

BsO+1.17wt% Fe | 1850°C, 50| 2.53 1.1 274%1.5 321+ 0.8
MPa, 20 min. (5Kg)

BsO+1.07wt% Cr | 1850°C, 50| 2.57 0.7 29.4+2.9 55+£04
MPa, 20 min. (5Kg)

BcO+1.33wr% Co | 1850°C, 50| 2.53 1.2 33.9+2.2 53+£0.8
MPa, 20 min. (5Kg)
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4.4.2 Transition metal oxide additives

Having produced and obtained a good combination of properties for B¢O materials
containing transition metal additives when compared with the properties of pure BgO,
transition metal oxides were then introduced to the B¢O powder with the intention of
improving densification, oxygen stoichiometry and further exploring structure to property

relationships in the resulting materials.

In the planetary mill, 1.5wt% each of iron oxide (FeO) and chromium oxide (CrO;) were
mixed separately with boron suboxide powder in methanol for 2 hours and dried for
sintering work. These amounts of additives were calculated in order to ensure that a
constant value of 0.4 vol% of transition metal was introduced into the mixture (see

Appendix A.2).

X-ray diffraction (XRD) patterns of the mixed powders are given in Appendix B (fig B4
& B5). It shows a major peak of iron oxide (FeO) at position 20 = 17° & 61° and that of
chromium oxide (CrOs) at position 20 = 44.3°. But after sintering of the powders at
1850°C for 20 minutes in the hot press, peaks of iron boride (FeB) and chromium boride
(CrB;) were observed (fig 4.14 & 4.15). This implies that the boron suboxide (B¢O) has
been oxidized by the transition metal oxide additives to form boride phase.

16Fe0 +5B,0 — TB,0, +16F¢B ....................... 4.1
8CrO, +6B,0 —10B,0, +8CrB, ...................... 42

The advantage of this oxidation reaction is that there is possibility of improving the

oxygen content and the crystallinity of boron suboxide.
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Figd.14: XRD pattern of sintered BsO material with 1.5wt% FeO (00-050-1505, 01-076-
0092).
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Fig4.15: XRD pattern of sintered BsO material with 1.5wt% CrO3 (00-050-1505, 00-034-
0369).

Fig 4.16 & 4.17 show the SEM photographs of the polished sintered materials, which
were prepared at 1850°C for 20 minutes. It can be observed from the micrographs that a

homogeneous distribution of the binder phase was obtained in both materials. EDS on the
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white phase on the images shows the present of the boride second phase in the matrix.
Pores which could be inherent in the matrix due to the decomposition reactions at the
sintering temperature were seen as dark spots in the samples. At higher magnifications,
one could observe some grain growth in the hot pressed compacts which may be
connected to the dwelling time (20 minutes) at the sintering temperature for the
BsO+CrOs material. Therefore, hardness measurement done on this B¢O-rich area will

yield a high value compared to other parts in the composite.
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Fig4.16: SEM image of the (BsO + FeQ) material sintered at 1850°C for 20 min (a)
x2000 (b) x8000 (c) EDS on grey phase (d) EDS on white phase.
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Fig4.17: SEM image of the (BsO + CrO;) material sintered at 1850°C for 20 min (a)
x2000 (b) x5000 (c) EDS on white phase

Table 4.4 gives a summary of the properties obtained for each sample. It can be noted
that the open porosity present in the composite is less compared with that of the pure
BsO, implying that the additives improve the densification of the boron suboxide
composite. Hardness and fracture toughness measurement were performed on the
samples by means of a Vickers indentation method. The loading force on the
microhardness tester was set at Skg-force. Higher hardness and fracture toughness were

obtained for the B¢O+CrO; composite which gives an indication that chromium
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containing B¢O materials might yield better combination of properties and a potential

material with good potential for industrial application.

Table 4.4: Properties of the transition metal oxide materials sintered at 1850°C for 20

minutes
Sample name Hot pressing Density | Open Vickers Fracture
conditions (g/cm’) | Porosity hardness Toughness
(%) (GPa) (MPa.m.”’)
Pure BsO 1900°C, 50| 2.46 3.7 30.2%1.0 Brittle
MPa, 20 min. (I kg)
BsO+1.50wt% 1850°C, 50| 2.51 0.9 284+1.4 3.1 0.2
FeO MPa, 20 min. (5Kg)
BsO+2.06wt% 1850°C, 50| 2.53 1.2 30.4+2.6 4.8+0.3
CrOs MPa, 20 min. (5Kg)

4.4.2 Transition metal boride additives

In this work, iron boride (FeB) was used as a representative transition metal boride added
to boron suboxide (BcO) powder. After mixing 1.40wt% iron boride with boron suboxide
powder the mixture was hot pressed at 1850°C under a pressure of 50 MPa for 20
minutes. From the XRD patterns obtained it was discovered that the iron boride (FeB)
crystalline grain boundary phase was retained beside BsO for both the mixed powder and
the sintered compact. No variation of lattice constants for both B¢O and FeB were

observed, suggesting that neither formation of solid solution nor new compound is
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formed under the sintering conditions employed. XRD pattern of the hot pressed
composite is shown in fig 4.18.

The measured density and mechanical properties of the composite are given in table 4.5.
Density higher than 96% of the theoretical density was achieved. The high density
achieved is connected with the hot pressing temperature used which resulted in high
amount of liquid phase present to accelerate mass transport via liquid phase sintering.
Additionally, the open porosity remaining in this composite has 89% reduction when
compared with that of the hot pressed B¢O. This indicates the efficiency of liquid phase
assisted sintering.

The Vickers hardness (Hv;) value of 30.8 GPa measured for this composite is similar to
that of the hot pressed B¢O (30.2 GPa) under the same load of 1kg, with a high fracture
toughness of 7.6 MPam®”. The addition of 1.4wt% of FeB to boron suboxide powder has
resulted into a significant improvement of the fracture toughness considering the
brittleness of B¢O material.

Tabled.5: Properties of the composite (BsO + FeB) sintered at 1850°C for 20 min

Sample name Hot pressing | Density | Open Vickers Fracture
Conditions (g/cm’) | Porosity hardness Toughness
(%) (GPa) (MPa.m.”)
Pure BcO 1900°C, 50 2.46 3.7 30.2%+1.0 brittle
MPa, 20 min. I kg)
BsO+1.40wt% 1850°C, 50 2.56 0.4 30.8+2.6 7.6+1.1
FeB MPa, 20 min. I kg)
27.242.2
(5Kg)
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Fig4.18: XRD pattern of sintered BsO material with 1.40wt% FeB
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Fig4.19: SEM image of the (BsO + FeB) material sintered at 1850°C for 20 min (a)
x2000 (b) x5000 (c) x10000 (d) EDS on white phase.
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The SEM image in fig 4.19 shows that the material had a nearly homogeneous
distribution of the binder phase and EDX analyses revealed that the sintered material has
two phases (BsO & FeB) with some pores retained in the sample which might be due to
decomposition at the sintering temperature or pull-out of the softer secondary phase
during grinding of the sample. The FeB is seen to form clusters around the grains of B¢O,
therefore the hardness values obtained at this area having FeB clusters was low while the
fracture toughness was high. At higher magnification, one could observe little or no grain

growth in the hot pressed compact.

