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Abstract

ABSTRACT

The research efforts by material scientists in the afdaomn suboxide materials
have been directed towards improving the fracture toughness by mictosdl
tailoring and adopting various effective toughening mechanismbidrpérspective,

the current work reports the development of boron suboxide composites with

improved toughness.

The relationships between densification and microstructure and miciose and
mechanical properties of boron suboxide@B composites have been studied in
detail using hot pressing technique. Various suitable sintering additieee selected
based on thermodynamic calculations. Laboratory prepawgd fwders were
initially milled using steel balls in an attrition mill to dritiee particle sizes down to
submicron range. Contaminations from steel balls were acid washd@€l. The
amounts of impurities remaining in the powders were charadessag Inductively
Couple Plasma (ICP) technique. Submicray© Bpowders were then admixed with
Al;,03-Y 03, Al;O3-Y,0:-SiO,, Al,0s-SiO,, Al,Os TiC, TiB, and Pd additive
systems in a planetary ball mill. As-Y ;03 systems, with various molar ratios were
used to study the influence of grain boundary composition on densification,

microstructure and mechanical properties.

Hot pressing experiments were conducted in a temperature oarig®0 — 190%C
under a pressure of 50 MPa for 20 minutes in argon atmosphere.idrostrmcture
and phase composition of the hot pressed composites were chardctesiisg
scanning electron microscopy (SEM), transmission electron micrpgd&gV) and
X-ray diffractometry (XRD). Densities of the samples wareasured to determine
the extent of densification. Vickers hardness and indentation tougiveessised to
characterise the mechanical properties of the hot pressediatgatCareful analysis
of the indentation data has been made and such analysis has provestithate of

the toughness properties of thgCBcomposites.
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‘Pure’ BsO hot pressed at 198D had Vickers hardness of 35 GPa (500g load) but
was found to be brittle. The experimental results revealed tk@t dmposites
containing AbOs-Y,03 and AbOs-Y,03-SiO, systems processed at 180D0exhibit
excellent combination of hardness (27 - 34 GPa using 500g load) andrdract
toughness (3 - 6 MPdr‘ﬁ). Densities higher than 97% of theoretical densities were
achieved. Hot pressing these composites at higher temperaturéQ)L850bserved
to slightly lower the hardness values. Amorphous grain boundary phases

formed.

Composites containing ADs;, TiB,, and TiC, respectively were hot pressed at
1900C. Vickers hardness in the range of 27 — 31 GPa were obtained usinp&00g
whilst fracture toughness values were in the range of 4 — 7 MP &0 composite
produced by addition of Pd had a hardness of 22 GPa using 5kg load but a high
fracture toughness of 13 MP3fn Fracture toughness values obtained in this work

are the highest recorded so far fgOBcomposites.

The mechanisms leading to the achievement of superior toughness gqubslide
reasons for toughness variation with the different additives ek ag with hot
pressing temperature are critically analysed. It has beennshitat BO can be
sintered using a wide range of oxide additives which could resirttgrovement of
mechanical properties, especially fracture toughness. Micrastalictailoring of
these composites could potentially see widespread applicatiogOot@nposites as

structural material.
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Chapter 1: Introduction

1 Introduction

The development of synthetic ultrahard materials with hardnessssalpproaching
or even exceeding that of diamond has been of great interest éaamnatientists.
With Vickers hardness (Hv) of composite materials ranging é@&twb0 to 70 GPa,
diamond is the hardest material known, followed by cubic boron nitBi, (35 to
40 GPa). Diamond, cBN and their sintered composites are widelyirugetlistry as
wear parts (bearings, nozzles, milling media, and pump impeléard) sawing,
grinding and cutting tools. However, diamond has a major drawback odits t
reaction with iron and cannot be used for machining ferrous dfoyhis prompted
the synthesis of cBN. The structure of cBN is derived fromadahdtamond with half
the carbon atoms being replaced by boron and the other half bgemtatoms. cBN
is half as hard as diamond, but does not react as strongly withndocaa be used
for machining ferrous alloys. However, as temperature increé¢sveakens due to
diffusion wear and transformation to hexagonal structure (HBNJhe synthesis of
diamond and cubic boron nitride materials also requires high pressndes a
temperatures, which makes production expensive and limits the sdegeametric

forms possible for their polycrystalline ceramics and their composites.

Boron suboxide is third in hardness after diamond and c¢BN (31 to 38&GPahe
hardness of a single crystal boron suboxidgO(Bis about 45 GPa which is
comparable to that of cBN (45-50 GP) Additionally, the fracture toughness of
BsO single crystal was found to be 4.5 MP&nwhich is higher than that of cBN
(2.8 MPanY?), and also approaches that of single crystal diamond (5 MBam
Boron suboxide has a better thermal stability compared to diaffoadd can be
synthesised without the need for high pressure. Boron suboxide therefomneelsea
potentially good candidate for cutting tools and other industrial appisawhere
abrasive wear resistance is essential. For these reasomeeadse of the need to

replace expensive diamond in many other applications, boron suboxide hagfbee
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technological interest. The strong covalent bonds and short interabomiclength
contribute to the exceptional physical and chemical propertiésasugreat hardness,

low mass density, high chemical inertness and excellent wear resi$t4hce)

Novel boron suboxide (nominallysB) has been synthesised and sintered and their
properties have been widely discussed. Sintering is usuallgdamt in a specially
designed cell at high-pressures or low-pressure conditions andhatemgeratures
@EEMANA418) Boron suboxide (BD) formed at or near ambient pressure is
generally oxygen deficient, has poor crystallinity, and very Isgrain size. High
pressure applied during the synthesis ofOBcan significantly increase the
crystallinity, oxygen stoichiometry, and crystal size of the prtdi®®”. Boron
suboxide powders of nominal compositioa(B B;O, B,O, BsO1x (0.72 x 0.96),
BsO, B1,O, BisO, BigO, B,eO and B,O have been reportétf 22, Although boron
suboxide is reported as having nominal compositions, it is widely actépbe non-
stoichiometric and the reported compositions range frg@y B to BsOp96 Thus, the
formula is best reported as®, where x < 1°?. The boron suboxide investigated in

this work is of nominal compositionsB.

In spite of the high fracture toughness (4.5 MB3nof a single crystal g, the
fracture toughness for polycrystallines® is less than 1.5 MP&ff which limits
industrial applications. The Vickers microhardness values obtained for polylangsta
BsO through high-pressure high-temperature processes range fran881GiPa. The
reason for the low fracture toughness obtained in the sinteregactsnis not
understood. Efforts have been made to increase the fracture touglynEssing

BsO composites with other ultrahard materials such as diamond, boratec@it),

and cBN®U4) High hardness values were recorded for the composites (Hv ~ 46
GPa under 200g load) but fracture toughness values did not exceed 1.8/MPam
Recently, Shabalal4® produced BO composites with aluminium borates as the
second phase via hot pressing and obtained high fracture toughness (3.Y9MPam
with respectable hardness (Hv ~ 31 GPa under 500g load). These singgest
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careful selection of additives and/or binders in combination with coadrsihtering
conditions could result in a production of¢® composites having a unique

combination of mechanical properties suitable for industrial applications.

In light of the literature review, the objectives which wedentified in order to
improve the overall mechanical properties, especially fradtuwghness, of boron
suboxide composites for industrial applications were to synthesizeigohbniboron
suboxide (BO) powder and to hot press the synthesised powder. The overall
mechanical properties of the sinteregDBcompact were to be improved by addition
of carefully selected binders and to relate the microstructure to medhaoiserties.

In achieving the above objectives a detailed literature review of boron suliasdd-
ultrahard materials together with their properties, and the posai®aues of
improving the mechanical properties are given in Chapter 2. CHaptarstitutes the
modelling of BO thermodynamic data at high temperatures (800 — 2300K) which
assisted in selecting suitable additives for this work andutard investigations. The
methodology and equipments used for the investigation are outlined pteClda
Chapters 5 and 6 present the results and discussion of the synthiéats, amd hot
pressing BO composite materials, respectively. Conclusions and recommendations

from this project are dealt with in Chapter 7.
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2 Literature Review

2.1 Introduction

This chapter summarises the available knowledge on boron-based superhaalsmateri

with particular emphasis on boron suboxide materials.

2.2 Hard materials

Hardness is defined as the resistance of a material ticplaéormationt™. Hardness
can also be defined as the resistance of a material to indenbgtianother material
3 Hardness can be measured in several ways and includes sctajcinidigg and
indenting methods. In addition, there are a number of factors to congider
determining the hardness of any material. For instance, the indea@etry, testing
load, and time taken for the indentation have to be considered. The haoflrzess
single crystal depends on the slip systems that can be affbgtde stresses
generated by the indentation. The hardness of polycrystallinerilabn the other
hand depends on the single crystal hardness of the majority phasell @s the
residual stresses, secondary phases, microstructural texjraiessize, applied load,
porosity, structure and composition of the grain bound&fies

Hard materials on the other hand are solids with high hardness iarthe of 8 to 10

on the Mohs’ scale of hardné$s This scale of hardness was developed for minerals.
However, in material science, Vickers, Rockwell or Knoop hardnessused.
Ultrahard materials have hardness values comparable to that aindiakdltrahard
materials are materials with Vickers hardness (Hv) hitjiem 40 GP&). Generally,

the hardest materials which are also those of highest bulk modulio & found
among certain of the light elements (e.g. boron and carbon) or comploetwen
them, for instance cubic boron nitride, boron suboxide and boron caffide

Ultrahard materials are widely used as wear parts, grinding,catithg tools.
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Currently, only diamond and cubic boron nitride (cBN) are used in indastry
ultrahard materials. Table 2.1 shows the properties of some selected haralsnater

Table 2.1: Density, hardness, bulk and shear medafisome selected hard materials.

Material Density Hv; Bulk modulus Shear modulus Reference
(g/cn?) (GPa)  (GPa) (GPa)

Diamond 3.52 70 443 535 (25)
c-BN 3.48 45-50 400 409 (25)
B,C 2.52 30-50 250 - (25)
TiB, 4.50 30-33 244 263 (25)
AlB; 2.58 26 - - (25)
AlMgB,, 2.66 32-35* 212 231 (2%p6)

*Load not specified

2.3  Crystal structure of boron-based hard materials

The disadvantage of carbon-based materials such as low oxidesmtance of
diamond can be improved by boron-based hard materials of the bindeynary
systems B-C, B-N, B-O, B-C-lP@"). Diamond oxidises in air above 6@whereas
cubic boron nitride (cBN) is resistant to oxidation up to 200 air ®®. Boron is
one of the two elements (along with nitrogen) that forms compouniths ali its
neighbouring elements (BeBMgBy, AlBy, B«Si, B.C). Additionally, boron is the
only element whose compounds with adjacent (and not only adjacent) edlemte
periodic table are not simply thermally stable, but furthermone hhe highest
hardness values knowt?. Boron-rich solids form a class of light element-containing
‘super-hard’ materials, with high tensile strength and largkies of the bulk
modulus and cohesive energdy®®. cBN, B0, B,O, BO, and BC are known as
boron-containing superhard materials, with a Vickers microhardirégsof 30-55
GPa®28E0 The crystal structure of boron, boron suboxides and boron carbides

are discussed below.
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2.3.1 Crystal structure of boron

Elemental boron is a hard material with microhardness of 30 GBfeahigh hardness
is related to the low molar volume of 5 trand a covalent bonding of the
rhombohedral crystal structure. Boron compounds have exceptional properties
respect to their chemical bonding, crystal structure, and phonon andorlect
conduction®®Y). Boron (valence of 3) exhibits a number of different compositions
and structures arising from the specific electronic nature of its atonproperties of
-rhombohedral boron, for example, can be significantly changed bydthigoa of
other atomic constituent§?. B;,O, and AIMgB,4 are examples whose hardness
values were claimed to approximate that of cubic boron nitride (cBbdfpn atoms
form very stable clusters such as an octahedron, an icosahedronotresrd
polyhedrons. Such structure characteristics resulting from thelesdwnature of the
bonding and forming a rigid three-dimensional framework, determine bugk

properties of high hardness and refractory nature.

Boron exists in several phases including the crystalline forms adénd

rhombohedral boron, and tetragonal boron, and an amorphous form. The different

phases depend on the temperature, pressure, and reactants qurgsgnformation

9 The phase diagram of boron is given in figure 2.1 showing the stabilion of

the different phases. Each phase exhibits different chemical pnical

characteristics. It has been found @lyinitio calculation$ that at low temperatures,
-boron is the most stable phase, while at high temperatusethe most favourable

phase®?. Tetragonal phases are generally formed at intermediate r@nmes when

impurities are present. Amorphous boron deposited at low temperatunds toebe

fine-grained and most reacti{f®®*)

Table 2.2 compares the structural parameters ahd -boron, along with some of
their physical properties and table 2.3 compares the lattice emanfor -boron,
boron carbide and some selected boron suboxides. In case of the atasiig d

phase is denser than th@hase by 7%. It is also seen (Table 2.2) that theron is
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stiffer than -boron, with respect to the bulk modulus and Debye temperatureisThis
consistent with the fact thatboron is denser thanboron. Therefore -boron is a

stronger material.

[GPa]

T [KI

Figure 2.1: Phase diagram of boron. Red indicatesrégion where -boron is stable, while blue

indicates -boron. The melting curve is indicated by a dastied, which is started from an

experimental point = 2340 K®.
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Table 2.2: Structural parameters efand -boron in experiment: Lattice parametegsaad , number
of atoms Nym atom density, coordination number \NDebye temperature,, and bulk modulus 8
The bond length is presented as the minimymahd average.g, for all the bond§™.

-boron -boron
a () 5.057 10.145
O 58.06 65.17
Natom 12 105
(3 0.1373 0.1278
N, 5.50 6.40
i () 1.71 1.62
avg () 1.77 1.80
b (K) 1430 1200-1300
B, (GPa) 213-224 185-210

Table 2.3: Cell parameters for boron, boron carlide selected samples of® (Space group3m,

hexagonal axes).

Cell parameters (nm)

Compound Reference
an Ch Cr/an

-th B 4.927(3) 12.564(7) 2.55 (24)
BsOo.787 5.3824(4) 12.322(1) 2.289 (24)
BsOo.839 5.3761(7) 12.326(3) 2.293 (24)
BsOo.05 5.3902(2) 12.3125(4) 2.284 (12)
BsO 5.395 12.342 2.282 (36)
B,C 5.5991(5) 12.074(2) 2.156 (24)




Chapter 2: Literature Review

The crystal structures of- and -boron are shown in figure 2.2. Both have a

rhombohedral Bravais lattice with a space groupreh in its perfect form. The
icosahedral unit B is a common building block®®®, The structure of -boron is

complex with a unit cell consisting of 105 atoms, which can bsstled into 15

nonequivalent atomic sites on the assumptiom@f symmetry®”. Site B(13) in
figure 2.2 is only partially occupied with an occupancy of 73.4%. Tissing boron

atoms appear at extra site B(16) with an occupancy of 26.6%.