By comparison, it was observed that the B¢O materials with iron derivatives show a
better distribution of the boride secondary phase than those materials with chromium
derivatives. On the other hand, a good combination of hardness-to-fracture toughness
properties were achieved for the B¢O materials with chromium derivatives. Although the
reason for these differences could not be established in this work, it is presumed that
further optimization of the additive content and composition are needed to better
understand the microstructure formation, mechanical properties and toughening
mechanisms existing in these materials, thereby enhancing the probability of producing

materials with better properties useful for industrial applications.
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4.4.4 BcO materials with rare-earth metal oxide additives

The development of thermodynamic data for B¢O at high temperatures has made possible
the prediction of the stability of the phases present in BcO in the presence of different
other materials. On this basis, it was predicted that rare earth oxides will be at
equilibrium with B¢O considering the Gibbs free energy of the reaction and can form an
oxide secondary phase. This phase forms a liquid during the sintering process, through

interaction with some remaining B,O3 (A. Andrews et al., 2008).

BsO composite materials containing 1.5wt% Sc,03, 2.5wt% La,0O3 and 1.5wt% Yb,0;
respectively were additionally produced at a hot pressing temperature of 1850°C for 20
minutes. The admixed powders were analyzed using XRD to identify the phases present
before sintering (pattern shown in Appendix B). Figure 4.20, 4.21 & 4.22 shows the phase
composition of the sintered material. For B¢O+Sc,03 composite, only peaks for B¢O
were found, which implies that the grain boundary phase was amorphous and could not
be detected by XRD technique. On the other hand, in the B¢O+La,03 and BcO+Yb,03
composites, contrary to the thermodynamic prediction, boride phase (LaBs & YbBg) were
formed; suggesting that oxidation of BsO occurred at the sintering temperature, which
could bring about an improvement in the oxygen stoichiometry of the boron suboxide
phase. The other explanation is that a strong reduction occurred during the sintering

process as shown in equation 4.3.

B,0+0.5La,0,+C — LaB, +2.5CO ................. 43
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Fig4.20: XRD pattern of sintered BsO material with 1.5wt% Sc,0;
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Figd4.21: XRD pattern of BsO sintered BsO material with 2.5wt% La,Oj3 (00-050-1505,
01-034-0427).
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Figd4.22: XRD pattern of sintered BsO material with 1.5wt% Yb,;03 (00-050-1505, 01-025-
1343).

Fig 4.23, 4.24 & 4.25 shows the backscatter images of the hot pressed composite
materials. It could be seen from the micrographs for the BsO+Sc,03 composite, that there
was segregation of liquid phase in the microstructure which might be due to the presence
of liquid B,O3; or bad wetting behaviour of Sc;Os. Energy dispersive X-ray (EDX)
analysis shows that the grey phase represents BsO, while the pockets of white phase
constitute an amorphous Sc-B-Mg-Al-O compound. The Mg detected originates from the
boron powder used to produce B¢O, while Al might come from the mixing of the powder
in an alumina vessel. It was also noted that there was segregation of the secondary phase
in the BcO+ La,0O3; composite, with evidence of porosity in the micrograph at higher
magnification. The segregation also gives an indication of the bad wetting behaviour of
La,03 on BcO. The BcO+ Yb,O3 composite has much finer B¢O grains (no grain growth

observed) with an even distribution of the secondary phase although agglomerates of this
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binder phase were also present. The microstructure also shows that this hot pressed

material was nearly dense without any evidence of porosity.
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Fig4.23: SEM image of the (BsO + Sc;03) material sintered at 1850°C (a) x2000 (b)

x10000 (c) EDS on white phase.
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Fig4.25: SEM image of the (BsO +Yb,03) material sintered at 1850°C for 20 min
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Table 4.6 summarizes the mechanical properties of the sintered material at 1850°C for 20
minutes. The density of the composites was better than that of the pure B¢O, which
confirms the influence of the additives in assisting the densification process. Densities
higher than 97% of their theoretical densities were achieved. The Vickers hardnesses
measured under a load of Skg for all the hot pressed materials were similar. Also, the
fracture toughness values were also similar except for the BcO+ Yb,O3 composite where
lower fracture toughness was obtained. This might be connected to the low amount of

open porosity which could have assisted in arresting crack propagation.

Table 4.6: Properties of rare-earth oxide composites sintered at 1850°C for 20 min

Sample name Hot pressing | Density | Open Vickers Fracture

conditions (g/cm’) | Porosity hardness Toughness
(%) (GPa) (MPa.m.”)

Pure BsO 1900°C, 50| 2.46 3.7 30.2%1.0 brittle
MPa, 20 min. (I kg)

BsO+1.50wt% 1850°C, 50| 2.48 1.6 31.6+0.9 5.6+0.2

Scy,05 MPa, 20 min. (5Kg)

BsO+2.50wt% 1850°C, 80 | 2.47 2.1 31.0+1.8 5.6 £0.8

La,05 MPa, 20 min. (5Kg)

BsO+1.50wt% 1850°C, 80| 2.51 0.9 30.5+1.7 3.940.8

Yb,03 MPa, 20 min. (5Kg)
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CHAPTER FIVE

5.0 DISCUSSION
This section gives detailed explanation of the results obtained in this work, in terms of the
relationship between the microstructure, densification, hardness and fracture toughness of

the various composites produced.

5.1 DENSIFICATION AND MICROSTRUCTURE OF MATERIALS

Although the synthesis of boron suboxide (BsO) at or near ambient pressure comes with
the advantage of reduced cost of production and avoids the risk of working with gases at
high pressure, it is related to the formation of a non-stoichiometric B¢O compound,
generally oxygen deficient (B¢Ox, x < 0.9). For brevity, a nominal formula B¢O has been

used in this research work.

Theoretical densities of the hot pressed materials were calculated based on the rule of
mixtures (Formula in Appendix A3). Errors in these calculations are inevitable since the
density of B¢O changes with oxygen and B,O3 content. Fig 5.1 shows the dependence of
the theoretical density on the oxygen content (x) in B¢O. The theoretical values in the
figure were adapted from International Centre for Diffraction Data (ICSD) card. It can
be seen from the graph that the theoretical density increases with increasing oxygen
content (x). The presence of B,O3 also lowers the theoretical density of BcO (Shabalala,
T. C. 2007). In this work, the theoretical density of BsO has been assumed to be 2.55
g/cm3, which corresponding to oxygen content of 0.9. Therefore the determined value

would be close to an upper limit of the density. This oxygen content can only be achieved
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at high pressure sintering condition. It was also assumed that all the additives in the
powder completely transformed to their respective secondary phase after sintering.
Another assumption made in the calculation of theoretical densities was the weight
percent of B,Os (1 wt. %) which is present in the starting powder. A summary of the
densities and theoretical densities obtained for the various hot pressed materials is given

in table A3 (Appendix A).
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Fig5.2: Dependence of the theoretical density on x in BsOx. Theoretical densities have
been taken from ICSD data cards 81-2192, 87-2286, 87-2287, 87-2288 & 50-

1505.