The most easily available modification of boron that is found coriaisr or made
within the laboratory is the phase®. Hence, this phase is considered to be the

thermodynamically stable pha'$&°)

Figure 2.2: Crystal structure of (a) and -boron (b). -boron has a rhombohedral structure (space

groupram) with 12 atoms in a cell.-boron has the same space group, but it contaiisafdms in a
cell. The closed (open) circles represent aton&ssivith full (partial) occupancy. Atomic sites kit

partial occupancy are indicat&d.
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2.3.2 Crystal structure of boron suboxides

Oxygen atoms dissolving into electron deficienthombohedral boron structure
results in the formation of boron suboxide. This decreases thatwaf the boron
structure*®@) Structure models of boron suboxides suggest oxygen occupancy of
the & positions with the coefficients depending on the composition. The ratial
decreases with increasing oxygen content (Table 2.3). For instiweceinit cell
parameters for sample produced by Hukerl *? were refined from powder X-ray
diffraction data to a = 5.3902(1) A, ¢ = 12.3125(2) A, which gives aatia of
2.284.

The structure of boron suboxide (nominally(B is built of eight B, icosahedra units

situated at the apices of the rhombohedral unit cell (space rg@ipThe structure
can be viewed as a distorted cubic close packing (ccp)at@&ahedra. Figure 2.3
shows the structure ofsB. The unit lattice of BO has -rhombohedral boron type of
structure consisting of B cluster as the fundamental frame. Two oxygen atoms are
located in the interstices along the [111] rhombohedral direction, negléte 3-
center, 2-electron bond that links the icosahedra in this dirée{g' ¥ The 0-O
bonding distance is 0.307 nm, which prevent direct O-O bondtf?
Consequently, each oxygen atom is only bonded to three equatorial boron atoms
belonging to three different boron icosahedra. Due to its shtetatomic bond
lengths and strong covalent character between boron- bogondiBplays a range of
outstanding physical and chemical properties such as high hardoessndss
density, semiconductivity, high chemical inertness, high melting paint excellent
wear resistancé”. There have even been reports that samples of matertal wit
nominal composition near 40’ scratch the softer {100} faces of diamofd.
However, boron suboxide is nonstoichiometfi€®. Reported compositions ranges
from BsOo.72 to BsOp g6 at near ambient pressuf&d@9e)

~10 ~
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@ By icosahedral unit

[ J Oxygen

Figure 2.3: (a) Structure of (B built of eight icosahedral units situated at trertices of the
rhombohedral unit cell. Gray icosahedra are inthekground. The icosahedra are composed of 12 B

atoms situated at the corners of a slightly disthitosahedron. Oxygen atoms are three-coorditated

boron atoms in separate icosahedra in the (00hpfiA*®.

Compared to room-temperature synthesis, high-pressure high-tem@etdRidT)
techniques produces® much closer to the ideal composition (highest O occupancy,
BsOo.0¢) With improved crystallinity*?®*®") pressures up to 10 GPa have been used.
Structural investigations have shown that there is only partialpaccy of the
oxygen positiof®®. An investigation by Lundstrom and Andre€¥ showed that

the oxygen occupancy varies from 0.787(5) at $@5® 0.831(5) and 0.839(4) at
1350C and 125€C respectively. High pressure synthesis of boron suboxide in the
presence of an oxidizing agent results in an increase in the oglygemcal potential,

as should be expected, and that drives the composition of@hetizase closer to the
nominal stoichiometrnfPt?@517) Taple 2.4 shows published data on the occupancy
of the & positions in the known boron suboxides. The formula of the suboxide is

therefore more conveniently written ag®B., ©.
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Table 2.4: Site Occupancies and the number of afniexagonal unit cell for boron suboxides.

Occupancy of the& Total number of

Compound o . Reference
position, oxygen atoms per unit cell
BsOo.72 0.72 40.32 (40)
BsOo.76 0.76 40.56 (39)
BsOo.77 0.77 40.62 (17)
BsOo.787 0.79 40.72 (24)
BsOo.839 0.84 41.03 (24)
BsOo.59 0.89 41.34 (17)
BsOo.03 0.93 41.58 (39)
BsOo.95 0.95 41.70 a7)

B,O was reported to crystallise in the space group P3 with thegbeal unit celh =
2.879 A andc = 7.052 A, containing four boron and two oxygen atdifis The
structure was suggested to consist of buckled atomic layersigting either of
boron atoms or of boron and oxygen atoms), stacked indirection (corresponding
to [111] direction of the sphalerite cell) in the sequence BBrlapd double OB-BO

layer. Lundstrom®® calculated the interatomic distances using space graup
with boron at the atomic positions & = 0.375) and @ (z= 0.042), respectively, and
oxygen at & (z=0.292). It was assumed ththfs = dgo. The calculations show that
the B-B distances within and between the buckled boron layer amgaharamely
1.765 A. The B-O distances are, however, larger within the two halvéee @-O
double layer, namely 1.765 A, a consequence of the assumption made.hilth
layers of the double layer are assumed to be plane, the B-@cdistal.66 A, which
is more reasonable considering the interatomic distances in of@esdiids. In BO
for instance, the distance is slightly less than 1.50 A. The shdt®© distance
between a boron atom in the buckled boron layer and an oxygen atom in the& buckle
layer is, however as large as 2.35 A, which indicates a veak Wwending between
these two types of layers. This distance will be even lafgkee B-O half layers are
assumed to be plane. This means that the structure suggesteddt &l ©° for

B-.O has mainly properties characteristic of layer structumeduding no great
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hardness. Based on the calculations conducted by Lundstrom, it was cortbltded
the proposed structure of,® is unstable. This means that the crystal structure of
B,O needs to be investigated more closely. In addition to the mostdstodie of
boron suboxide (BD«1 and BO), other boron suboxides B) of nominal
composition BO, B,O, B;O, BisO, BxO, and B;O have been reported®??,
However, there is practically no common opinion either on their comuosor

structure.

2.3.3 Crystal structure of boron carbides

Boron carbides are among a number of materials with crystaitste derived from
that of -rhombohedral boron. The crystal structure of boron carbig@)(Bvhich is
better represented as;3B,, is built of By, icosahedra linked together by C-B-C
chains (figure 2.4). Using IR absorption, Becher and ThéV&hbave confirmed the
existence of the C-B-C chains in compounds such 4 d&d BsC. The space

group is ram (No. 166) similar to boron suboxide. The incorporation of carbon in
boron carbide was understood to supply the extra two electrons to stal afy -

boron, replacing the weak three-centre bond with strong covalent bonds. These
relatively weak three-centre bonds are mainly responsible faraitesion in thab

plane. The arrangement is such that an elongated hole is formeabdtveethree-

centre bonded triangles along the trigonal 4%
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o Polar site
O Equatorial [Site:

Figure 2.4: Crystal structure of &, “?.

Compounds crystallizing in the,8-like structure are formed between boron and
nine elements of the periodic table, namely Be, C, N, O, Si, P,,3ndsSe*?. The
structures belonging to the structural family ofcBdiffer mainly in the number and
type of atoms accommodated in the elongated holes occurring thlerhexagonat

axis (rhombohedral space diagonal) of the unit cell. Icosahedraesoof P (B.P,)

and As (B,Asp) pnictides, for example, are materials based on 12-atom boron
clusters in which boron atoms occupy the 12 vertices of the icosahedrtwo atom

chains (B or As) that reside between icosahel{fa

Even though boron carbide and boron suboxide are related to the same rhonibohedra
structure, boron suboxide is harder than boron carbide. The differenocmesviat
connected to the inter-icosahedral atdtis In boron suboxide and boron carbide, O

and C atoms are placed between icosahedra, linking them with strealgnt bonds.
These intracluster bonds are stronger in boron suboxide than in borareaduli to

the higher electronegativity of oxygen relative to carbon. With the development of the
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first-principles approach, Gaet al “? had predicted the hardness of a number of
boron-rich phases. It is believed that boron-rich materials foroyeddding some
element to boron icosahedra have great potential as new superharlsnébe

industrial use.

2.4  Synthesis and structure of nonstiochiometric boron suboxid€BsO)

powders

The synthesis of boron suboxide powders and description of its progetiedeen
extensively reported in literature. Wartik and Apple produced amorphoys) B®
dehydration of B{OH) in vacuum®™?. Kandaet al also prepared BO(s) by reacting
B,O; with B at 1056C also invacuum®. The other suboxide of boron frequently
mentioned in literature is® which was first reported by Weinstrati. B;O was
then prepared by reduction ob@; with Mg. Pasternak’” confirmed this BO by
chemical analysis. Additionally, powders of nominal compositig®,B8;0, B,;O,
BeOyx.1 (Where 0.72x 0.96), B0, B;s0, BigO, B,0O and B,O have been reported
of being formed®®®22BL) One of the difficulties in establishing the correct
composition for this oxide is that only boron was determined with tfierehce
assumed to be oxygefl®. The different methods of producing boron suboxide

powders are summarised below.

Boron suboxide powders can be produced by reacting stoichiometric ammfunt
elemental boron and boron oxide under controlled conditions {€000 2200C;

lihr  time  12hr; argon atmospherdp@DIAANANE) Alternatively, boron
suboxide powders can be produced by reacting boronM@hwhereM is Mg or Zn
®)208)49) or by reducing other oxides such as Sn0;dzaln,0s, Bi,Os, Li-B4Oy,
KCIO; and CdO™Y) 1t was reported that the boro-thermic reduction gd$

ZnO and L§B4O; resulted in the highest yields and purest reaction products. The
specific form of RO produced depends on the process conditions and the ratio of
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elemental boron to boron oxide loaded into the reactiorf®:€llhe reaction of boron
and boron oxide can generally be representéd; as

(3x- 2)B(s) +B,0,(I) ® 3B,0(s) 2.1]

In the case of reacting boron with zinc oxide, the followingtread2.2] was used
(5)

8B+ZnO® B,O+2B+7Zn(Qg) - 2.2

The high temperature solid-liquid reactidh]] is achieved by wet mixing powdered
boron and powdered,Bs; using a molar ratio of B:®; = 16:1.03 in a mixer (e.g.
agate mortar). Ethanol/hexane or other non-oxygenated dispacgi@his normally
used as solvent. The excesgOB takes into consideration that a small amount of
B,O; does not react with B, but rather volatilises during the heattnrent®.
Nevertheless, this excess@ can be removed after synthesis when washed in warm
ethanol and/or waté?. The preparation of boron suboxide;(8 in small quantities
can also be carried out by oxidation of boron (directly or platinuialysed) with

oxygen gas at ambient pressure and at 1100°C860

Stoichiometric high-pressure high-temperature phases@ftBve been prepared by

Hall and Comptorf?® and Endoet al ©%. In the former study, a graphite-like®

was synthesised by the reduction OB with B or Li and by oxidation of B with
KCIOs. The preparation was carried out within the pressure and temperature ranges of
5-7.5 GPa and 1200-18 The BO synthesised by Endst al. was carried out by
reacting boron powder with oxygen derived from the thermal deconpositiCrQ

to CrQ, at pressures of 3.5-5.5 GPa in the temperature range 1008E1206e
recovered BO appeared to have a diamond-like structure and was characteyised
Vickers microhardness (100g load) of 40.5 GPa.
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The boron used can either be in the form of amorphous boron or crysheihore.
The B,Os used is assumed to be pure (i.e. 99.9% pure). However, it is refSbtived
if the elemental boron used is less than 95% pure (with about 6% Mgjder BO
material is formed. It is believed that the Mg aid in singrof boron suboxide

resulting in improved form of g0 which is greater in hardness.

The synthesis of boron suboxide;(B by reactive sintering can be carried out either
at ambient/near ambient pressure or high pressure conditions. Babmxide
powders produced at or near ambient pressure is generally nonstiacitiavita the
reported compositions ranging from@ 7, to BsOp gs ‘P@PEE) Additionally, the
synthesis typically produces fine-grained powders mixed witltorghous boron

material®®,

The synthesis of boron suboxide at high pressures (4-5.5 GPa) resultedrin
perfect icosahedra particles, euhedral (trigonal) grainsqu® tum), and multiply-

twinned particles (MPTS}P®9@7) These results were unexpected because the X-ray

powder diffraction pattern remained fully consistent with tR&n space group,
which does not allow the presence of five-fold syetmyt?@6Y The presence of
re-entrant faces on some particles allowed thetiitlsation of these icosahedra as
multiply-twinned patrticles rather than quasi-crilgta materials. Figure 2.5 shows
morphology of BO MTPs. Icosahedral MTPs ofs® serve as the nucleus for the
icosahedral packing ofiB units. Growth occurs by addition of successivestayof
B1, icosahedra to each triangular face. The icosahedoaphology of the grains
makes them potentially useful for high-wear-resisea applications. Other
morphologies that have been reported include im@nyg subhedral to anhedral
icosahedral grains, and rounded anhedral sinteseses™ ")
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Figure 2.5: Morphology of B0 MTPs. (a) SEM image of an isolated icosahedrbp.Descriptive
model of a regular icosahedron consisting of 2@aketdral individuals, illustrating the relationship
between a tetrahedral individual and a rhomboheckHl (c) SEM image of > MTPs with well

developed faces forming re-entrant angles at theeapindicative of twinning>®",

2.5 Sintering of boron suboxide (BO) materials

Boron suboxide (BO) is typically unsinterable under ambient presstorditions.
Fully densified compacts of¢B® are difficult to achieve even by pressure singgri
techniques such as hot pressing or hot isostatsprg™’?. No appropriate sintering
aid has been found becausgOBs easily oxidized to form 3 causing degradation
of the mechanical strength of the resultant sidtamempact”. Sintering of boron
suboxides, like other sintering processes, is betleéo occur in stages. The sintering
mechanism of boron suboxide in the BEB system is summarised in section 2.5.1.
Additionally, work carried out on # powder sintered via low-pressure high-
temperature (LPHT) and high-pressure high-tempeggtdPHT) conditions and their

properties are summarised in sections 2.5.2 and,2dspectively.

2.5.1 Sintering mechanism

The sintering mechanism of boron suboxide at loespure (20 to 29 MPa) and high-
temperature (up to 2080) has been studied by Brodhag and ThévE&ibtSound’
pellets were reaction hot pressed from a mixtureoafon and boron anhydride.
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Additionally, B;20, powder was prepared by boron reduction of zindexBoron
nitride lining was used to avoid carbon diffusionthe sample during hot pressing in
graphite dies. No densification effect was obserf@dB;,0, powder below the
sintering temperature of 16UD. Nevertheless, three important densification egag

for reactive hot pressing were observed (figurg.2.6

The first stage at about 2@ is believed to be due to the fusion oi08 and the
resulting liquid penetrating between the solid iokes. The reaction at about 1200
leads to further densification, and proper sintpstarts at 180¢ . The absolute
and relative volume compositions showed that a drigbressure provides better
penetration by the liquid phase and therefore tebetaction. From figure 2.6a, the
highest pressure (29 MPa) resulted in a highesi fiensity. Table 2.5 shows the
absolute densities of the hot pressed materialgur€i2.6b gives details of the
densification kinetics during the reaction whiclerss to have three steps in the range
1000 - 1408C. From their investigations, it was concluded i@ boron suboxide
powder sinters better than the reactive one (aBOGIC lower). The reason was
attributed to traces of zinc remaining in the pomwag well as other microstructure-
related reasons. For the reactive hot pressingriexeets, the de-agglomeration (* on
figure 2.6) leads to a lower green density, but ghrgering rate is higher and the
sintering temperature is lower. Homogeneity ofrtigture improves the reaction and

causes the disappearance of large pores dueitd Bi©; agglomerateS®.
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Figure 2.6: Densification during reactive hot piegsa) absolute density; b) densification ratdq

screened reactive mixturésy.

Table 2.5: Absolute densities of hot pressed naltest maximum sintering temperatir

Material  Pressure (MPa)

Absolute density

1 20 1.85
2 20 2.05
3 23 1.95
4 29 2.2

2.5.2 Low-pressure high-temperature sintering conditions and proijgsrt of

resulting ceramic materials

Holcombe and Horn&® produced boron suboxide 4B) by blending zinc oxide

powder with boron powder. The blended powders wsastatically pressed at about

140 MPa into pellets and heated in the presenaeedf atmosphere to a temperature
in the range of 1200-1500 to effect the reduction of zinc oxide by the bor®dhis

material was characterised as having an averagesidithardness value of 38.2 GPa

at 100g load (fracture toughness note reported)defsity of 2.80 g/cthwas

measured for this material. Surprisingly, the meagudensity is higher than the

theoretical density of # (2.59 g/crm). This is an indication that the zinc oxide did
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not react completely with the boron powder anddfwe the BO powder produced
was containing zinc impurities. Since the densityiac (7.1 g/cm) is higher than
the theoretical density of¢B, the density of the resulting sintered compaatidde
higher than that of . This material is described as highly refractaogsgistant to
oxidation and acids and suitable for use on susfaobject to abrasion, e.g., grinding
wheels, drill bits, machine tools and in structussaployed in high temperature

applications.

Goosey and Andersdrf fabricated boron suboxide by hot pressing at aBoQf’C
under a pressure of about 40 MPa. The boron subowigls compacted from a
mixture of boron and boron oxide in a metal dieedinvith graphite and tantalum.
The compacted article was coated with a mixtureasdbn nitride and boric oxide and
was subjected to a second pressing step whilengeatia temperature sufficient to
melt the boron oxide in the compacted mixture. eA#llowing the metal die to cool,
the compacted article was removed and placed inaphge die also coated with
boron nitride and lined with tantalum and then pogssed. The resulting material
was reported as being ‘sound’ boron suboxide arstilee of contaminants. The
product possesses outstanding physical propeitiasop hardness of 30 GPa at
100g load and modulus of elasticity of about 48(afGthat render it suitable for a
variety of applications such as cutting tools, ogctabearings, and grinding media.
The measured density of the material was 2.60 Y/€he fracture toughness for this
material was not reported.

Petraket al ©®

produced BO by reaction hot pressing from a mechanically mhixe
boron and BO; (the actual pressing temperature and pressurena@aseported).
Phases observed in the hot pressed samples weom Isolboxide and boron.
Nevertheless, a slight amount of( was also observed in some of the samples.
Measured densities were more that 99% of theotedmasity. The linear expansion
coefficient for this material increased with inseey temperature and has an average

value of 5.69 x 18/°C for the temperature range of 20-80pwhich is greater than
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that of B,C. Knoop hardness ofsB measured at load of 100g was 30.4 GPa, similar
to B,C (30.2 GPa) prepared and measured under the sanuitions. The zero
porosity Young’s modulus value was about 470 GPth Woisson’s ratio of 0.155

and flexural strength of about 350 MPa with an agergrain size of 2 um.

Bairamashviliet al ®* fabricated boron suboxide ¢B8) by a hot pressing technique
in a compaction press and in vacuum at high tenymergexact temperature and
pressure not reported). The physicomechanical piepeof this material were
measured and compared with those of,%id BC which belong to the same family
and prepared in the same way as th®.Bhe resulting materials had more than 90%
of the theoretical densities and the compositioesevapproximately stoichiometric.
Summary of the measured properties are given le 6. The compression strength
measured for BD varies from 63 GPa at 2D to 39 GPa at 100C. The
microhardness values for,8 and BO were nearly identical and SjBvere slightly
lower (fracture toughness not reported). The aastoduli of BC, BsO and SiB
were measured in air at room temperature by theardyn specimen — bending
method.

Table 2.6: Physicomechanical properties gdBB,C and SiB ©°.

Linear thermal

. Young'’s ) .. Thermal
comp
Sample (I?;(r:\;%t)y (GPa) I(—iGaFr)(;r;ess modulus ?’xpfges :2_?) coefficient conductivity at
at RT (GPa) [RT-1000°C] 100°C, W/mK
BsO 2.4 63 32 440 55 10.2
B,C 2.4 79 35 480 4.5 14.7
SiB, 2.35 50.2 27 280 6.0 5.9

Brodhag and Théven&t produced boron suboxide {8,) by hot pressing ‘sound’
pellets either by starting from a mixture of boramd boron anhydride for reactive
sintering, or B,O, powder prepared by the boron reduction of zindexnd leached

in acid for reducing zinc content. Boron nitridaitig was used to prevent carbon
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diffusion in the sample during hot pressing in duiggodies. Hot pressing was carried
out at temperatures up to 2000and pressures between 20 and 29 MPa. The
sintering mechanism was explained and discussesedtion 2.5.1. The resulting
materials were porous and therefore the propesteze not reported (see table 2.4).

Badzian*® produced boron suboxide via high temperature (@B60FC) sintering
under pressures from 100 to 1000 MPa from boron By, The sintered bodies
were melted in induction furnace in an argon atrhesp and properties measured.
The melted material was found to be black in cal@hemical analysis was done on
the powder and BO composition was assumed. The melted material das
microhardness measured by Hanemann indentation k&) of 60 GPa. This
material shows polycrystalline morphology, easigava diamond tip parallel to the

(001) plane, or scratches a (111) diamond faceyrdaection.

In 1991, Srikantret al Y attempted to determine the nature of th® Bhases that
occurred in the field defined by pressure of 0.t GPa, temperature between 1200-
1700C, and the compositional range 2/ 24. Amorphous boron powder and
boric acid were the starting reactants. After pssogy at elevated temperature and
pressure, for compositions over the range 2/% 6, BOs (identical to the

hexagonal starting material) and@ (rR3m) were the dominant phases present. For
the compositions 6 x 24, BO and rhombohedral B were the primary phases
identified. Densities obtained ranged from 2.2®16 g/cni. The hardness values
obtained were dominated by the occurrence ¢d.BHowever, there were some
suggestions of high values of hardness on a lezhksale in specimens near,G
composition. Fragments of processed specimen comgaiBsO were observed to
scratch AJO3 (easily) and SiC.

Ellison-Hayashiet al @@)G4G5)

produced boron suboxide ¢B) by hot pressing a
stoichiometric mixture of elemental boron and booxide powders at temperatures

in the range of about 1800-22@0and at pressure of about 14-40 MPa for a perfiod o
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about 5 minutes to 3 hours while encapsulated QY. average Knoop hardness
(100g load) of about 38 GPa was reported and foresmaterial about 42 GPa. They
claimed that the powder can be crashed into grarand used as abrasive grit, or grit
bonded to tools which require highly abrasive stgéa The high hardness was
attributed to the presence of Mg in boron starpogvder which aid in densification.
The fracture toughness was not reported.

Kayhan and Inaf® fabricated BO compact from BO powder produced by reacting
boron and zinc oxide. Hot pressing was carried aiufl606C in vacuum under
pressure of 40 MPa for 2 and 4 hours, respectivatyinductively heated graphite
die was used. An intermediate barrier layer of hondride was used between the
green sample and the graphite die and rams to mireaebon diffusion from the die
to the sample. During pressing, the pressure wastam@ed at 10 MPa up to the
sintering temperature and then was increased tdRA. The densities measured
were 2.15 and 2.18 g/émrespectively. The samples were then given a high
temperature treatment at 18G0under vacuum with no pressure applied for full
densification (densities measured were 2.31 an@ 2/8n?, respectively). The
Vickers microhardness (100g load), fracture toughrend flexural strength values
measured for these materials are summarised ie abl The fracture toughness was

calculated from three-point bend testing with nattius of 0.4 mm.

From table 2.7 the properties measured for py iBaterials are very surprising and
unexpected since the fracture toughness was altegdy(6.23 MPart?) for the pure
hot pressed material even before infiltrating watbminium. This is contradictory to
what have been reported in literature up to datd, gure BO sintered compacts have
low fracture toughness values (brittle). Using tinacture toughness (K and
reported strength values)( the defect sizea] can be estimated &8

a=Y[K./s| R.3
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where Y 1. This gives a very large defectsQ.8 cm) questioning the validity of the
data.

Table 2.7: Summary of properties of@hot pressed at 168D in vacuum under 40 MP&.

Density Hardness Fracture Flexural

Material toughness strength  Phases
(glen?) (GP2)  (vipani’)  (MPa)

2h hot pressed 2.15 35 5.35 57.18 sOBB, B3

4h hot pressed 2.18 35 5.52 59.07 sOBB, B3

2h hot pressed & heat-

ireated 2.31 36 5.84 62.43 B, B

4h hot pressed & heat-

treated 2.39 37 6.23 66.70 B, B

4h hot pressed, heat-treated BsO, Al,Os,

& infiltrated 2.53 40 8.12 86.88 AlL By

2.5.3 High-pressure high-temperature conditions and properties of Hasy

ceramic materials

ltoh et al. © produced BO compact via high-pressure (3-6 GPa) high-tempezat
(1400-1806C) techniques from powdereds® synthesised from amorphous boron
and boron oxide (BDs) for 10 to 20 minutes in inert atmosphere. Thecspen
chamber was surrounded by an hBN capsule and aitgapeater was used for
heating purposes. A single phase sintered compadhdy Vickers microhardness
(2009 load) of between 31 and 33 GPa under pressfi®5 GPa and 1760 for 20
minutes can be produced. It was found that th® Bintered compact was of
intragranular fracture type while the toughness leas The BO sintered compact
had superior oxidation resistance in air at higmperatures (up to 1000) in
comparison with a BC sintered compact prepared in the same condi(ibrsPa,
1700C and 20 minutes). The,8s layer formed during oxidation functioned as a
protective layer and does oxidise mildly until abd®00CC.
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The synthesis of g single crystals at high pressure and high tentperavas
discussed in section 2.4. However, properties ef¢materials were not mentioned.
He et al @Y produced BO single crystals at high pressure (~ 5.5 GPa)highl
temperature (216Q) for 60 minutes with grain sizes over 100 pm.sThiade it
possible to measure the Vickers hardness on sepsiragle crystals. The Vickers
hardness was measured using a pyramidal diamorehtatibn method, after the
samples had been polished using diamond abrassks dind slurries. The average
Vickers hardness was 45 GPa under a load of 098Nhe corresponding fracture

toughness, measured using Anstis’ equation, waMBa&m'.

2.6 Boron suboxide composites

BsO sintered compacts have been discussed in setorFracture toughness of a
single crystal BO is 4.5 MPartf® with a corresponding Vickers hardness of 45 GPa.
The Vickers microhardness values obtained for pgbtalline BO range from ~31

to ~38 GP&?™. However, fracture toughness for polycrystalling®Bs less than 1.5
MPam”?> which limits industrial applications. The causer fthe low fracture
toughness obtained in the sintered compacts isunderstood. Efforts have been
made to increase the fracture toughness by formBigl composites with other
ultrahard materials such as diamond, boron car{®d€), and cubic boron nitride
(cBN). BsO composites have also been produced with aluminamd carbon
additions. Summary of these investigations is givelow.

In 1999, Kayhan and IndP’ densified BO sintered samples which have been
infiltrated with aluminium (99.99% purity) at tenmpéures between 1100-12&Dto
improve their mechanical properties. In filtratiomsre carried out in a tube furnace
in pure argon atmosphere with no external pressppéied. A temperature of 128D
was found to be the optimum infiltration temperatuifable 2.7 summarises the
properties of this material. Measured density was32g/cni. A Vickers
microhardness of 40 GPa (1009 load) with a cormedipg fracture toughness of 8.1
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MPant’2 was obtained. The fracture toughness was calcufaten three-point bend
testing. This fracture toughness is the highestnted for BO composite materials.
However, even before infiltrating this material kigluminium, the ‘pure’ BO
sintered compact was having a fracture toughne&2¥ MPar{* (see table 2.7)
which is quite surprising. In sections 2.5.2 an8.2.the properties of ‘pure’ ®
sintered compacts were discussed and it was shbatn‘gure’ BO compacts are

brittle or have low fracture toughness values.

ltoh et al  produced BO composites in the @-xB4C (x = 0-40 vol. %) system
under high pressure high temperature conditions @Pa, 1500-186C) from the
mixture of in-laboratory synthesisedsi®@ powder and commercially available@®@
powder. Relationship among the formed phases, stitrctures and mechanical
properties of the sintered composites was invesiigas a function of sintering
conditions and added,8 content. It was found that neither solid solusioor new
compound was formed under the sintering conditeomd that the sintered composite
consists of the mixed phases gfBand BC. Under these sintered conditions, strong
interparticle bonding betweens® and BC increased the hardness and toughness of
the sintered composites. A maximum microhardness4&f GPa (200g load) was
reported from BO-30 vol. % BC powder under sintering conditions of 4 GPa,
1700°C and 20 minutes. Fracture toughness was lessltvépant’.

ltoh et al ¥ later investigated high-pressure sintering behavio the BO-cBN
system using in-laboratory synthesise@OBand commercially available cBN
powders. The phase relation, microstructure andhar@cal properties of the
composites were examined by varying the added clBNuat and its average grain
size as well as the sintering conditions. No reactoccurred between the two
components under high pressure (4-6 GPa) and lEigiparature (1500-1860)
conditions. Well dispersed¢B-x(cBN) sintered composites of almost full density
were prepared in the range of x = 0-50 vol.% byesing at 6 GPa and 180D for 20
minutes. A maximum Vickers microhardness of 46 GE¥g load) was attained by
-~ 27 -~
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adding 40 vol. % cBN with an average grain sizé& um. A maximum fracture
toughness of about 1.8 MPHA(using Niihara’s equation) was obtained at 60 6.
cBN addition. It is believed that crack deflectialeng the BO-cBN grain boundary
contributed to the increase in fracture toughness.

Sasaiet al () prepared sintered composites in th@®8diamond & = 0-80 vol.%)
system under high pressure and high temperatuditoms (3-5 GPa, 1400-1800D)
from a mixture of in-laboratory synthesisegCBpowder and commercially available
diamond powder with various grain sizes for 20 rtesu The phases formed,
microstructures and mechanical properties of thetesed composites were
investigated on varying the added diamond contadtsantering conditions. It was
concluded that neither solid solution nor new cluwaiicompounds were formed
under the sintering conditions. Sintered composifdsll density consisted of mixed
phases of BO and diamond. A maximum microhardness of 57 GBAdg2oad) was
measured in the @-60 vol. % diamond (grain size < 0.25 um) sintecethposite
under the sintering conditions of 5 GPa, 1°'Gnd 20 minutes. The fracture

toughness, however, was less than 1 MPameasured using Niihara’s equation).