B4O is known to be difficult to densify, especially through self-sintering, even if aided
by hot pressing or ultra-high pressures. Previous hot pressing studies [Bairamashvili et
al., (1979), Kayhan L.O. and Inal O.T (1999), Brodhag C and. Thevenot F (1986) and
Shabalala, T. C. (2007)] concerning the densification of boron suboxide (BcO) powders,

made from mixing amorphous boron with boron oxide or with zinc oxide, have produced
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BsO materials with densities in the range of 85-97% theoretical density. These materials
were hot pressed either under vacuum or argon conditions at temperatures in the range of
1600°C- 1900°C. Fig 5.2 shows a comparison between the densities of hot-pressed BsO
materials made in this study and other studies. In this study, the density of pure B¢O
obtained was 2.46 g/cm’, which was 96.5% of the theoretical density and agrees with the
value obtained by Kayhan [.O.and Inal O.T (1999). The difference between the value
obtained in this work and others could be connected with the high amount of porosity in
the sintered material as a result of B,O3 present in the starting powder. It must be stated
that the presence of 1wt% B,0; in the BcO powder will cause a reduction of 0.4% in the
overall density of the B;O material.
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Fig5.3: Comparison of the density of hot-pressed BsO obtained from different studies

The Optical image (see fig 5.3) of this hot pressed BcO sample shows some small holes
representing open porosity (3.7%). It is possible that the small amount of B,Os3 which
may have volatilized at high temperatures, partly acts as the source of small pores in the

microstructure, resulting in surface layers with higher porosity than in the centre of the
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samples ( as shown in the Appendix C.6 & C.7) . Part of the pores observed in the image
may also be caused by the removal of the remaining B,O3 during polishing or due to bad
polishing (The figure shows clearly the scratches from the bad polishing). The density of
the hot pressed B¢O samples does not reach 100% theoretical. The theoretical density of
B,051s 2.46 g/cm3, which is less than that of BcO at 2.55 g/cm3; therefore a small amount
of B,0Os in the samples will lower the overall theoretical density of a hot pressed BsO

sample.

Fig5.4 : Optical image of BsO sample hot pressed at 1900°C

An ultra-high pressure high temperature study, concerning the sintering of BgO at
pressures in the range of 3-5 GPa, done by Itoh et al. (1998), also did not produce fully
dense materials. The density of the materials was reported to be above 95% theoretical.
Therefore, the use of ultra-high pressures does not guarantee a completely dense material.
Petrak et al. (1974) claimed to have produced BsO materials with densities greater than
99% of theoretical via reactive hot pressing. A fully dense B¢O material made by hot
pressing, with density of 2.60 g/cm’, was reported by Goosey (1974), although this

density is higher than the theoretical density.
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The synthesized BsO mixed with different additives (drawn from transition metals and

rare-earth compounds) were hot pressed at 1850°C for 20 minutes, resulted in higher

densification of the materials, compared to the pure B¢O sintered at 1900°C. XRD

patterns of the sintered materials show the formation of a boride secondary phase, and an

amorphous phase for the Sc,O3 additive. The theoretical density of the composites was

calculated (see Appendix A.3) to ascertain the percentage densification obtained by the

hot pressing process. It was assumed that all the additives in the powder completely

transformed to their respective secondary phase after sintering. Table 5.1 compares the

density of each material measured with respect to the theoretical density calculated. .

Table 5. 1: Densification properties of BsO materials.

Material Vol % of Density | Theoretical | Open % of
Additives | measured density Porosity Theoretical
(%) density
BsO - 2.46 2.53 3.7 96.5
BsO+ 1.17wt% Fe 0.4 2.53 2.57 1.1 98.4
BcO+ 1.07wt% Cr 0.4 2.57 2.57 0.7 100
BsO+ 1.33wt% Co 0.4 2.53 2.58 1.2 98.1
BsO+ 1.50wt% FeO 0.7 2.51 2.57 0.9 97.7
BsO+ 2.06Wt% CrOs 2.0 2.53 2.57 1.2 98.4
BsO+ 1.40wt% FeB 0.5 2.56 2.57 0.4 99.6
BsO+ 1.50wt% Sc,03 1.0 2.48 2.56 1.6 96.9
BsO+ 2.50wt% LayO3 1.0 247 2.58 2.1 95.7
BsO+ 1.50wt% Yb,03 0.4 2.51 2.58 0.9 97.3

There are two possible explanations for the improvement in the densities obtained for the

materials; one is that the additives form a liquid phase in which BgO partially dissolves,
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and which assists with the densification of the materials at the sintering temperature and
which recrystallizes during cooling to form a boride phase at the grain boundaries as
shown in the XRD patterns, or on the other hand, the formation of B,O3 as a result of the
oxidation reaction occurring in most cases between the B¢O and the sintering additives,
suggest that diffusion would be aided, thereby improving the densification behaviour.
Hence, a precise control of the oxygen content would be necessary for the reproducible

densification of the materials.

Fig 5.4 shows the graph of the percentage densification measured for B¢O and iron
containing materials hot pressed at 1850°C. To understand and properly explain the
densification process of these materials, one needs to consider the phase diagram of Fe-B
system which is shown in fig 5.5. The composition under consideration has been
indicated with an arrow in fig 5.5. According to the phase diagram, at 1850°C there is a
liquid phase formed, which accelerate mass transport and therefore improve
densification. Hence, densities more than 97% of theoretical densities were achieved. By
comparison, the iron containing materials had higher densification than the pure hot B¢O.
However, high amount of B,0O; in the system can also have a negative effect on the
densification because it has high vapour pressure and result in some decomposition of the

materials.
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From the graph in fig 5.4, it is obvious that BcO+FeO composite had the least
densification, while a densification of 99.6% was obtained for the B¢O+FeB material.
Although SEM images of these materials shown in chapter 4 indicate homogeneous
distribution of iron boride secondary phase within the matrix, yet the densification
achieved differs in each material. The difference in the densification achieved is
connected to the amount of B,O3; produced by the interaction of these additives with B¢O.
With the assumption of 1 wt% of B,0O; in the starting powder, it was deduced (see
equation 5.1 & 5.2) that more B,Os; was produced in the B¢O+Fe & BgO+FeO
composites, while a constant value was present in the B¢O+FeB composite, where there
was no further formation of B,O3 through the interaction of B;O and FeB.