Recently, Shabalald® produced BO composites using Al-B-O and C containing
compounds at low-pressure high-temperature (hossprg) conditions (1600-
1900°C, 50 MPa, 20 minutes). The composite powders wegpared by mixing in-
laboratory synthesised ¢8 powder with commercially available A&);, and by
coating it with AbOs using a Chemical Vapour Deposition (CVD) process.
Relationship among the formed phases, microstresiand mechanical properties of
the sintered composites were investigated. Measigedities were higher than 97%
theoretical density. AD; addition via mixing and CVD produceds® composites
with better mechanical properties, especially freettoughness. Increasing the
amount of Al (or A}Os) slightly reduces the hardness but significantigréases the
fracture toughness of thesB composites. The sample with the lowest amouml of
(2.2 wt% Al) had Vickers hardness of 31.1 GPa (5@@gl) and fracture toughness of
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3.1 MPanY?. The increase in fracture toughness was attribtdetthe formation of
alumina borate, AkB4O33, as a secondary phase at grain boundary interfdces
addition, the residual stresses produced by themaiih in thermal expansion
coefficients between # and AlgB4sOz3 improved the fracture toughness.
Composites produced from the addition of C had esad Vickers hardness in the
range of 22.8 - 25.9 GPa (5009 load) but incre&sadure toughness in the range of
5.25 - 5.48 MPaff. The increase in fracture toughness was attributedhe
formation of BC phase as well as some traces afB4Os3 from the starting BO

powders. Summary of® composite materials are given in table 2.8
In conclusion, a careful selection of additives /andinders in combination with
controlled sintering conditions could result inraguction of BO composites having

a unique combination of mechanical propertiesridustrial applications.

Table 2.8: Summary of the mechanical propertieBsaf composite materials.

. Fracture Elastic
. . Microhardness,
Composite materials (GPa) 100g load toughness, modulus  Reference
g K (MPam®  (GPa)
BeO crystal 45 4.5 - (9)
BeO sintered compact  31-38 <15 470 (2)(38)
B¢O-30 vol.%BC ~46 (200g load) Very low - 4)
BsO-40 vol.% cBN ~46 (2009 load) <1.8 - (14)
BsO-60 vol.%
diamond 57 (2009 load) <1 - (7)
BsO infiltrated with a1 8.7 ) (5)
Al
BsO coated with
ALO (Al = 2.2wt %) 31.1 (500g load) 3.1 514 (16)
BsO-10 wt% C 22.8 (500g load) 5.5 - (16)
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2.7 Potential industrial applications of boron suboxide-based materials

Diamond, cBN and their sintered composites are lidsed as superhard materials
in industry for drilling, cutting, milling, and grding. However, diamond has a major
drawback in that it reacts with iron and cannotibed for machining ferrous alloys at
high temperatures due to the onset of its transdtiom to the graphite structuf@.
This prompted the synthesis of a second superhattrial (CBN); its structure
derived from that of diamond. cBN is half as hasddeamond, but does not react as
strongly with iron and can be used for machiningdes alloys. However, as
temperature increase cBN weakens due to diffusiearwAdditionally the synthesis
is more difficult.

Boron suboxide-based materials produced and disdussthis chapter possess good
physical and mechanical properties comparableamdnd and cBN. § has similar
thermostability as cBN®. The oxidation resistance of single phas® Band BC
sintered compact has been compared and foundhabddation resistance o8

in air at high temperatures is far superior to thaB,C and comparable to cBN
which have similar crystal structure and hardnes80 ®©. The product of the
oxidation (BOs3) during the initial stages serves as a protectayeer and thus
oxidises mildly until about 106C. For these reasonss® has an advantage over the
use of diamond in certain applications. Boron sud®xtherefore becomes a
potentially good candidate for cutting tools antdestindustrial applications where
abrasive wear resistance is esseftigl“*®®t)E>6) The strong covalent bonds and
short interatomic bond length contribute to theeptional physical and chemical
properties such as great hardness, low mass dehgtythermal conductivity, high
chemical inertness and excellent wear resistaff@&9®310) B3 also has
potential applications as semiconductors due testd band gap of 2 eV based on
photoluminescence, theoretical calculations andsistancy with red-orange colour
®8)59) Nevertheless, commercial applications have notbgen realised due to its
low fracture toughness.
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2.8 Improving fracture toughness of boron suboxide via sintering additives

One feature of microstructure that has greatektante on the mechanical properties
of materials, especially fracture toughness, iscivposition of the grain boundary
phase. The other feature is the grain sizes optiases in the sintered material. This

is discussed in section 2.9.

In ceramic materials, stress applied to a mateleas not result in limited plastic
deformation and therefore stress relaxation dodsogcour by this mechanism.
Instead, the stresses become concentrated atdlawks in the material. The critical
stress intensity factor (K) for a material is defined to be the stress intgrest a
crack tip in the material required to cause furtpepagation of the crack. Fracture
toughness therefore may be defined to be the aesistto fracture of a ceramic
material.

In some of the BO sintered composites investigated and discussséation 2.6, the
sintering additives acted as liquid phase at simgelemperature which could have an
added advantage of lowering the sintering tempee&®. Furthermore, production
cost could be reduced and lower densification teaipee also means a lower rate of
grain growth and hence finer microstructure coutddbtained. Additionally, finer

grain sizes result in a material with higher hasinestrength and wear resistance.

The presence of secondary phases in the sinteragams allows the activation of
toughening mechanisms such as crack bridging aaxk ateflection. This is believed
to occur because of mismatch in thermal expansatwden the secondary phase and
the BO phases, which places the grain boundary undeduads stress®®©,
Interfacial debonding at the interface between gh&n and grain boundary is a
second mechanism for promoting intergranular fra&ctby weakening the grain
boundary®>®?. Both phenomena produce a path along the graindsoies for the
crack to propagate along. The resultant intergeanatack path results in more

energy being expended than would be if the cratk p&re transgranular, since the
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intergranular path is effectively longer than tmansgranular path. Some of the
individual toughening mechanisms in ceramic maleriare highlighted below.
However, more than one type of toughening mechagembe active in the fracture
of a particular specimen.

2.8.1 Toughening by crack deflection

Crack deflection can take place when there arel lacgas in a ceramic that have
lower resistance to crack propagation than an geepdane cutting through at right
angles to the tensile stress. Additionally, craeflesttion can occur in a bimodal
microstructure containing weaker secondary phaséBeagrain boundaries, which
typically require about half the fracture surfacemy of a single cryst&i®. A crack
advancing through a polycrystalline ceramic thaerapts to follow a path along the
grain boundaries. This leads to staggered crackspahich subsequently lead to
greater energy loss per unit length of a straigi¢ running perpendicular to the
applied stress. Thus, the energy required to pitpaa crack over a given range will
be much higher and therefore the material is gaidet tough. Crack deflection can
also cause partial bridging by grains or seconds@hzarticles. Cracks deflected or
pinned are caused by stress fields associated tvdlmal expansion mismatch
between the second-phase particles and the matrixy cexistence of weakened
interface<®¥®%). The sign of the residual stress determines teetitin of deflection.
Specifically, a secondary phase particle that ibedded in a matrix with a lower
thermal expansion coefficient than the matrix Walld to the generation of tangential
tensile stress after cooling the material from phecessing temperature causing the
crack to deflect toward the particle. Alternatively second phase with a greater
thermal expansion coefficient than the matrix ireia tangential compressive stress
near the particle/matrix interface and diverts tack around the particl&®®°)
These stresses are caused by the greater degtieermfl contraction/expansion of
the particle with respect to the thermal expansmmifaction of the matrix. However,
toughness measurements suggest that the sign egritncke of the residual stress

have no significant influence on the magnitude rafck interaction toughening®.
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The generation of tangential tensile/compressiveesses in the matrix is

accompanied by the generation of radial compreAsivale stresses in the matrix.

When a crack approaches, or intercepts a secondeplparticle, it will
characteristically tilt (deflect) at an angle, out of its original plane as shown
schematically in figure 2.7a. The initial tilt aegtiepends upon the orientation and
position of the particle with respect to the adwagcrack and the sign of the residual
stress developed between the particle and the xn&tibsequent advance of the
crack may result in crack front twist (Figure 2.7b)for instance the orientations of
adjacent particles require the crack to tilt in ogipe directions. The increase in
fracture toughness imparted by deflection of theckris evaluated from the local
stress intensities at the tilted and twisted podiof the crack front. Faber and Evans
®3) found out that an increase in toughness by craglection only depends on
particle shape and volume fraction of the seconga@se but not particle size. The
most effective morphology for deflecting propaggtaracks is the rod of high aspect
ratio which can account for four fold increase$ractture toughness followed by disk
and sphere. Toughness increases with increasingmeolfraction of deflecting
particles up to about 20 vol. % and increases Wittg with further increase in
volume fraction. Crack deflection appears to bedbminant toughening mechanism
in platelet-reinforced alumira®.

~ 33 ~



Chapter 2: Literature Review

Figure 2.7: Schematic diagrams of typical cracked#ibn. a) Tilt and b) twist of the crack frdfi?.

2.8.2 Toughening by crack bowing

Crack bowing is the development of a nonlinear lcifagnt for a planar crack. This
phenomenon is different from crack deflection, vhis the development of out-of-
plane portions of the craéd¥. Crack bowing originates from resistant secondspha
particles in the path of propagating crack. Thiagteening mechanism could be
described as a crack advancing in a plane, butedifoy barriers with an average
spacing of d and bowing out between the pinningnigoiinder the action of a stress.
Crack bowing and crack deflection processes (bdtlwlich are insensitive to

particle size) occur simultaneousis).

2.8.3 Toughening by crack bridging

Crack bridging is a toughening mechanism which tbgse behind an advancing
crack. Crack bridging is the process of physicaltact formation between the mating
crack surfaces, through fibres, whiskers, platelietdusions and surface asperities,
which interlock the mating crack surfac®8. Crack bridging enhances crack energy
dissipation due to the presence of ligamentarygesdhat span from one crack face
to the other. On one hand, the dissipation of gneauld be due to the frictional
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sliding of the ligaments against the matrix matewhich generates heat. On the
other hand, energy dissipation can occur when itf@mlentary grain material has
different elastic and vyield strength properties tte surrounding matrix®®.
Contributions to the toughness caused by reinfgrelements that bridge between
crack surfaces are separated into two parts: duatitl brittle. The former refers to
metal-toughened ceramics (cermets) and relies gh taughness and ductility to
permit metal ligaments to exist and to contribube tbughness through plastic
dissipation. When the bridging material is brislech that its toughness is similar to
that of the matrix, the occurrence of bridging isren subtle and requires either
microstructural residual stresses or weak intes@zenoth®®.

2.8.4 Transformation toughening

The stress-induced transformations that can caigggfisant toughening include

martensitic and ferroelastic transformation as wadl twinning. This type of

toughening mechanism is mostly seen in ceramictagong zirconia in metastable
form. It is found that the stresses around a ctigckause transformation of a volume
fraction of tetragonal zirconia particles to momoicl form out to a distance from the
crack tip dependent on the applied stress and tecatrivalue required for the

transformatior®®.

2.8.5 Toughening by microcrack

Microcracks occur within regions of local residgtiess caused by thermal expansion
mismatch and/or transformation. In case of residerasile stress, microcracks occur
either within the second phase particle or at thierface, whereas microcracks
develop within the matrix in case of residual coeggive stress in the particle. The
microcracks also occur along the lowest fracturergy paths and locally relieve the
residual tension. Consequently, a dilatation ocgorgerned by the volume displaced
by the microcrack. A microcrack also reduces tlaested modulus of the microcrack
process zone. When the microcracks are activatethéypassage of macrocrack,
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change in toughness occurs. These microcracks ataasacrack arrestors or change
the direction of a straight advancing cra@®®®. However, this contribution is

partially counteracted by a degradation of the netahead of the microcrack. The
basic material quantities that allow microcrackingsidual stress and low fracture

energy interfaces) also lead to grain bridging.

2.9 Improving mechanical properties by reducing grain sizes inirstered

materials

One other feature of microstructure which has theatgst influence on the
mechanical properties of materials is the grairessiaf the phases in the sintered
material. For tooling systems, the most promisiray wo develop new tool materials
with improved properties is to reduce the graire sizthe sintered microstructures to
nanoscale®(%72 Advantages of reducing the grain size includeuctidn in
sintering temperatures, improved properties (ea@diness, wear resistance and
strength), and new possibility of designing newudiires or composite materials.
The unique properties of these materials are deffnean their large number of grain
boundaries compared to coarse-grained polycrystalicounterparts’>”®, The
decrease in grain size strengthens metals as svekbramics according to Hall-Petch
law ®"3 The relationship is described mathematically layi4Retch equation which

is

y= otk d R.4

where k is a material constant, is a material constant for the starting stress for
dislocation movement is the mean grain size ang is the yield stress. However,
the strength tends to tend to increase with decrgagain size down to a critical
value (20 nm). When the grain size is below 20 sinength appears to decrease with

further grain refinemerif®.

~ 36 ~



Chapter 2: Literature Review

Different processing routes have been used to eedowder sizes. These includes a
wide range of vapour (physical and chemical vam®position), liquid (sol-gel and
wet chemical), and solid state (mechanical millamgl mechanochemical synthesis)
processing route§ . However, mechanical milling and spray conversae
commonly used to produce large quantities of namodiess (’®. Depending on the
process route taken, different internal structusge produced that affect the
properties of the sintered compact. In this thesesghanical milling has been chosen

for the production of BO submicron particles.

The comminution process of milling is widely usedceramic processing to reduce
the average particle size of a material, liberatpurities and reduce porosities of
particles, modify the particle size distributionsgkrse agglomerates and aggregates,
reduce the maximum patrticle size, increase theecortf colloids, and to modify the
shape of particle§®. Common mills used for grinding ceramics materiis ball
mills, vibratory mills, attrition mills, fluid engy mills and roller mills. In high
attrition mill, which has been used for milling e@pnents in this project, small
grinding media and granular material are intensgitated. Contamination due to
wear of the mill lining and media is considerabtedl as commonly eliminated by
chemical leaching, sedimentation, or magnetic s#joar. Attrition grinding is used
for producing submicron powders of hard refractmxides, carbides, nitrides, titania

pigments, and paper-grade kaolin.
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2.10 Motivation for the research objectives and structure of the experiméal

work

The objective of this research was to improve theral mechanical properties,
especially fracture toughness, of boron suboxidgethacomposites available up to

date for industrial applications using hot pressidg) technique.

2.10.1 Motivation for the research objectives

As mentioned earlier in this chapter, the hardmdss single crystal boron suboxide
(B¢O) is 45 GPa which is comparable to that of cBN-585GPa). Additionally,

the fracture toughness o§®B single crystal was found to be 4.5 MBa&hnwhich is
higher than that of cBN (2.8 MPa&f%), and also approaches that of single crystal
diamond (5 MPai?). It has also been shown that boron suboxide hastter
thermal stability compared to diamond and can leyred without the need for high
pressures. Boron suboxide therefore becomes at@dggood candidate for cutting
tools and other industrial applications where abkeawear resistance is essential.

In spite of the high fracture toughness (4.5 MB3nfor a single crystal g, the
fracture toughness for polycrystalline® is less than 1.5 MPafnh which limits
industrial applications. The Vickers microhardnesakies obtained for polycrystalline
BsO through high-pressure high-temperature processege from 31 to 38 GPa. The
low fracture toughness obtained in the sintered pamts is not completely clear.
Efforts have been made to increase the fracturghtoess by forming &
composites with other ultrahard materials suchiasiond, boron carbide ¢B), and
cBN W4 High hardness values were recorded for the coitgsods ., ~ 46 GPa)
but fracture toughness values did not exceed 1.8rViR Recently, Shabalald®
produced BO composites with aluminium via hot pressing anthioled high fracture
toughness (3.1 MP4ff) with respectable hardness ¢Hv- 31.1 GPa). These results
suggest that a careful selection of additives imlmoaation with controlled sintering
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conditions could result in a production ofs@ composites having a unique
combination of mechanical properties suitable falustrial applications.