16Fe+3B,0 — By0, +16FeB .............c...ceeeve.] 5.1

16FeO+5B,0 = TB,0, +16FeB ........................... 52

Considering the above reactions, it is expected that the same mol% of additive (Fe or
FeO) will produce the same volume of second phase after hot pressing (FeB), but for one
(1) part by volume of B,Os3 produced for the BgO+Fe composite, seven (7) parts by
volume will be produced in the B¢O+FeO composite. With the addition of 1.17 wt% Fe to
the B¢cO powder, 0.07 wt% B,03 was produced, while 1.50 wt% FeO added resulted into
the formation of 0.7 wt% B,Os after sintering at temperature of 1850°C for 20 minutes.
This gives an indication of the higher amount of B,O3; in the BsO+FeO material. The
theoretical density of B,Os is 2.46 g/cm3, which is less than that of B¢O at 2.55 g/cm3;

therefore a small amount of B,O3 in the samples may lower the overall theoretical density
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of a hot pressed B¢O sample. Furthermore, some of the B,0O; will evaporate at the

sintering temperature.

The influence of chromium and CrO; content in the starting composition on densification
was also studied (fig 5.6). The phase diagram of the Cr-B system is shown in fig 5.7. The
type of chromium boride (CrB;) form was identified with the XRD pattern shown in fig
4.10, which gives an indication of the composition under consideration (see arrow in fig
5.7). According to the phase diagram, at 1850°C there will not be any liquid present in
the material at sintering temperature. Nevertheless, there is some level of solubility of
BsO in the system resulting into the formation of transient liquid or it could be that the
composition is not pure CrB, and therefore a liquid is formed which lowers the melting
point in this system, creating enough liquid for densification to occur via liquid phase

sintering.

Densities more than 98% of theoretical densities were achieved. A higher densification
was observed for the B¢O+Cr composite compared to the B¢O+CrO3; composite. This is
also connected with the high amount of B,O5 produced from the interaction between BsO
and CrOs. It is expected to produce 10 times the amount of B,O3 produced in the B¢O+Cr

composite (equation 5.3 & 5.4).

8Cr+3B,0 — By0, +8CrB, ... 5.3

8CrO, +6B,0 = 10B,0, +8CrB, .......eceeeeeeeeeee 5.4
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The addition of 1.07 wt% Cr to the BcO powder increased the amount of B,O; in the final
sintered material by 0.13 wt%. However, the addition of 1.50 wt% CrOs in the BsO
powder resulted into the formation of 1.9 wr% B,Os; after sintering at temperature of
1850°C for 20 minutes. As earlier stated, the presence of 1wr% B,Os in the B¢O powder
will cause a reduction of 0.4% in the overall density of the B¢O material. This gives an
indication of the effect of the higher amount of B,O3 on densification in the B¢O+CrO;

material.
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Fig5.7: % Densities of BsO and chromium containing materials hot pressed at 1850°C,

expressed on a percentage of corresponding theoretical density.
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represents the composition under consideration.

SEM micrographs of the Cr-containing composites, shown in fig 5.8 revealed a non-
homogeneous distribution of the boride second phase within the matrix. Although the
BcO+Cr composite was fully dense (2.57g/cm’), yet at higher magnification some dark
spots which represent pull-out of the binder phase were observed; these are formed as a
result of incomplete polishing of the material. Since B¢O is a superhard material, it
requires a long polishing time to obtain scratch free surface after grinding. Although the
formation of liquid phase is strongly dependant on the B,O; content, a high amount of

liquid phase in the B¢O+CrO3; composite at hot pressing temperature resulted in grain

growth of the material.
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Fig5.9: SEM image of materials sintered at 1850°C for 20 min (a) BsO + Cr
(b) BsO + CrO;

BsO material containing 1.33w¢% cobalt was densified to nearly theoretical density by
hot pressing at 1850°C under a pressure of 50 MPa for 20 minutes. The melting of cobalt-
boron in the starting powder takes place below 1500°C (Fig. 5.9) which is far below the
sintering temperature, suggesting that there is enough liquid phase present to accelerate
mass transport thus improving densification. Hence, a nearly fully densified material was
achieved. Densities more than 98% of theoretical were measured. The availability of high
amount of liquid at lower temperatures resulted in exaggerated grain growth in the

material, as shown in fig. 5.10.

The oxidation reaction between the B¢O and Co resulted into the formation of liquid
phase, which recrystallises during cooling and forms cobalt boride (CoB) at the grain
boundaries as described in equation 5.5. The type of cobalt boride formed will depend on

the amount of boron dissolved in cobalt. The CoB secondary phase was homogeneously
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distributed within the matrix, resulting into a good combination of hardness-fracture

toughness properties (i.e., 33.9+2.2 GPa & 5.3 + 0.8 MPa.m.™).

16C0+3B,0 — B,05 +16COB ............cvooeeeeeeeeeiee 5.5

The combination of properties obtained for this material suggest that if this material is
suitably prepared and optimized, it could be potentially used in cutting tool and other

wear part applications in industry.
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Fig5.10: Phase diagram of Co-B system. (Massalski et. al., 1986). The arrow represents

the composite under consideration.
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Fig5.11: SEM image of the BsO + Co material sintered at 1850°C for 20 min

Fig 5.11 shows a plot of percentage densification against BsO of the rare-earth metal
oxide containing materials. The trend of the densities obtained and the observed
microstructures are an indication that these composites are to some extend densified via
liquid phase sintering. A sharp increase in densification was observed from B¢O+La>O3
material to B¢O+Yb,0O3 material. This trend is in agreement with the SEM images of
these materials shown in fig 5.12. It could be observed from the microstructure that the
higher the homogeneity of the distribution of the binder phase of the hot pressed material

the higher the degree of densification.
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In B¢O+La,0; material, there was complete segregation (pockets) of liquid phase in the
microstructure which might be due to bad wetting behaviour of La,O; on B¢O. This
liquid tends to decompose at sintering temperature leaving pores within the material,
which has a negative influence on the densification at such temperature. Also the
BsO+Sc,03 material had segregation of the secondary phase within the matrix, but less
liquid compared to the BsO+La;O3; composite. On the other hand the BcO+ Yb,0;
composite had much finer B¢O grains (no grain growth observed) with an even
distribution of the secondary phase. The microstructure also shows that this hot pressed

material was nearly dense without any evidence of porosity.
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Fig5.12: % Theoretical density of BsO and rare-earth metal oxide containing materials.

130



'7- ¢ ‘? -:~ $
2 A ’5‘ i d
a B60+L32(‘)& THRA e B
. ¥ Y - . " - »

| 2 __...' o Lty
. i E . AccV SpotMagn Det WD Exp 1 5mm
AccV Spol Magn  Det WD Exp 150KV 40 5000x CL 95 1 B6O +S5c203
A50kv 40 5000x CL 11.11

. g T

.C) ‘BOO+YbZQ3

Accy SpotMagn Det WD Bxp ——————1 5um
15.0kv 40 5000« CL 120 1
'} ¥ . 3

Fig5.13: SEM images of BsO and rare- earth metal oxide containing materials.)