2.10.2 Structure of experimental work

Based on the results of Shabaldfi it was proposed that boron suboxide can be
liquid phase sintered using oxide sintering addgivin liquid phase sintering, the
sintering additive either melts or reacts with &eotsintering additive or the major
component to form a liquid, usually eutectic. Thnisans that in the case of ceramic
systems, in which the eutectic liquid phase fororatjoverns the effectiveness of the
densification, phase diagrams are important in simgpthe sintering additives, their
composition and the sintering conditions (especi@mperaturey’”. In the light of
this, an estimation of thermodynamic function ofdsosuboxide at high temperatures
was developed. The developed data was entered th#o FactSage™ 5.4.1
thermodynamic software and used for the calculatmfnphase equilibria in different
BsO-oxide/metal containing systems. The aim of thezdeulations was to determine
possible candidates for the densification of basahoxide materials. Details of the
estimation and calculations can be found in Chagter

The objective of this project was to improve them@d mechanical properties o8
composites and to investigate the relationship éetwthe microstructure and the
mechanical properties obtained via hot pressingchneving this objective, Chapter
4 dealt with the milling and sintering of boron swlile composites. The milling of
boron suboxide powders was to drive the partidessdown to the submicron range.
Y203, Al,O3, and SiQ were mainly used as the sintering additives. i ¥eaind that
these oxides can form stable liquid and have dhuidd stability during sintering
conditions. Additionally, Pd, TiBand TiC were also used. Admixed powders were

hot pressed at high temperature$g§00°C) to obtained densed materials.

~ 39 ~



Chapter 2: Literature Review

Characterisation of the hot pressed materials alt deith in Chapter 5. The
microstructure and phase composition of the hotsgg@ composites were
characterised using scanning electron microscodyM(S transmission electron
microscopy (TEM) and X-ray diffractometry (XRD). Dsties of the samples were
measured using Achemides principle to determinesgttent of densification. Vickers
hardness and indentation toughness were used tacthiase the mechanical
properties of the hot pressed materials. The creasdting from the indentation were
studied using optical and scanning electron mi@pss. In the discussion chapter
(Chapter 6) relations between the powder, compusitdensification and formed
microstructures are explained. The conclusions méaden this work and
recommendations for future work are presented iap@dr 7.
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3  Thermodynamic Properties of Boron Suboxide (BO)

3.1 Introduction

Boron suboxide-based compounds are normally dedsifit high temperatures
( 1700C) and/or high pressures.® materials produced thus far had shown good
hardness values but their fracture toughness vakme less than 2 MPdfh
Recently it was shown that the addition of Al or@{ results in improved fracture
toughness (3.1 MP&ff) with only minor reduction in hardnes®. A detailed
understanding of the processes which take pladagibot pressing would be helpful
in the search of new additives fog@ materials. A possible way for predicting the
phase formation is the use of thermodynamic calicus. However, current
knowledge on the thermodynamic properties of baoboxide (BO) is limited to
temperatures up to 800K®®Y The Gibbs energy of ® as a function of
temperature, composition and possibly pressurbesbasis for such predictions. In
this chapter the thermodynamic function ofCBat high temperature has been
estimated and used for the calculation of phaseililega in different BO-

oxide/metal containing systems.

3.2 Estimation of thermodynamic function of boron suboxide (BO)

All thermodynamic properties (volume, entropy, eply, internal energy, heat
capacity and chemical potential) are related taGhds energy. However, it is useful
to store and apply the data of a pure stoichiomstrbstance in the form of enthalpy
of formation and entropy at standard conditions298:15K and P=1bar) as well as
temperature function of the heat capacity. The hegdacity is integrated over

temperature to derive the temperature dependendeant! S as follow&™

H=H"+ TCp(T)dT B.1]

29815
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S=5°+ TCp(T)/Tdt B.2

29815

Thus knowing H, SC, other thermodynamic data fos® could be calculated.

The entropy for BO was determined &sS,q,,s = 3991J/mol/K [3.3
and
DH?(B,0,5,29815K) = - 527+ 32KJmol* '8 [3.4

The temperature dependence heat capacity wasisstabfor the temperature range
298.15K — 800K as

C, =5455936+17.263 10°T - 282" 10°T *(J/molK ) & [3.5

The enthalpy of formation quite agrees with othalues for similar compounds such
as BSi, BsAs, and BP as shown in figure 3.Y%. BsSi has similar structure,
composition and chemical bonding agOBand therefore would have similar entropy
and G values. Thermodynamic data fog® were taken from FactS&adedatabank

2 Since the Gibbs energy also depends uf,gg;s,Sys:5,andC,, the C,
expression for ESi has been used to assist in correct®ig expression at higher
temperatures. Th€, mathematical model ford%i for temperature range 298.15K —

2000K is as follows:

DC(B,Si) =141691+0.03850T - 5879400 2(J/molK) [3.6]
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Figure 3.1: The dependence of standard enthalpgs¥fcompounds on the radius of the atom X

introduced into the structure ofrhombohedral boroff®.

From equations3.9 and .6, a graph ofC, versus temperature was plotted (see
figure 3.2). The extrapolation of the, values of BO to higher temperatures gives

large differences between the two compounds. Ugtiadl atomic heat capacities of
all solid elements are in the range of 3R (= 249 Where R is gas constant (rule of
Dulong and Pettit). Additionally, the molar heatpaeaity of a solid chemical
compound is approximately equal to the sum of th@amheat capacities of its
constituent chemical elemer{ty. While this is true for many elements around room
temperature, (normally at 1- 2 timegsT; where is Debye temperature which is
materials dependent constant) the actual valuemagp 0 at 0 K and can exceed 3R
at elevated temperatures if the elements melt apaatd®®. Using this rule the heat
capacity of BSi can be estimated as 207.2 J/K compared to 2302 or 204.716
JIK found in literaturd® at 2000K.It follows that the maximum heat capacity of
BsO should be equal to the heat capacity of six batoms plus one oxygen atom.

That is, it has to be in the same region gSiBTherefore 213 J/K mol was chosen as
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the value at 2000K and a line@y, function, above the measured range (781 K), was

introduced to correct the deviation between the bapacities of BO and BSi in the
temperature range of 800K to 2300K (see figure.3.2)

500
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Cp(I/K)

p(Correction) =

200
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200 700 1200 1700 2200
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Figure 3.2: Graph of temperature versus heat cgpdoi BsSi, B;O (extrapolated experimental
values) and BO after correction (the data of®i taken fron{®?). The data of BO were measured in
the range 298.15K to 800K,

The usede function therefore was:

C, =5455936+17.263 10°T - 282" 10°T"*, J/mol.K B.7
for T < 800K ™ and

C, =0.0231 +16654, J/mol.K (determined by approximation in this woj&.§|
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Therefore,
800 2300

Cp(correction) = deT + deT [39]
29815 800

Coeanecion = G455936+17.263 10°°T - 282" 10°T %) +(16654+ 0.023) [3.14

Using theC, values of BSi instead of the approximated® theDG of B;O would

be somewhat lower. E.g. at 2000K it would be -98&4/mol in comparison to
-914.391 kJ/mol for the used dataset. This diffeeecorresponds to an error of less
than 1%. This difference can be viewed as the t@iogy of the determined values,
even for BSi. The data do not take into account the fact Ba&t is normally non-
stoichiometric®®. However, no data concerning the dependence oftitynamic
data on the oxygen content i@ are known. Therefore in all calculations we
assume the ideal composition ofB

The thermodynamic dataDH yg;5, Sys152N0C  orecion)  ObtaINed were used to

calculate the needed phase equilibria using Faet8dg4.1.

3.3 Phase equilibra calculations

Thermodynamic calculations at all times give resuhiat help to offer means of
systematising and modelling the behaviour of irdtng phases, allowing the phase
relations existing in multiphase systems to be wlesd. A combined approach using
thermodynamic calculations coupled with experimentaasurement is frequently
highly effective. In this section, thermodynamic lccdations of the phase
composition of BO/C/B,C, BsO/Ti/TiC, BsO/Al/Al ;03 and BO/AI,O3/Y ,05/SIO, -
composite materials have been described. The selaite been used in explaining
the sintering behaviour ofg® composite materials.
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The determination of the content ob@ on the surface of the¢® powder is
difficult, because oxygen analysis of the materddgs not give conclusive results
due to the non-stoichiometry of thes@ The washing of the powder in warm
alcohol/water reduces but does not remove th@; Burface layer completely. The
calculations were carried out between 1200 to 2008ing the starting composition
of the materials assuming 1 wt%@ in the material. In some cases the amount of
B,O3; was increased or decreased to test how stablsolbh@ons are. Additionally,
0.1 wt% Argon was used except when the overall snreswas increased to 10
atmospheres to test the stability of the formedsphaThe calculation was done by
minimisation of the Gibbs Energy of the system gdime EQUILIB module of the
program FactSage 5.5.

3.3.1 BO-C-B,CSystems
The thermodynamic calculations involvinge® and C showed that at low
temperatures (<1560), carbon is in equilibrium with # and reacts with s

forming BsO:

9 C(s) + 3 BO(l) = BsO(s) + 9 CO(g) 3.11

This reaction strongly depends on the CO - paptiessure and therefore the stability
of the liquid BOs; during sintering strongly depends on transpor€6f. Figure 3.3
shows the phase composition of the solid and gasetior BO/C system. At
1544°C, the CO partial pressure reaches 1 atmaspésulting in strong reduction of

B,Os in the system with a fixed pressure of 1 atm.

Carbon can react also withh® as follows:

2 BsO(s) + 5 C(s) = 3 BS(s) + 2 CO(g) 3.12
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The formed CO partial pressure is lower than thaillgium pressure of reaction
[3.11] (see figure 3.4a). Therefore the reaction takeseptanly after decomposition
of B,Os.

At 1616°C, the CO partial pressure of reactidhll] reaches 1 atmosphere and
carbon strongly reducess® forming B,C and CO. The added carbon therefore
reduces on the one hand@ and evaporates as CO and, on the other hand forms
B4C. The CO partial pressures of the two reactiona asction of temperature are
shown in figure 3.4a. The areas of the stabilitythe# different phases are shown,
which are separated by the lines. Even if the tlbeynamic calculations suggest that
B4,C would be decomposed at low temperatures (seeefg8.4a and 3.4b), this
would be unlikely to happen during cooling or hegtidue to kinetic reasons.
Therefore the use of B in BsO/B4s,C composites will result in more reproducible
results of sintering due to reduced interactionisTineans that regardless of the
starting composition, # and BC phases would be present at the sintering
temperature (190C). However, when the overall pressure in the systeincreased,
for instance, to 10 atmospheres, C could be stgble® about 187%& and BC forms

at about 1881T (see figure 3.5).
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Figure 3.3: Composition of the gas (a) and sofdili (b) phases for #-5wt%C system.
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Figure 3.4: (a) Partial pressure of CO for the tsatid systems, BO/B,Os/C and BO/B,C/C. (b)
Composition of the solid phase fog®-5wWt%B,C system.
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Figure 3.5: Composition of the solid/liquid phasasBsO-5wt%C system at 10 atms.

3.3.2 BO-Ti-TIiC-TiB, Systems

The thermodynamic calculations involvings® and Ti showed that TiBis in
equilibrium with BO together with liquid phases constituting %idi,0Os, and BO3
(see figure 3.6b). RemovingB; from the starting composition gives similar result
indicating that the presence/absence fHn the system will not affect the resulting

equilibrium compositions. Ti reacts withy® forming TiB; and BO;3 as follows:

8 Ti(s) + 3 BO(s) = 8 TiB(s) + BOx(l) [3.13

The formation of BOs liquid is as a result of reactioB.L3 as well as BO3 already
present in the system. At about 1800the partial pressure of (BOand BOs is
higher than the Ar pressure which is as a resultamiplete consumption of,B3

liquid which could be described by the reaction:
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BsO(S) + 5BOs(l) = 8(BOX(9) B.14
B,Os(l) = B,0Os(Q) B.19

This means that Ti metal is not in equilibrium wBgO and BOs but rather reacts
with BgO forming TiB,. Reactions3.14 and[3.15] occur even in BO-B,0O3 system.
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Figure 3.6: Composition of the gas (a) and sotiditil (b) phases for §®-5wt%Ti system.
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With the introduction of TiC, the gas compositiansimilar to that of BO-C-B,C
system (compare figures 3.3a and 3.7a) with CQgbgitessure much higher than
Ar. At low temperatures, TiC is reduced to C, whishthe case with ¥ addition.
The reaction could be described in two stages lasiv®:

At low temperatures (<1560)

TiC(s) + BsO(s) = TiBy(s) + C(s) 3.14
TiC(s) + BO(s) = BOs(l) + CO(g) B.17

Above 1500C, the CO partial pressure becomes much higher ttiear pressure.
Carbon decomposes to formy@ behaviour similar to B2 and C addition. The

reaction could be described as follows:

7 C(s) + 2 BOs(l) = B4C(s) + 6 CO(q) 3.19

In the absence of B3, similar results are obtained showing thaOBhas no effect
on the phases present within this temperature ramges means that at lower
temperatures, 3 will be decomposed by C (reactio.18) coming from the
decomposition of TiC (reactior3[17]). Reaction 8.18 will depend on the CO partial
pressure. Additionally, #D; liquid decomposes into gaseous phase increasmg th
partial pressures of (B@and BO:s.

Therefore for higher amounts of TiC, a strongerod&gosition takes place which
results in reduced densification. Similar reasorogld be said for Ti addition as
discussed earlier in this section. Therefore thditmh of TiC and Ti is only

recommended in small amounts less than 5 wt%.
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Figure 3.7: Composition of the gas (a) and sotdili (b) phases for -5wt%TiC system.
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3.3.3 BO-Al-Al,03 System

The results of the thermodynamic calculations fgO®\,03; system indicate an
oxide liquid containing AlO; and BOs; in equilibrium with BO and AlgB4Oss3
(Figure 3.8). The existing B3 on the surface of the starting powder and thgAl
added formed aluminium borates, and at high tenpess an oxide liquid. The
amount of A}O; and BOs; in the starting composition will strongly chandeet
amount of liquid phase existing during sinteringd dmence affect the extent of
densification during sintering. This liquid couldcrystallise to form AOs-B,0s
compounds during cooling. The type of aluminiumaterformed would depend on
the ratio of A}O;3 to B,Os in the liquid. According to the phase diagram (ifeg3.9),
a liquid phase is formed at 12@if the ALOs/B,Os mol ratio is between 9:2 and
2:1. All secondary phases are dissolved in thediaii the incongruent melting point
of Al16B4O3s.
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Figure 3.8: Composition of the gas (a) and sotiditi (b) phases for #-5wt%AlL,0; system. (c)
Composition of the gas phases fgfBLlwt%B,0; system.
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Figure 3.9: Calculated phase diagram ofG3|— B,Oz system. This diagram completely agrees with

the diagram given in literatuf&.