5.2 MICROSTRUCTURE AND HARDNESS OF COMPOSITES

In this work, B¢O powder was hot pressed at temperature of 1900°C and pressure of 50
MPa for 20 minutes. The Vickers hardness measurement on the hot pressed BsO compact
yielded a value of 30.2+ 1.0 GPa using a load of 1kg. A Vickers microhardness of 45

GPa (100g load) was obtained for B¢O single crystal (100 # m) that was grown at

pressures of 5.5 GPa (Duanwei et al., 2002).
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Figure 5.13 compares the hardness of the hot pressed “pure” B¢O sample to other sintered
BsO materials, made by other authors (Petrak et al, 1974, Itoh et al, 1998, Shabalala 2007
and Holcombe 1972). Although the Vickers hardness (30.2 GPa) of the BsO sample
measured in this study seems to the lower compared with 30.4 GPa (100g load) obtained
via hot pressing by Petrak et al (1974), 31-33GPa (200g load) achieved by Itoh et al.
(1998) at high pressures, 34.8 GPa by Shabalala (2007) as well as 38 GPa (100g load) by
Holcombe (1972), a load of 1kg was used to indent the sample, which is 10 times bigger
than those of Petrak and Holcombe. It was also noted that the stoichiometry of the boron
suboxide material (BOx) made in this study might be different from those reported in
other studies. This further confirms the supposition that the stoichiometry of the produced
BsO compact may affect the hardness of the material depending on oxygen content. Also,
a variation of the sintering conditions in terms of temperature, pressure, time and
atmosphere could affect the amount of porosity present which has a negative effect on

hardness.
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Fig5.14: Comparison of the Vickers hardness of hot-pressed pure BsO sample obtained

from different studies.

Figure 5.14 shows a comparison between the Vickers hardness of hot pressed BsO-iron
containing materials produced by sintering mixtures of boron suboxide with Fe, FeO and
FeB at 1850°C for 20 minute. It is important to note that these measurements were made
using a load of 5kg. A typical indent obtained during a Vickers hardness measurement,
using a load of 5kg is shown in figure 5.15 for a sample with 1.17 wt% Fe addition to the
BsO. Although the absolute values of hardness measured differ, a similarity in hardness
values were observed if one considers the error bars. The difference in hardness values
between these materials is less than 1.5 GPa, with B¢O+FeO material having the highest

value. The reason for the increase in hardness in this material could not be determined.
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Fig5.15: Comparison of the Vickers hardness of BsO- iron containing composites.
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Fig5.16: SEM image of a BsO + Fe composite sintered at 1850°C, showing an indent

made using 5kg load.

Figure 5.16 shows a comparison between the Vickers hardness of hot pressed BsO-
chromium containing composites produced by sintering at 1850°C for 20 minutes. The

difference in hardness between the BsO+ Cr and BcO+ CrOs is 1 GPa. This difference is
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connected with the homogeneity of the second boride phase in the matrix (SEM images
in chapter 4). BqO+ Cr composite had a complete segregation of the binder phase due to
bad wetting of the B¢O by the sintering additive, and some residual pores due to
decomposition of B,0O; at sintering temperature, while the B¢O+CrO3; material had an
homogeneous distribution of the binder phase within the matrix (see fig. 5.8). The
possible explanation to the reduction in the hardness in BgO+ Cr material is that
indentations could have been made on segregated boride-rich phase in the matrix with

lower intrinsic hardness compared to B¢O.

On the other hand, B¢O+ CrO; composite had a homogeneous distribution of the binder
phase with some growth of the B¢O grain. Although porosity of about 1.20% was
retained in the hot pressed material, the even distribution of indentations around the

matrix and also at points which are B¢O-rich resulted into an overall high hardness value.
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Fig5.17: Comparison of the Vickers hardness of BsO and BsO-chromium containing

composites.
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The hardness values obtained for the BsO composite containing rare- earth metal oxide
(S¢c,03, LayO5 & Yb,03) were similar. Nevertheless, the macro-hardness value of BgO+
ScyO3 composite was slightly higher than those of BsO+ La,O; and BcO+ Yb,O3
composites. The variation in the hardness values obtained gives an indication of the
intrinsic hardness values of the secondary phases formed after hot pressing. Although,
full densification was not achieved for these composites, the average hardness value
might be higher than those of other group of sintering additives if the same volume
percent of additives were used. It suggests that improvement of the densification of this

group might result into better hardness values.

Fig 5.17 compares some of the hardness values reported for BcO composites produced
by other researchers with those of rare-earth metal oxide in this work. The doped
materials have been given in brackets. It must be mentioned that the hardness values
obtained for the materials produced in this work are very good considering the fact that it
was measured using a load of 5kg, compared to 200g-load used by Itoh et al.(2000 &
2001) and Sasai et al. (2001) and 500g-load used by Shabalala (2007). The high
microhardness obtained by Itoh et al. (2000 & 2001) and Sasai et al. (2001) was because
of the relatively hard secondary phases in the composites. Both found that neither solid
solutions nor new compounds were formed under the sintering conditions and that the
sintered composites consist of the mixed phases of B¢O and B4C, cBN, and diamond
respectively. B4C, cBN and diamond are all ultrahard materials compared to boride phase
formed in composites produced in this work as well as the aluminium borate formed in

the work of Kayhan and Inal (1999) and Shabalala (2007). Even though very high
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hardness values were recorded for composites produced by Itoh et al. (2000 & 2001) and
Sasai et al. (2001), their corresponding toughness values were very low. Also, the BO

composites they produced were done using high pressure techniques.

60

Vickers hardness (GPa)

Fig5.18: Comparison of Vickers hardness values of BsO-rare earth metal oxide
containing composites obtained in this work and those obtained by other

researchers.
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5.3 MICROSTRUCTURE AND FRACTURE TOUGHNESS OF COMPOSITES

A fracture toughness of 4.5 MPam'? was measured on single crystal B¢O made at ultra-
high pressures of 3-5GPa (Duanwei et al., 2002). Based on this result it may be assumed
that fracture occurs through grain boundaries in sintered BsO compacts. The fracture
toughness of the sintered pure B¢O sample could not be measured due to the chipping of
the B¢O crystals during indentation. It was concluded that the sample had low fracture
toughness and it is brittle. It is not clear how fracture occurs in this sample but there were

some evidences of both intergranular and transgranular fracture.

In this study, the addition of transition metal compounds and rare-earth metal oxides
produced materials with improved fracture toughness compared with the results from
other study. Fracture toughness values reported in this work were measured using 5kg

load.

Figure 5.18 compares the fracture toughness of hot pressed B¢O-iron containing materials
produced by sintering at 1850°C for 20 minute. A similar fracture toughness of 3.2
MPa.m'? and 3.1 MPam'? were obtained for BsO+Fe & BgO+FeO materials
respectively, while a maximum of 7.6 MPa.m"? was achieved for B¢O+FeB material,
which also had the least hardness value and could be reproducible by proper control of
the procedure. This was a significant improvement in the fracture toughness considering
the fact that the hot pressed BcO sample was very brittle. Therefore, the introduction of
the boride secondary phases caused the improvement in the fracture toughness of the

materials.
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Fig5.19: Comparison of the Fracture toughness of BsO- iron containing composites.