Comparing the gas compositions of figures 3.8a38d, it can be concluded that the
addition of AbO; lowers the partial pressure of boron containinghgounds by a
factor of 2 at 190TC. This helps to stabilise the liquid phase dusigering. Thus
the addition of AlO; reduces the activity of B3 in the oxide melt and therefore the
partial pressures. In figure 3.8c, (B@nd BO3; have the highest partial pressures.
The first is formed due to the interaction betwdy® and BOs;. The second is
caused by the evaporation of@® itself.
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For BsO-Al system, the thermodynamic calculations shosvfdrmation of AJO5; and
AlB 1, in equilibrium with BO (Figure 3.10). The Al reacts with;® forming ALOs

and AlB,, according to the reactions:

3 BgO + 2x Al = X AbOs + 3 BsOpnr .19
2 BsO + Al = AlIB1, + Al,O3 |_32q

Thus Al reacts with BO reducing the oxygen content in thgCBdue to the existence
of the non-stoichiometry of ®. Additionally, even in the absence of@3 in the
starting composition, these phases are observedjalibrium. In the presence of
B,O3, the ALO; formed in equatiofi3.19] could react with BO3 forming aluminium
borates. Thus the addition of Al reduces at leastiglly the amount of g3 in the

system.
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Figure 3.10: Composition of the gas (a) and sdiidbhases for FD-5wWt%Al system.
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3.3.4 BO-Al,03-Y,03-SIiO, system

The results of the thermodynamic calculations fg0-\l,03-Y 03 system indicate
the formation of BOs; oxide liquid which is in equilibrium with g, Al;gB4O33 and
Y 3Als0;, (Figure 3.11). It must be mentioned here thatutatons carried out in this
system are first estimation due to the fact thadata concerning the solubility of
Y03 in B,0O3/Al,05 melt exist. Therefore the calculated existenceBgd; oxide

liquid in reality means a #s-containing melt.

For 62 mol % AIOs (YAG composition), AlgB4Os3 disappears at about 1800
increasing the partial pressure of the gas phadeoaly appears again after about
1950°C. Additionally, the BO;z liquid is stable until about 1940 where it disappears
into gaseous phase. On the other hand, failOAImol % of 80 (also YAG
composition) AlgB4Os3 is stable even up to 20 B,Os in this case is stable up to
about 1908C and disappears into gaseous phase increasingpttial pressures of
the B-O composition. This means that for highegQAl content, there is enough
Al,O; to react with BOs; present at the starting composition to form a lstab
Al18B4033 according to figure 3.11. If the sintering tempera, for instance, is
1900C, the liquid BOs will recrystallise to form boron-rich compoundsrithg
cooling. The amount of the liquid phase present affiect the densification of the

sintered materials.

With the introduction of Si@into the system (i.e. #®-Al;03-Y ,03-SiO, system)
aluminium borate does not form. Instead yttriunccates will be in equilibrium with
BsO and Y;Als0;, (Figure 3.12)
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Figure 3.11: Composition of the solid/liquid phadess BsO-62mol%Ab03-38mol%Y,0; system (a)
and BO-80mol%AL0s-20mol%Y,0; system (b).
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Figure 3.12: Composition of the solid/liquid phades BsO-2wt%Al,0s-2.65wWt%Y,05-1Wt%SiO,

system.

3.4 Conclusions

Thermodynamic properties ofsg® have been estimated up to 2300K. The data has
allowed the prediction of the stability of the liguand crystalline phases ins®
composites. Therefore this can form the basis Fa $earch of new sintering
additives that would allow the sintering o§@ composites at lower temperatures.

From the above thermodynamic calculations, it hasnbshown that §® can be
liquid phase sintered using a wide range of oxididiteves. In liquid phase sintering,
the sintering additive melts or reacts with anotkisitering additive or the major
component to form a liquid. From the above thernmaghyic calculations, AD; and
Y .03 were selected as the main sintering additive®taoded in this research with the

introduction of SiQ to test the effect it will have on densificatiorpess.
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4  Experimental Procedure

4.1 Introduction

This chapter describes the materials, methodologyyipments, and relevant
formulae used in this project. Results obtainednfrthe experimental work are
presented in Chapter 5.

4.2 Materials and chemicals

Amorphous boron (supplied by H.C. Starck, Germaay)l boric acid (Saarchem)
powders were used as the starting materials forsgtmthesis of boron suboxide.
Additionally, boron suboxide @) powder produced at IKTS — Dresden was used
for the major part of the hot pressing investigadigarried out in this project. ADs,
Y.0s3 SIiO, TIiC, and TiB powders were used as sintering additives. The
compositions of these additives are described tailden section 4.4. Pdglwas
reduced to Pd and also used as sintering addAigeimmary of all the materials and

chemicals used are tabulated in table 4.1.

4.3 Synthesis and milling of boron suboxide ) powder
4.3.1 Synthesis of boron suboxide«B) powder

Amorphous boron (B) and boric acid803) powders were dry mixed in a turbular
mixer (WAB T2C) for 3hours using molar ratio B4BO3; = 8:1.03. This molar ratio
included 3% excess of 3BO3 in comparison to the stoichiometric equatighl]
which accounts for the evaporation gf®Bthat occur during synthesis:

16B +2H,BQ, =3B,0+3H,0 [.1]

Alumina balls with diameter of 12 mm were used aling media during mixing.
The turbular mixer was stopped after every 40 néswind the sample container
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manually stirred to remove powders that were sthake the walls of the plastic

container.

Table 4.1: Materials and chemicals used in thiggeto

Particle size, &

Material/Chemical Purity (%) Supplier

(um)

B 0.8 90 H.C. Starck
HsBO; - 99 Saarchem
BsO 100 - IKTS-Dresden

-Al,0O5 (AKP 50) 0.15 99.9 Sumitomo
Y,0; 0.2 - H.C. Starck
Sio, 40 - Heraeus
TiC 2 99.5 Johnson Matthey
TiB, 2.5 - H.C. Starck
PdC}, - 99.9 Sigma-Aldrich
h-BN rods - - GE Advanced Ceramics
Propan-1-ol - 99.7 Saarchem
Sodium
hexametaphosphate ] ) Saarchem
Methanol - 99 Saarchem
Ethanol - 99 Saarchem
HCI - - Saarchem
Diamond spray 1 - Struers
Diamond extender - - Struers
Distilled water - - -
Argon - UHP Afrox

The mixture was loaded in an alumina boat and placwehe centre of -Al,O3 tube
(hot zone area) which has been inserted into aber(TSH 17/75/150 Elite Thermal
Systems). The furnace has capabilities of runnma@ tmaximum temperature of
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1700°C with eurotherm microprocessor that controlled tdn@perature profile. The
furnace temperature was measured by a standardh Rttdmocouple which was
connected to the microprocessor.

The powder was heat treated in ultra high purigoarstream from room temperature
to 300C at 5C/min and dwelled at this temperature for 30 misuie allow the
transformation from boric acid @B0Os) to boron oxide (BOs). The furnace was then
heated at the same rate up to P8and dwelled at this temperature for 6 hours to
give it enough time for the reaction between boogide and boron to form boron
suboxide. It was cooled afterwards &Chnin to room temperature. The boron
suboxide powder produced via this method was wasmeadcohol and dried in a
rotary evaporator. The heating cycle is shown gure 4.1. The synthesised powder
was characterised using X-ray diffractometry, saaprelectron microscopy and
particle sizing techniques. Part of the(B powder produced was coated with
palladium and hot pressed as described in sectimnAdlditionally, pure BO was
sintered and the properties measured and compattethe coated powder.

360mins

1380

30mins

Temperature (°C)

Time (mins)

Figure 4.1: Temperature profile fog® synthesis. RT = room temperature.
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4.3.2 Milling of boron suboxide (BO) powder

The purpose for milling 8> powder was to drive the particle size down to the
submicron size range. This could have an added ngaya of improving the
mechanical properties ofg® sintered composites compared to their microciysta
counterparts due to the small size of the grainklamye fraction of the atoms located
at the grain boundaries.

Synthesised boron suboxide powder with averageoatgjlate particle size of 100
pum (supplied by IKTS - Dresden) was charged instainless steel attrition mill (S/N

200603, Szegvari Attritor System having 750 ml céya Steel balls of 2.5 mm and

1 mm diameter were used. The ratio by weight ofgd#o ball was kept at 1:10. Mill

speed was kept constant at 200 rpm at room tenyperaxcept when 1 mm diameter
steel balls were used; in this case the speed maasased to 300 rpm. Figure 4.2
shows schematic diagram of an attrition mill.

Propan-1-ol was used as the grinding media. Weiftite balls was measured before
and after milling to determine weight loss duringjlimg. The attrition mill was
stopped at selected milling times of 5, 20, 30, &0dhours using 2.5 mm balls.
Additionally, 30-hour milled powder was further ted for 5 hours using 1 mm
diameter steel balls to investigate the effect all Bize on milling. After every
requisite time interval, required amounts of powdeere withdrawn for washing and
particle sizing, taking due care to avoid samplergors. This was carried out to
understand the milling kinetics. The samples weréhér characterised using X-ray

diffractometry and scanning electron microscopytégues.
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Figure 4.2: Schematic diagram of an attrition mill.

4.3.3 Washing of boron suboxide {B) powder

After establishing the optimum milling conditionthdt is 30 hours milling using
2.5mm diameter balls in propan-1-ol), two batche8¢D were milled for the hot
pressing experiments. In order to recover pug® Powder for further processing,
contaminants (mainly Fe and Cr) introduced duringlimg were minimised by
washing the milled BO powders in 1 M HCI followed by washing in etharawoid
warm methanol to remove any.® remaining in the powder. For every 100g of
milled powder, 2.5 litres of 1 M HCI was used ftwetwashing. HCI solution was
changed after every 24 hours. The HCI solution efenged five times for the first
batch of milled powder (denoted bg ‘in the naming of the hot pressed materials)
and 10 times for the second batch of milled powdenoted byly in the naming of
the hot pressed materials). In both cases, theimgsld not remove the impurities
completely. Nevertheless, the levels of impuritiegre strongly reduced by
increasing the time of washing for the second batcimilled powder. After the

washing, BO powders were dried in a rotary evaporator and kepesiccators for
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further processing. XRD and SEM analyses were exraut on milled powders
before and after washing in HCI to determine thasgls and amount of Fe and Cr in
powders. Additionally, washed and drieg@Bpowder samples were taken for ICP-
OES analysis to determine the level of impuritefsih the powders.

4.3.4 Chemical analysis of milled boron suboxide;(® powder

An inductively coupled plasma optical emission speueter, ICP-OES (SPECTRO
CIRUS CCD), was used to determine the level of eatrations of Fe and Cr in the
washed powders. Samples (0.1g) were digested imlatian containing 3 ml
HNO;3 (55%), 2 ml HCI (32%) and 3 ml HF (40%) by microxgadigestion technique
(Multiwave 3000 SOLV). Digestion was done at 2B0for 30 minutes. The
following analytical wavelengths were chosen (n259.941 Fe and 267.716 Cr.
These wavelengths showed a good linear responsgedt concentration and
intensity and were free from interferences in thlege of concentrations used in the
present study.

4.4  Admixing boron suboxide (BO) powder with additives

To improve the mechanical properties, especialfctiire toughness of the ‘pure’
polycrystalline BO hot pressed compacts, different sintering adeltiwere used.
These additives were expected to reduce and/oaaephe existing 3 on the
surfaces of BO particles by reacting with it to form oxide/baigphases. Three
compositions (indicated by arrows in figure 4.3jhndlifferent amount of AlDs; and

Y .03 (based on the ADs-Y 03 phase diagram) were selected and mixed with ®
produce the composites. To obtaiROB composites with various structures for
studies, alumina — yttria mole ratio and sinteredgditive volume content were
varied. The ratio of the different additives aremsoarised in table 4.2. These
variables were chosen with the intention of obtajnseparate structures and grain
boundary chemistry which could assist in estabtighihe causes of the different
properties obtained and consequently establisHatiareship between structure and

mechanical properties. The process variables wareated to produce materials with
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varying amounts of phases at the grain boundafiégse differences in grain
boundary composition were expected to affect progger of the materials.
Additionally, SiG, was added to AD; and AbOs-Y,03; systems to understand the
role SiQ plays in the densification process and also itscefon the structure and
properties of hot pressed composites;(A] TiB,, Pd, and TiC were also used as
sintering additives. Coating ofs® with Pd has been described in section 4.5.

The mixing was carried out in methanol using 2 moména balls for 2 hours in a
planetary mill (Fritsch Pulverisette 6). The miflivessel used was alumina having
250 ml capacity. The mill was operated at a spebd@@® rpm to minimise
contaminations from the alumina balls. The mixedvghers were dried using the
rotary evaporator for hot pressing experiments. #euoh powders were characterised

using X-ray diffractometry and scanning electrornmscopy techniques.

Table 4.2: Compositions of sintering additives uisethis project.

Al,O5 Y ,03 Sio, TiB» TiC Al>,05/Y ,03
(wt %) (wt %) (wt %) (wt %) (wt %) molar ratio
1.00 1.32 - - - 62/38
2.00 2.65 - - - 62/38
2.83 3.75 - - - 62/38
2.87 1.58 - - - 80/20
4.88 1.22 - - - 80/20
1.48 3.26 - - - 50/50
2.10 4.63 - - - 50/50
2.00 2.65 1.00 - - 62/38
2.70 3.57 1.35 - - 62/38
2.54 1.40 1.27 - - 80/20
3.43 1.89 1.72 - - 80/20
2.00 - 1.00 - - -

1.00 - - - - -

2.00 - - - - -

3.00 - - - - -

- - - 5.00 - -

- - - - 5.00 -
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Figure 4.3: Phase diagram of,@% -Y,0; systen{®.

4.5  Coating of boron suboxide (BO) with palladium

Palladium chloride (Pd@l was used as a source of Pd in coating tk@ Bowder.
The intention was to form pure metal or palladiuanitle with BO; existing on the
surfaces of BO particles thereby forming a stronger grain boupdBdC} (weight
representing 5 vol. % Pd) was dissolved in 1 M @@l BO powder was added 8
powder used in this investigation was the one preduat Wits University and
discussed under section 4.3.1. The mixture wasedtiand dried using rotary
evaporator. The dried sample was put in an alurbost and placed in a hot zone
area of the tube furnace as described in secti®d.4The furnace was heated up to
400°C and dwelled at this temperature for 60 minute®toove any chlorine (Cl) left

in the powder as a result of mixing in 1 M HCI. Thenace was cooled to room
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temperature and the sample removed for charadierisd he temperature profile of
the furnace is shown in figure 4.4.

A
400 60 mins
3
(]
5 $ 9,
o Q
o A\
(4] o ——
2 s %
(5]
'_
RT |
Time (mins)

Figure 4.4: Temperature profile used for coatin® Bvith Pd. RT = room temperature.

4.6 Hot pressing of boron suboxide (§D) based materials

A uniaxial hot press (HP20-2560-FP20 Thermal Tetdmg was used for all the hot
pressing experiments carried out in this reseaftte furnace, heated by graphite
elements, has a maximum operating temperature @°2land is water-cooled. The
force is applied through graphite punches uniaximém the bottom graphite punch.
A schematic diagram of the die assembly is showfigure 4.5. A rotary vacuum
pump is attached to the hot press and is capablacofum levels of 10 mtorr.

Before hot pressing, all graphite components in libezone of the furnace were
coated with h-BN suspension (37g of h-BN and 100ofmivater) which has been

stabilised with poly-vinyl pyrolidone (2g). The gension was stirred using magnetic
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stirrer bar until the consistency of the entirepgnsion was uniform. The suspension
was then used to coat the graphite components.gf&ghite components coated
include punches and die insert. h-BN sample cellsewused for all hot pressing
experiments. The inner and outer diameter of tHeisel8 mm and 25.4 mm,
respectively; the height is 18 mm. The furnace esmecuated to a pressure less than
300 mtorr and then back filled with ultra high gurargon. Argon was allowed to

flow through the furnace during the entire hot pneg process.