Fig 5.19 shows SEM images of the crack propagation on the polished surfaces of B¢O-
iron containing sintered materials. A straight-line crack which cut across the grains of
BsO was observed mainly in all the materials indicating a transgranular fracturing mode.
In addition, crack deflection was observed in the B¢O+FeB material, which was as a
result of stresses that exist in the material. This leads to staggered crack paths which
subsequently lead to greater energy loss per unit length of a straight line running
perpendicular to the applied stress. Thus, the energy required to propagate a crack over a
given range will be significantly higher than that of pure B¢O and therefore the material

is said to be tougher.

Furthermore, BcO and FeB phases exhibit substantially different coefficients of thermal

expansion, CTE, [0geo = 5.5%10° /°C™ (Bairamashvili et al.,1979, Shabalala 2007) and

139



Ores = 23 x10° /°C™" (Celebi et al., 2005, Campos et al., 2006)]. This difference in
thermal expansion coefficients can cause thermal residual stresses, which occur during
cooling of the material after sintering. The residual stress (o ) between BsO and FeB was
estimated, using equation (5.6) [Liversage (2005), Jianxin (2000)], to be 6430 MPa,

assuming the change in temperature is about 1000 °C.

o= ( (AAT) j ........................ (5.6)
[(A+v )/2E +(1—2v)/E.]

A« = Difference in thermal expansion coefficient between B¢O and the secondary
phase, FeB.
AT =Change in temperature at which sufficient softening occurs to alleviate the stresses
(~1000 °C)

V.., =Poison ratios of B¢O (0.197) and FeB [=0.28 (Kulka & Pertek 2008)]

E,, . =Elastic moduli of B¢O (540 GPa) and FeB [=284GPa (Avril et al., 2006)]

Fracture toughness enhancement via this mechanism is very common in ceramic
materials. The effect of residual stresses on fracture toughness that result from the
mismatch between the thermal expansion coefficients of the two components in ceramic
materials, was also reported by Wahi and Ilschner (1980) and Bingqgiang (2007) in Al,O3-
TiC composites, with Al,O3 as the matrix. Other studies are SiC-TiC ceramic composites
(Liversage 2005), SiC,/TiB, composites (Jianxin 2000) and SiC-AIN particulate

composites (Pan et al., 1998).
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Fig5.20: SEM micrographs of the polished surfaces (with propagating cracks) of BsO
sintered composites ((a) & (b) Fe, (c) & (d) FeO (e) & (f) FeB additives).
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Figure 5.20 compares the fracture toughness of hot pressed B¢O-chromium containing
composites produced by sintering at 1850°C for 20 minutes. A high fracture toughness of
5.5 MPa.m'? and 4.8 MPa.m'? was obtained for BsO+Cr and BcO+CrO; composites
respectively. The high fracture toughness measured in these composites was enhanced
by a combination of fracture mechanisms. Fig 5.21 shows SEM images of the crack paths
of polished Cr-doped and CrOs-doped B¢O materials. A combination of crack bridging
and deflection caused by bimetallic stresses gave rise to high fracture toughness in the

BsO+Cr material.

The coefficient of thermal expansion for the chromium boride (CrB,) secondary phase
was calculated based on the rule of mixture (equation 5.7 & 5.8) to be 7.8 X 10 /°C.
With the assumption that the Poison ratio for CrB, ranges between 0.2-0.3 and the change
in temperature is about 1000 °C, the thermal stresses between the B¢O/CrB,; interfaces

was calculated using equation 5.6 to be in the range of 571-751 MPa.

_ a'CrkCrfCr + a'BkaB

ey, = ko fo g f, T 5.7
a,, ,=Thermal expansion coefficient of chromium and boron
(6.5%x10°C"and8.3x10°C"" respectively (www.netzsch-thermal-
analysis.com))
L 5.8

E, ;= Elastic moduli of chromium and boron (279GPa and 441GPa respectively

(www.webelements.com))

Ve, 5= Poisson’s ratio of chromium and boron (0.21 and 0.18 respectively)
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Eqp = Elastic modulus of chromium boride (CrB,) = 211.04 GPa (www.memsnet.org)

The difference between the thermal expansion coefficients of the B¢O matrix and the
chromium boride secondary phase induces a tangential compressive stress near the
particle/matrix interface and diverts the crack around the particle. The presence of twin
boundaries in BgO crystals, which is a characteristic of boron compounds, can make
major cracks deflect and branch, and also make the development of main cracks consume
more energy as shown in the micrograph. Consequently, this material showed high

toughness.

From the microstructure, it was observed that pores in the BsO+CrO3; material helped to

reduce the energy of the propagating crack, thereby causing an improving the fracture

toughness of the composite.

5.8

5.4 4

Fracture toughness (MPam®®)

46
B60+Cr B60+CrO3

Fig5.21: Comparison of the Fracture toughness BsO-chromium containing composites
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Fig5.22: SEM micrographs of the polished surfaces (with propagating cracks) of BsO
sintered composites ((a) & (b) Cr, (c) & (d) CrO; additives).

Good combinations of fracture toughness and hardness were obtained for BeO
composites doped with rare-earth oxides. Fig 5.22 compares the fracture toughness of hot
pressed BgO- rare-earth metal oxide containing composites produced by sintering at
1850°C for 20 minutes. A similar fracture toughness value of 5.6 MPa.m"* was obtained
for BsO+Sc,03 and BgO+La,O3; composites, while the toughness decreased to 3.9

MPa.m'”? for the BsO+Yb,0O3; composite.
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Fig5.23: Comparison of the Fracture toughness of BsO-rare earth metal oxide

containing composites.

SEM images of the crack paths of polished Sc,Os-doped, La,Os-doped and Yb,0O3-doped
BsO composites are shown in fig 5.23. There was some form of toughening mechanism
produced by the second phase in the BcO composites. A large-scale bridging of the crack
was observed in the Sc;Os-containing composite; while deflection of propagating crack
was observed in the La,Os-containing composite. Both these crack-path modification
mechanisms would give rise to an increase in fracture toughness. A straight-line crack
which cut across the B¢O+Yb,0O3 composite only requires minimum amount of energy to

progress, which agrees with the lower fracture toughness measured for this material.
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Fig5.24: SEM micrographs of the polished surfaces (with propagating cracks) of BsO
sintered composites ((a) & (b) Sc203, (¢) & (d) La>03 (e) & (f) Yb,0; additives).
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CHAPTER SIX

6.0 CONCLUSION

The boron suboxide powder was synthesized using the reaction of amorphous boron and
boric acid powders at temperatures of 1380°C for 6 hours, under argon atmosphere, using
a tube furnace. It was established that B¢O powder could be produced without the
application of pressure and that the particle size of the synthesized BsO powder depends
on the particle size of the starting amorphous boron powder. The synthesized powder was

pure as evidenced by the resulting XRD trace, as well as from SEM/EDS analysis.

The synthesized boron suboxide powder had the lattice parameters of a=5.370+ 0.001A
and ¢=12.328+0.003 A, as determined using X-ray diffraction. This data was compared
with literature to estimate the oxygen content (lattice occupancy) in the powder. In this
manner, the oxygen occupancy was estimated to be 0.77, which means that the
synthesized boron suboxide has the stoichiometry B¢Op77. It has been shown in the past
and widely accepted that boron suboxide (BsO) powders made at ambient pressures are
non-stoichiometric. Therefore, the X-ray data as well as the particle size and colour of the
synthesized BcO powder, studied in this work are in agreement with previous work in the
literature (Duanwei et al., 2002, Hubert et al., 1998, Kobayashi et al., 1993, Rizzo et al.,

1962, Lundstrom and Bolmgren 1994, Lundstrom and Andreev 1996).

The synthesized BsO powder was sintered using a hot pressing technique, at high
temperature of 1900°C and pressure of 50 MPa for 20 minutes under argon atmosphere.

The density of pure sintered B¢O obtained was 2.46 g/cm’, which was 96.5% of the
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theoretical density and agrees with the value obtained by Kayhan 1.O and Inal O.T
(1999). The Vickers hardness measurement on this sintered compact yielded 30.2+ 1.0
GPa using a load of 1kg. Although the Vickers hardness (30.2 GPa) of the BsO sample
measured seems to be lower compared to a hardness of 30.4 GPa (100g load) obtained for
hot pressed sample by Petrak et al (1974), 31-33GPa (200g load) achieved by Itoh et al.
(1998) at high pressures, 34.8 GPa (500g) by Shabalala (2007) as well as 38 GPa (100g
load) by Holcombe (1972), it must be stated that a higher load of 1kg was used to indent

the sample in this study.

The above findings, regarding the sintered “pure” B¢O samples, showed that a B¢O
material, with respectable hardness, is attainable using a hot pressing technique, under
argon atmosphere. It was shown that the hardness of this material is comparable to the
hardness, for similar materials, achieved by other authors, and it even surpasses that of
similar B¢O materials, obtained at ultra-high pressures. Clearly, ultra-high pressures are
not a necessity for producing a hard sintered B¢O material. Furthermore, the hardness
was measured using 1000g, which is 10 times higher than that used by most authors.
However, the fracture toughness of the B¢O material was still low, with evidence of both

inter- and intra-granular fracture.

The fracture toughness of the BsO compact could not be measured as the sample
fractured on increasing the load; therefore it was concluded that the material is too brittle
for practical applications. Fracture surfaces indicating both inter- and intra-granular

fracture were observed in the SEM microstructures. The fracture toughness of the
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sintered “pure” B¢O compacts, made by hot pressing under argon atmosphere, has not
been previously reported in the literature. In the work of Kayhan er al. (1999), high
fracture toughness values, for hot BsO compacts, made under vacuum at 1800°C, were
reported. However, the mode of fracture is not clearly indicated, and the materials had
relatively high amount of porosity, resulting in low strength values. Furthermore, the
radius of the notch used to measure the fracture toughness was 0.4mm, which makes
these values of fracture toughness highly suspect. In the work of Itoh et al (1998), done
at ultra-high pressures, the fracture toughness of sintered B¢O compacts is only reported

to be low.

With the primary aim of this research work being to produce BsO- based materials with
enhanced mechanical properties mainly in terms of fracture toughness, different elements
and compounds having potential to achieve this objective were admixed and hot pressed
with the pure BcO powder. These additives were grouped into four categories: transition
metals, transition metal oxides, transition metal borides & rare- earth metal oxides. The
mixing was done in the planetary mill for 2 hours and the quantity of additive used was
such that the volume percent of the transition metal additives in the mixture remains
constant. After sintering of the admixed powders at 1850°C for 20 minutes, the density of
each hot pressed B¢O material exceeds 95% of theoretical, indicating that good
densification of boron suboxide could be achieved at lower temperature by the use of

adequate additives.

By comparison, the best combination of hardness-fracture toughness properties was

obtained from the B¢O- rare earth metal oxide materials, followed by the BsO-transition
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metal oxide materials. With a maximum fracture toughness of 7.58 MPam’" obtained for
the BcO+FeB composite, it must be concluded that there was a significant improvement
in the fracture toughness of these composite materials due to the introduction of the
boride secondary phase at the grain boundary interface. The fracture toughness
enhancement was attributed to the introduction of a second, minority phase. Further
investigations are necessary to understand the relation between the achieved mechanical
properties and the observed microstructures in these samples and also to vary the volume

content of this secondary phase in the sintered material.

Some of the BgO materials produced in this research study possess good mechanical
properties, i.e. hardness-toughness combinations, especially the BO+Co, BsO+Sc,05 and
BsO+La,03 composites. This suggests that suitably prepared BO materials could be
potentially used in cutting tool, wear part and ballistic armour applications. Fig 6.1 and
fig 6.2 shows the mechanical properties of hard materials (Ozbayraktar S and Riedel R
(2000) and Lee W.E and W. M. Rainforth W.M (1994)) in comparison with the
properties of some of the materials produced in this work. For comparison, these three
composites were selected. The hardness values of B¢O+Co, BcO+Sc,03 and B¢O+La,0;
composites were 33.91 GPa, 31.59 GPa and 31.02 GPa respectively, comparable to some
of the BN materials, e.g. DBC50 and Amborite. The fracture toughness of these
composites was also greater than those of B4C (Hv =35GPa, Kc= 2.9-3.7 MPa.mo'S,
www.b4c.com.tw), Al,O3/TiC composite and DBCS50. Although, diamond and cBN

possess better properties, the dominant methods for their industrial synthesis requires
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high pressures and temperatures, which renders their manufacturing expensive and limit

the sizes and geometric forms possible.

Hardness(GPa)

- N W A OO O N ©
O O O o o o o o
— —
?

Fig6.1: Hardness of hard materials in comparison with boron suboxide composites from

this study.

Fracture toughness (MPam %)
(&)}

Fig6.2: Fracture toughness of hard materials in comparison with boron suboxide

composites from this study.
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Also, diamond application is somewhat limited at high temperatures owing to its
instability, for example, as cutting tool for steel. Furthermore, as the temperature
increase, diamond and cBN weaken due to the onset of the transformation to the graphitic
structure as well as due to diffusion wear. For these reasons and because of the need to
replace expensive diamond and cBN in many other applications, boron suboxide has been
of technological interest. More importantly, there are a number of important alloys such
as ductile cast iron and ductile steel that cannot be machined by PcBN due to diffusion
wear. This diffusion process is enhanced because of the presence of carbon or nitrogen in
the cutting tools containing diamond or cBN, such elements are absent in B¢O. Therefore,
there is a high likelihood that B¢O-based cutting tools will be less susceptible to diffusion
wear when machining these hard to machine but industrially very important work piece

materials.