Upperpunch — |

h-BN cell

I

Graphite die with insert o |
0.d. =80.0 mm - » Sample—»
i.d.=26.1 mm

BgO powder

Lower punch ¢

Figure 4.5: The schematic diagram of the uniaxilgressing die assembly.

Hot pressing was carried out at high temperatur&8qC0C) under a pressure of 50
MPa for 20 minutes. For pures®B, the applied pressure was increased gradually to
30 MPa when the temperature reached 3ICO®0CC lower than hot pressing

temperature) at a heating rate of’@&nin. At this temperature (1780), it was
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dwelled for 20 minutes after which the temperatwas increased at a rate of
10°C/min to 1906C. Dwelling time at 190 is 20 minutes by which time the
applied pressure is kept constant at 50 MPa. Afterheat treatment the hot press
was cooled at 2&/min to room temperature. A similar hot pressiggle was used

for all other hot-pressed materials. A typical pogssing cycle is shown in figure 4.6.

The variables used in figure 4.6 have been defim¢able 4.3.

During cooling, furnace temperature lagged behhel grogrammed temperature at
temperatures lower than 8@ At about 608C, the applied load was removed from
the sample. The hot pressed samples were recofreracbetween the punches and
the sample cells for analyses. The hot pressedlsanmgre of 18 mm in diameter

and 2 to 4 mm in thickness.

b

TZ |

Apply Pressure

t

|

Apply Pressure

Temperature’C)
_|

RT

Time (min.)
Figure 4.6: A typical hot pressing cycle used iis froject. RT = room temperature (see table 4r3 fo

definition of variables).
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Table 4.3: Hot pressing cycles for the various fi@ssing experiments carried out in this research

showing the definition of the variables used inufig 4.6.

Heating rate

Heating rate

Applied Pressure

: 0 0
mpessrs LR reo, LR wo ok
y (°C/min) L {Min) ecimin.) 2 M)y t,

‘Pure’ BsO 15 1700, 20 10 1900, 20 30 50
1400, 20 1600, 30

Pd coated BO 15 —— 10 _— 50
1700, 20 1900, 30

i 15 1600, 20 10
Composite 1800, 20 50
materials 20* 14007 5* 20* 50*

*This hot pressing cycle was used for the secondhbaf milled BO powder to reduce grain growth

and to improve densification

4.6.1 Heat treatment (annealing) of hot-pressed boron suboxidg®(Romposites

Heat treatments of ® composites namel{¥8BsO1Al1.32Yb, 18Bs0O2AI2.65YDb,
18Bs02.87A11.58Y b, and 18B¢02AI2.65Y1Sib were carried out to determine the
thermal stability of the binder phases formed alftetr pressing as well as possible
phase transformation of the binder phases. Nomemelaf hot pressed materials is
described in section 4.6.2. The heat treatment rerpats were carried out in
uniaxial hot press in argon atmosphere at I25@r 10 hours. The materials were
covered with BO powder and placed in hBN pots to minimised deawsitjpn and
contamination from furnace environment (graphitexponents). The materials were
then characterised based on phase and microstli¢tansformations, density and
weight loss.
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4.6.2 Nomenclature of hot pressed materials

BsO composite materials with different additives aaldlitive contents have been hot
pressed from two batches of milledg@ powders (BO powder produced at IKTS)
and from BO powder produced at Wits. For easy referencindenas hot pressed
in this project have been named according to timet pressing temperature,
composition, batch of milled powder, and heat trestt condition. The first two
numbers denote the temperature at which the mhtgaa hot pressed, except in
cases where materials were hot pressed at®C7&0d 1858C. In such cases three
numbers have been used (i.e. 175 and 185 resggktidis is followed by the
composition of the material. All additive contergge in weight % except for Pd
where volume % was used. In case of the oxide igddjtthe oxygen part was not
included in the naming. The composition has(first batch of milled powder) orl”
(second batch of milled powder) attached to it géating the type of BD powder
used to produce the hot pressed compact. Compaosdierials without these
notations mean that it has been produced frag® Bowder synthesised at Wits.
Repeated runs are differentiated from first runlbgr 2 at the end of the material
name. For the materials that were heat treatedaliheeviation HT has been added at
the end. Some examples of the method of naminigoflpressed materials are given
in table 4.4. Full list of all the hot-pressed metls and their properties have been

given in Appendix B.
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Table 4.4: Summary of material nomenclature andlitimm of preparation.

Material Designate

Pure BO hot-pressed at 1980 from first batch of milled BO
19Bz0a

powder

BsO composite hot-pressed at 18D@rom second batch of
18B;01A11.32Yb milled BsO powder which contains 1wt%#/&); and
1.32wt%Y,03

BsO composite hot-pressed at 18D@rom second batch of
18Bs0O2A12.65Y b-2 milled BsO powder which contains 2wt.%/; and
2.65wt%Y,0;. Repeated run.

BsO composite hot-pressed at 180Grom second batch of
18Bs02A12.65Yb-1HT milled BsO powder which contains 2wt%#/&); and
2.65wt%Y,0s. First run and heat treated (annealed).

BsO composite hot-pressed at 18D@rom second batch of
18B;02A12.65YHTPb milled BsO powder and contains 2wt%&; and 2.65wt%Y0s.

Admixed powder was heat treated before hot pressing.

BsO composite hot-pressed at 1800rom first batch of milled

19BO5TiCa _ _ )
BsO powder which contains 5wt%TiC

BcO composite hot-pressed at 180@&nd contains 5 vol. %
19B¢05Pd _ _
Palladium metal. ED powder produced at Wits was used.

4.7 Characterisation techniques

Before characterisation, all hot-pressed matenedse ground on the surface to
remove any h-BN material adhered unto the hot-pessaterial. Densities of the
materials were measured immediately after hot prgsMaterials were then cut into
2 to 4 pieces using diamond saw for further analy§zoss-sections of hot-pressed
materials were carefully polished after hot mountim bakelite powder followed by
lapping on Struers 80, 120, 220, 600 and 1200 @uinding was carried out to
achieve a flat surface and to remove any scrat®aterials were then polished on a
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Pan cloth to 1 um surface finish using diamond w@ad diamond extender to
remove surface stress raisers and machining damagle as microcracks and to
increase the reproducibility of data, especialhack size. Samples were rinsed with
ethanol and dried.

4.7.1 Particle sizing

The size and size distributions of milled boronube particles as well as other
powders were determined using Malvern Mastersizgi@dro2000MU accessory).
This equipment measures the equivalent mean vobirparticles and is based on the
principle of laser diffraction. The intensity andngée of diffraction of a
monochromatic laser beam as it interacts with tdige in a dispersion medium is
related to the particle size. In order to obtairerage particle size with narrow
particle size distribution, tests were conductethgissodium hexametaphosphate
(NHMP) as a dispersant. For the best results dfdggabsolute value of zetapotential
(see figure 4.7), B powders were dispersed in 0.05% NHMP solutiomgaisi
external ultrasound for 1 minute. The backgroundasueement was done using
NHMP solution with the same concentration (0.05%greising extreme care in
order to achieve a clean background. About 10 mgpofder was prepared and put in
1L beaker containing about 800 ml of solution fbwe tsize distribution tests.
Obscuration was less than 16%. Particles addeldettédHMP solution in the beaker
were homogenised using a stirrer at a pump spe®@d rpm. The ultrasonic was
adjusted to 75% of its maximum. As the particleesiavere reduced to submicron
range, characteristic data of particle as well &peaisant were necessary for
analysing the raw data. A refractive index of 3288l an absorption value of 1 were
used to determine the size distribution of theedilpowder. The refractive index for
BsO is not known precisely and was proposed basedeasurement at IKTS.
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Figure 4.7: Zetapotential versus sodium hexametgpiete (NHMP) solution (an experiment

conducted in the IKTS Dresden, Germany).

4.7.2 X-ray diffraction (XRD)

A Philips (PW1710) X-ray diffractometer fitted withonochromatic Cu Kradiation
set at 40 kV and 20 mA was used to determine thhegbomposition of powders and
hot-pressed materials. Scan width)(%as between f0and 86 with a step size of
0.02. Phase identification was done using Philipgliical X'Pert HighScore®
software with an in-built International Centre iffraction Data (ICSD) database.
BsO and other peaks were identified by comparingattipuired d-values to the values

obtained from the database as well as from previouestigation.

4.7.3 Scanning electron microscopy (SEM) and optical microscopy

The microstructures, composition, and morphologypofvders and hot-pressed
materials were analysed by means of scanning eteatmicroscopy (SEM) and
optical microscopy (Olympus BX41M). A Philips scamyp electron microscope
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(ESEM XL30) equipped with energy dispersive X-rggarometer (EDX) was used
to analyse the various elemental composition faartde materials.

4.7.4 Transmission electron microscopy (TEM)

A Phillips CM20 transmission electron microscop&§) equipped with EDX was
used to analyse the various elemental compositiond in the materials.

4.7.5 Density measurements

Densities of hot-pressed materials were measumgitt after hot pressing using
Archimedes principle. Materials with thickness riaugg from 2 to 4 mm were

immersed in distilled water and boiled for 5 hoursorder to remove air from the
pores in the materials. The boiled water contaiivgmaterial was then allowed to
cool to room temperature. The following formulaerevaused to calculate the
densities and the open porosities.

Material dry weight =d

Volume of material =/

Soaked weight after boiling in distilled watenwe
Suspended weight in distilled watemw

Density of distilled water = 1 g/cin

Bulk density, r =d/V =dr,, ,/(we- w) B2

Open porosity R, = (we- W)/ r,, oV =100%" (we- d)/(we- w) a.3

Each mass was determined five times and the melmes/aised to calculate the

density and open porosity of the materials.
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Theoretical densities of the hot pressed matewale calculated based on the rule of

mixtures according to the following formula:

rtheretical = m/ m /ri g"‘]

where, m= weight % of componefit gsooo= 2.55 g/cm gr03= 1.85 g/cmy, o3

= 4 glen; va03 = 4.85 gl sio2 = 2.3 glcni were used in the calculations. Errors
in these calculations are inevitable sing®©Rlensity changes strongly with oxygen
content. Therefore in calculating the theoreticahgities, the oxygen content was
assumed to be 0.9. This oxygen content can onlyadigeved at high pressure
sintering condition. It has also been assumed ttiatgrain boundaries of the hot
pressed materials consist of @k, Y,O3; and SiQ. In reality these phases react
during hot pressing to form yttrium aluminates apium silicates phases having
different densities. Another assumption made in tadculation of theoretical

densities is weight percent 0f@; (1 wt%) which is present in the starting powder.

4.7.6 Hardness and fracture toughness measurements

Materials for hardness and fracture toughness measnts were prepared as
described in the introductory paragraph of secddh The hardness and fracture
toughness of the hot pressed materials were mehbyrmdentation technique using
a Vicker's indenter (LECO V-100-A2 Vickers Hardnéssster machine) with a load
of 5kg and 1kg. Additionally, microhardness tegte-700) with loads of 2kg and
0.5kg were used. The length of the cracks genetatede indentation was measured
(see figure 4.8) and the crack lengths were usedltulate the fracture toughness of
the materials. The following formulae were usedcaédculate the Vickers hardness
and indentation fracture toughness (Anstis equptball hot-pressed sampl&¥®?.

Hv =18544P/(2a)? @.5
Ko =x(E/H, )" (P/c¥?) .6
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whereZ2a is the arithmetic mean of the two diagonals inromeeters (um), P is the
applied load in Newton (N), = 0.016 is a calibration constant, E is Young’s
modulus and is the radial crack length (m) as shown in figdr®. The unit of the
calculated hardness and fracture toughness aren give GPa and MPatf,
respectivel)}g). The hardness reported in Chapter 5 will be reploais Hy where v is
Vickers andx is the load at which the hardness was determiiiée@. fracture
toughness has been calculated using an applieddb&#g. Young’'s modulus of
composites containing ADs/Y,O; and AbO3y/Y,04/Si0, were determined
experimentally as described in section 4.7.7. Bongosites containing only /D3, a
Young’s modulus of 514 GPa, determined experimbnkst Shabalald'® has been
used to calculate the fracture toughness. For ¢kt of the composite materials, a
Young’'s modulus of 470 GPa was assumed which ivahee determined by Petrak

et al ©®® for pure BO hot pressed sample with zero porosity.

indent

ol Bt e T
- & L e W

cracks

Figure 4.8: Schematic representations of a Vicketsnt.
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4.7.7 Determination of elastic properties of the hot-pressed composites

The elastic modulus of the hot pressed materials @etermined by applying an
ultrasound pulses on the cross section of the meunsing oil and honey as a

transmission media. The velocities of ultrasoniovegawere measured by using a

piezoelectric transducer and measuring the trans# through the specimen. ¥ is

the velocity of longitudinal waves anglis the velocity of transverse waves, the shear
modulus was calculated from the thickness and tewn$ieach material using the
following equation:

m=rv,’ 1.7

Poisson’s ratio was calculated from

u=1- 2(v v )? /2L~ (v /v.)?] @9

and the Young’'s modulus was obtained from

E=2n@1+u) B.9

Additionally, the bulk modulus (K) was calculatedrh the following formula:

K=r@v’-4%)I3 B.1q
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5 Results

51 Introduction

This chapter presents the results of the synthasling, admixing and coating of
boron suboxide (8) powders, and hot pressing of boron suboxideebase
composites. The results also cover heat treatmahtetastic properties of selected
BsO composites. Discussion of these results and tationship between
densification-to-microstructure-to-property aregaeted in Chapter 6.

5.2 Synthesis and milling of boron suboxide @) powder
5.2.1 Synthesis of boron suboxidegB) powder

SEM micrograph of boron suboxideB) powder synthesised at Wits as described
in section 4.3.1 is shown in figure 5.1a. The sgaibed BO powder was washed
with warm ethanol to dissolve any®; formed as a result of using excess boric acid
during synthesis. The colour of the synthesizg® Bowder was dark brown. The
particle size distribution of # powder, determined using Malvern Mastersizer
(described in section 4.7.1), is shown in figuréb5.The surface morphology of the
powder was predominantly spherical. The shape d¢haaacteristic of BO powder
samples. Figure 5.1c shows the XRD pattern of ymthesised BO powder after
washing in ethanol showing onlyB peaks.
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Figure 5.1: As-synthesised boron suboxide powd&Vits. (a) SEM. (b) Size distributionsg= 4.59
pum (c) XRD pattern after washing in ethanol showia® peaks only.
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5.2.2 Milling of boron suboxide (BO) powder

For the milling experiments,s® powder produced at IKTS — Dresden was used. The
milling conditions and the particle sizing techreguare described under sections
4.3.2 and 4.7.1, respectively. Figure 5.2 reveéls tlependence of the size
distribution of the powders on milling time. As fml time increases the average
particle size of BO powder decreases and approaches a relativelyacdonsalue of
~0.4 pum with 2.5 mm steel balls. A drastic changeuos within the first 20 hours of
milling, and subsequently stabilises as the millimge increases. Driving the
particles further down with an average particlees{gsy) of ~0.2 um was not
attainable, even when 1 mm balls were used at higtik speed (300 rpm). From
these investigations it was concluded that thenoyt milling conditions are: 30
hours milling time at 200 rpm using 2.5 mm ballee$e conditions were used for the
second batch of milling experiments and the resalt reproducible (see figure 5.2b).
SEM micrographs of the starting powder as well asgers milled for 5, 20 and 30

hours are shown in figure 5.3.