Further optimization of the additive content, composition, and mechanical properties are
needed to better understand the microstructure formation and toughening mechanisms
existing in the materials. This will allow fabrication of B¢O materials for industrial
applications such as cutting tool, drill bits, grinding wheels, abrasives and ballistic

armour.
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Appendix A.1

APPENDICES

Table A.1 gives the full list of all the samples together with the amount of additives,

hardness & fracture toughness obtained, Archimedes densities measured, and phases

formed before and after sintering of powder.

Table A. 3: Properties of boron suboxide composites

Additive Hy Kic Phases |Phases |Density |Open
Sintered Material 0.5
Ratio (GPa) MPa.m.” [:fter \(after (g/cm3) Jporosity
(wt %) ixing)lsintering) (%)
Pure BsO _ 302+ 1.0 _ _ BO | 246 | 37
BsO+ Fe 1.17 274 %+1.5 32+0.8 | BsO BsO 2.53 1.1
Fe FeB
BsO+ FeO 1.50 28414 3.1+0.2 | BcO BsO 2.51 0.9
FeO FeB
BsO+FeB 1.40 272422 76+1.1 | BsO BsO 2.56 04
FeB FeB
BsO BsO
BsO+Cr 1.07 204+£2.9 | 55+£04 2.57 0.7
Cr CI‘B2
BsO+CrOs 1.40 304 +2.6 48+03 | BsO BcO 2.53 1.2
Cr203 CI‘BQ
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BsO+ Co 1.33 33.9+2.2 53+08 | BsO BsO 2.53 1.2
Co CoB

BsO + Sc,03 1.50 31.6 +0.9 5.6+0.2 BsO BsO 2.48 1.6

SCzO3

BsO BsO

BsO + La,0O3 2.50 31.0+1.8 5.6 0.8 2.47 2.1
La203 LaB6
BsO BsO

BsO + Yb,,05 1.50 30.5 £1.7 3.9+0.8 2.51 0.9
Yb,03 YbBg

Appendix A.2

Calculation of the amount of additives used

1.5wt% FeO was used as the basis, added to boron suboxide (BsO) powder to form

composite. The equivalent amount of other additives was calculated to retain the volume

percent of the second phase in the mixture.

Amount of Equivalent Fe in the Mixture

56g of Fe = 72g of FeO

Xg of Fe = 100g of FeO
Therefore,

x=77.78g of Fe

Similarly,

77.78g of Fe = 100g of FeO
vgofFe=15gof FeO
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y=1.17g of Fe

Amount of Equivalent Cr in the Mixture

Mass of Fe in BsO = 1.17g, Density of Fe = 7.78g/cm3

Therefore, the volume occupied by Fe in the mixture is;

p=m
|4
Volume of Fe = 1.17
7.87
= 0.149cm3

Mixture
Component Amount (g)
Cr 1.07
BsO 98.93
Total 100

Mass of Cr in B¢O =2, Density of Cr = 7.2g/cm3

Having the same volume in the mixture as Fe:

Mass of Cr = Density x Volume

=7.2x0.149
=1.07g

Table A.2 gives the result of the calculated amount of additives used, following the

examples above.

Table A. 4: Calculated amount of additives used

Additive Density (g/cm’) Amount of Vol % of
Additive (g) Additives

Fe 7.78 1.17 0.4
FeO 5.70 1.50 0.7
FeB 7.15 1.40 0.5
Cr 7.20 1.07 0.4
CrOs; 2.67 2.06 2.0
Co 8.90 1.33 0.4
Sc,03 3.86 1.50 1.0
La,0;3 6.50 2.50 1.0
Yb,0; 9.20 1.50 0.4
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Appendix A.3

Theoretical density

It is important to estimate the theoretical density of the composites formed after sintering
of the admixed powders in order to ascertain the densification obtained from the hot
pressing process. It was assumed that all the additives in the powder completely
transformed to their respective secondary phase after sintering. The theoretical density is

determined from the expression;

100
wi%B,0 [wt%A]
+ +
p360 Pa

The theoretical density of BsO was assumed to be 2.55g/cm’

Theoretical...density =

pa= density of the resulting sintered phase

BsO+ Fe composite
Amount of Fe added = 1.17 wt%

Molar mass of Fe = 56 g/mol

Molar mass of FeB =66.8 g/mol

After sintering, all the Fe is converted into FeB with (calculated) density of 6.75 g/cm3
(card no = 01-076-0092).

If X (in wt %) is the amount of FeB formed after sintering, then;

X = wt% of Fexmassof FeB
mass of Fe

=1.40wt%

Therefore,

Amount of B¢O in the composite = 98.60 wt%
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Theo..density = 100 =2.57

98.60 4 1.40
2.55 6.75

Table A.3 gives the result of the theoretical density calculated, following the example

above.

Table A. 5: Calculated amount of additives used

Composite Amount Second Calculated | Theoretical
of additive | phase after | density of density
(g) sintering the phase (g/cn’)
(g/cm’)
BsO+ Fe 1.17 FeB 6.75 2.57
BsO+ FeO 1.50 FeB 6.75 2.57
BcO+FeB 1.40 FeB 6.75 2.57
BsO+Cr 1.07 CrB, 5.20 2.57
BsO+CrO; 2.06 CrB, 5.20 2.57
BcO+ Co 1.33 CoB 7.37 2.58
B6O + Sc,03 1.50 - 4.00 2.56
B6O + La,05 2.50 LaBg 4.71 2.58
B6O + Yb,03 1.50 YbBg 5.54 2.58

167



Appendix B
XRD patterns
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Fig B. 1: XRD pattern of BsO and iron powder (00-050-1505, 01-085-1410)
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Fig B. 2: XRD pattern of BsO and chromium powder (00-050-1505, 01-019-0323)
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Fig B. 3: XRD pattern of BsO and cobalt powder (00-050-1505, 01-089-43037)
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Fig B. 4: XRD pattern of BsO and iron oxide powder (00-050-1505, 01-089-0690)
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Fig B. 5: XRD pattern of BsO and chromium oxide powder (00-050-1505, 01-072-0634)

1400
x-B,O
1200 @Sc,0,
1000
X
800

Counts

600 —

400+

200

Position [2 Theta]

Fig B. 6: XRD pattern of BsO and scandium oxide powder (00-050-1505)
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Fig B. 7: XRD pattern of BsO and lathanium oxide powder (00-050-1505, 01-065- 3185)
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Fig B. 8: XRD pattern of BsO and Ytterbium oxide powder (00-050-1505, 01-077-0455)
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Fig B. 9: XRD pattern of mixture of BsO and iron boride powder (00-050-1505, 01-076-
0092)
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Appendix C
SEM images
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Fig C. 1: SEM images of the mixed powder (a) BsO + Fe (b) BsO + Cr (c) BsO + Co
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Optical images

Fig C. 2: Optical image showing pores at the edge of BsO material

Fig C. 3: Optical image showing pores at the centre of BsO material
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Fig C. 4: Optical image showing the indentation on theBsO+ Sc,0;3 material
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