A refractive index of 3.88 and particle absorpti@ue of 1 were used to determine
the size distribution of the milled powder (seeufiy 5.2). However, current
experimental work at IKTS to determine the refraetindex and particle absorption
of the milled BO powder gives 2.409 and 0.08, respectively. The distribution of
the milled powders (Figure E1 in Appendix E) is rsttongly influenced by the
refractive index and particle absorption in comgami to what has been given in
figure 5.2. However, coarse particles of more th@rum in size were found in the
milled powders, although their concentration ispMexv near the limit of detection.
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Figure 5.2: Dependence of particle size distributid BsO powders on milling time. a) ® powder
milled for 5, 20, 30 and 50hrs using 2.5 mm bd!swder milled for 30hrs was further milled for 5hrs
using 1 mm balls. b) Comparing size distributioridtnd 2% batch of BO milled for 30 hrs.
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AccY Spot Magn  Det WD Exp F——— 1mm
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Figure 5.3: SEM images ofs® powders milled for a) 5hrs. b) 20hrs. c¢) 30hrs.

5.2.3 Changes in chemical composition of® powder due to milling

Contamination is unavoidable during milling althbuthe extent can be minimised
under certain conditions. Milling parameters usedhis project are described in
section 4.3.2. The profile of contamination of adled powder in propan-1-ol is
shown in figure 5.4a. It can be seen that as mgiltime increased the weight loss of
balls during milling also increased. This indicatkat contamination occurs during
milling. Iron (Fe) and chromium (Cr) in the stealllb were the major contaminants
in the milled powder. XRD pattern of powder mille 30 hours is shown in figure
5.4b. Continuous washing of milled powder in 1 M IH@duced Fe and Cr
concentrations strongly (see figure 5.4c). Washuhgnilled BsO powder has been
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described in section 4.3.3. Chemical analysis (@&FS) carried out on washed

powders, as described in section 4.3.4, showed $ewveé of contaminations (Table
5.1). Nevertheless, the second washing g® Bnilled for 30 hours (¥ batch)
reduced these impurities strongly (see figure Bdtable 5.1).

Q

1

-
o

Weight loss (%9

\

<
o 3]

31

10

15

20

25 30 3B
Millingtime (hrs)

3500

3000

2500 [

2000

1500 |

Intensity (a.u.)

1000 |

500

40

45 50

Intensity (a.u.)

500 r

*Bg0

400

w
S
S

[N)
=1
S

100

10 20 30 40 50 60 70 80
Angle (°2 theta)

*BgO
+Fe

10 20

30 40

50 60 70 80

Angle (°2 theta)

Figure 5.4: a) Graph of weight percent loss ofldte#is as a function of time. b) XRD pattern of(B
milled for 30 hours. c) XRD of § milled for 30 hours and washed in 1 M HCI for &ys followed

by washing in methanol.
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Figure 5.5: XRD pattern of & powder milled for 30 hours showing® peaks. a) First batch. b)
Second batch.

Table 5.1: Chemical analysis (ICP-OES) g@OBmilled for 30 and 50 hours and washed in 1 M HCI.

Milling time (hrs) Fe (wt%) Cr (wt%)
50 0.86 0.35

30 (First batch) 0.096 0.086
30 (second batch) 0.016 0.018

5.3  Admixing of boron suboxide (BO) powder

In section 4.4, admixing of boron suboxides@B with various additives was
described. SEM images of A); (AKP50), Y,03; (grade C from H.C. Starck) and
SiO, (from Heraeu¥ powders are shown in figure 5.6. The®@d powder was fine and
white. The yttria had a fine whisker white appeasawhilst the Si@powder showed
bimodal distribution. Different weight percent oficitives were used in order to
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understand the densification mechanisms. The adh#® powders were analysed
using XRD and SEM to check the homogeneity of theord phase in theg®
matrix. A typical XRD pattern of g admixed with AlO; and Y>Os is shown in
figure 5.7. SiQ used in this investigation was amorphous. The XfRRerns of BO
admixed with AjOs, TiC and TiB respectively are also shown in Appendix C.

c)

Figure 5.6: SEM of images of (a) &) (AKP50) (b) Y,O; (from H.C. Starck) (c) Sie(from Heraeus)

powders.
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Figure 5.7: XRD pattern of  powder admixed with 2wt % 43, 2.65wt % ¥%0s.

The homogeneity of the admixed powders was invasdy by using SEM X-ray
mapping which determines the distribution of eletaemithin the admixed powders.
EDX mapping of BO admixed with 2 wt% AD; and 2.65 wt% ¥O3 is shown in
figure 5.8 showing good homogenous distributioadditives.
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Figure 5.8: EDX mapping images of® admixed with 2wt% AlO; and 2.65wt% ¥YO; showing good

homogeneity of admixed powder.
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5.4 Doping of boron suboxide powder with palladium

In section 4.5 the doping of¢® with palladium (Pd) was described. Pgd@las
reduced to Pd during coating. Weight of Pd@bpresenting 5 vol. % of Pd was used.
Figure 5.9 shows the SEM image and XRD pattermefdoped powder. It is evident
that doping of BO using this technique produced good distributiérPd in BO

powder.
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Figure 5.9: Pd-doped¢® powder (a) SEM (b) XRD pattern.
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5.5 Hot pressing of boron suboxide-based materials
5.5.1 Hot pressed ‘pure’ gD materials

BeO powders (first and second batch milled for 30reBpwere hot pressed at 1900
for 20 minutes under a pressure of 50 MPa usingiaxial hot press as described in
section 4.6. Additionally, BD powder produced at Wits was hot pressed under the
same hot pressing conditions. Table 5.2 summatieeproperties of the hot-pressed
materials. It was found that hot pressegDBnaterial produced from first batch of
milled BsO powder {9B¢Oa) had good fracture toughness (3.3 MP3ntompared

to the other two ‘pure’ BO materials which were found to be brittle. Ther@ase in
fracture toughness df9BsOa material can be attributed to the relatively higiels

of Fe and Cr impurities (table 5.1) in the startpmvder. These impurities formed
Fe-Cr-B phases at the grain boundaries which esuh the improved fracture
toughness. The measured densities, however, warkisfor the milled powders but
higher for thel9BsO material. 1kg and 0.5kg loads were used to deterrthe
Vickers hardness forl9BsOb and 19B¢O materials since higher loads caused
chipping of the BO grains. Hence, the facture toughness was noturesh$or these
materials. At these loads, the Vickers hardnes39BEO material was lower than
19Bs0Oa and19BsOb materials. The higher hardness values obtainetidgOa and
19BsOb is connected with the smaller grain sizes of théesed compact. The low
fracture toughness observed f8BsOb and 19BsO materials agrees with other
sintered ‘pure’ BO materials produced thus far which have been faargke brittle.

Details of the structure-properties relationship e dealt with in Chapter 6.
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Table 5.2: Properties of ‘pure’s® material hot pressed at 19Q0under a pressure of 50 MPa for 20

minutes.

Material Density SJI{Oheoretical S(fr?)r;ity Vickers hardness, fiv (GPa) Kic /
(g/cnt) density (%) 5kg 1kg 0.5kg (MPant’?)

19Bs0a 2.48 97.3 3.6 30.1+0.8 - 347411 3.3%0.1

19B:0Ob 2.48 97.3 11 - 35.7+1.6 35.6x1.5 Brittle

19B0* 2.52 98.8 1.9 - 29.4+0.5 32.3t1.4 Brittle

*Produced from BO synthesised at Wits University

Figure 5.10 shows the XRD pattern of the hot preespare’ BsO materials. XRD
patterns have similar peaks with two additionalkgefar the milled BO powders at
2 =45.10 and 45.96belonging to Fe-Cr-B phases. These additional paaék more
pronounced il9BsOa material than ill9BsOb material because of the high content
of these impurities in the former material. The@eB peak is not visible in the XRD
spectra forl9BsO material (figure 5.10c). Figure 5.11 shows thé/SEages of the
hot pressed materials. EDX carried out ©8BsOa material showed that the
secondary phases constitute mainly Fe, Cr and Mgh® contrary, EDX carried out
on 19BsOb and 19B;O materials showed mainly Mg as the secondary pHdge
found comes from the boron powder used to produ€® Bhe grain size of the hot
pressed compacts could not be determined from HM Bhages. This is partly due
to lack of good etchant for this material. AddigbrSEM images of the hot pressed
materials are given in Appendix D (Figure D1).
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Figure 5.10: XRD pattern for ‘pure’s® hot pressed material. (83BsO. (b) 19B¢Ob. (b) 19Bs0a.

Figure 5.11: SEM micrograph of hot-pressed ‘purgdBnaterial. (a)l9B¢Oa (b) 19B¢Ob (c) 19B¢0.
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5.5.2 Hot pressed ¢-Al,0s3-Y,03 composites

For this composite, three different ,8k/Y,O3 mol % additive ratios were
investigated, namely 80:20, 62:83, and 50:50 resmdyg. Additionally, for each of
the three mol % ratios, the amount 0$@d and Y,O; were varied. The reason was to
obtain BO composites with various structures and grain damn chemistry which
could assist in establishing relationship betwedemctire and mechanical properties.
These process variables were expected to produtszials with varying amounts of
phases at the grain boundaries which will subsdfuesffect the measured
properties. The ratios of the different additivesén been given in table 4.2 (Chapter
4). Admixing of the powders has also been descnibagction 4.4. Two different hot
pressing profiles were used as described in Chapt@ection 4.6). The first hot
pressing profile was used to produce compositem fthe first batch of milled
powder (denoted bya’) whilst the second hot pressing profile was us$ed the
second batch of milled powder (denoted bY. The second hot pressing profile was
used to improve densification and also to miningsan growth. Materials were hot
pressed at 180Q instead of 190 as given in section 4.6 under a pressure of 50
MPa for 20 minutes. Mechanical properties and dissmeasured on the hot pressed
materials are given in table 5.3. Naming of the potssed materials has been
described under section 4.6.2.
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Table 5.3: Densities and mechanical propertiess&f-BI,Os-Y ;03 composites hot pressed at 18D@inder a pressure of 50 MPa for 20 minutes.

. 0 . Open Vickers hardness (GPa)

Vateril Gorh  densy o BOOSY T Ke(pant)
18B¢O1AI1.32%vra 241 93.8 3.2 30.4+1.8 29.8+1.7 31.4+1.9 5.4+0.3
18B:01A11.32Yb-1 2.51 97.7 3.0 28.8+0.8 - - 4.7+0.6
18B¢O1Al1.32Y b-2 2.54 98.8 0.9 29.7+0.6 32.4£0.9 34.0£1.9 4.1+0.3
18B¢0O2Al2.65Y a 2.53 97.7 1.6 29.7+£2.8 29.6x0.7 30.7£1.0 6.2+1.0
18B:02Al12.65Yb-1 2.55 98.5 1.9 29.1+0.4 - - 4.6£0.4
18B502AI12.65Yb-2 2.56 98.8 1.2 29.2+0.7 31.4+1.2 33.0£1.8 4.4+0.1
18B,02.83A13.75vb-1  2.57 98.5 0.8 28.1+0.7 - - 5.1+0.8
18B¢02.83A13.75Yb-2  2.57 98.5 1.2 28.2+0.8 29.5£1.4 30.5£0.6 4.1+0.6
18B¢02.87A11.58Yb 2.53 98.7 0.8 28.3+0.9 29.4+0.9 31.4+0.9 3.8+0.9
18B504.06A12.24Yb 2.57 98.5 0.5 29.2+0.7 28.4+0.8 30.7+1.1 4.3+0.8
18B¢01.48A13.26Yb 2.57 99.2 1.2 27.910.4 27.4+1.0 28.6+0.8 3.8+0.6
18B:02.1A14.63Yb 2.56 97.7 1.4 27.8+1.3 28.0+1.5 29.0+1.2 3.3x0.3
19BOb 2.48 97.6 1.1 - - 35.6x£1.5 Brittle

a) First batch of milled > powder. b) Second batch of milleg@Bpowder. 1) First run. 2) Repeated run.
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It can be observed that densities obtained fosdw®nd batch of milled powdeb)
were higher than those obtained for the first batichilled powder @&). This is due

to the different hot pressing profiles used forsthéwo composites, as discussed in
Chapter 4 (Section 4.6). That is for the first batd milled powder, a longer hot
pressing cycle was used in comparison to the omal dsr the second batch.
Additionally, application of pressure was carriedt @t much lower temperature
(1400°C) in comparison to that of the first batch of il powder (160TT).
Nevertheless, when the same hot pressing profike wgad, the densities as well as
the mechanical properties measured on the hotguessnposites were reproducible.
Additionally, the open porosities obtained for tenposites prepared from the first
batch of milled powder were higher than for the posites prepared from the second
batch of milled powder. This is also connected it different hot pressing profiles

used.

The Vickers hardness values measured for these asitep were slightly lower than
that of ‘pure’ BO but their fracture toughness values improved iogmtly. For
instance, BO composite material containing 1wt% @, 1.32wt% Y03
(18Bc0O1AI1.32Yb-2) and 2wt% AO;, 2.65wt% Y03 (18B¢0O2Al12.65Yb-2) has
Hvos of 34.0 GPa and 33.0 GPa respectively, comparddvtg of 35.6 GPa for
‘pure’ BcO (19BOb). Their corresponding fracture toughness valuestat MPari{?
and 4.4 MPaf®, respectively. For small weight % of the bindededl the fracture
toughness of the composite increased significazdiyipare to ‘pure’ BO which was

found to be brittle.

Figure 5.12 shows a typical XRD pattern for thee¢hiAbOs/Y O3 mol % ratios
investigated. Only BO crystalline phases were observed except tho$e80itmol %
Al,O3 in the additives. For 80 mol % AD;, Al;8B4Os3 crystalline grain boundary
phases were formed besidegOB Varying the amount of AD; and Y,Os (for the
same AJO3/Y,03 mol % ratio) did not influence the phases pregetiie hot pressed

materials. The XRD patterns for the other hot pdssomposites are given in
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Appendix C. Comparing the admixed powder to thepgressed composites (Figures
5.5 and 5.12), it is evident that & and Y;Os; reacted completely by the
disappearing of these phases. However, the graindasy phases were amorphous

and could not be determined by XRD technique.

* %O
XAl1gB40s;
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Figure 5.12: XRD pattern of hot pressegDOBAI,Os-Y ,0; composites. al8Bs04.06A12.24Y (80:20
mol %). b)18Bs01.48A13.26Y (50:50 mol %). c)L8BsO2AI2.65Y (62:38 mol %).

Figure 5.13 shows backscattered images of hot guessmposite materials produced
from first and second batches of milled powderpeesvely. It can be seen from the
SEM images that the porosities in thgOBcomposite materials produced from the
first batch of milled powder are higher than thpseduced from the second batch of
milled powder. As mentioned, this is connectedhi different hot pressing profiles

used.
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Figure 5.13: Backscattered (SEM) images of Al-Y-eld®0O hot pressed composite materials.
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Figure 5.13: Continuation of backscattered (SEMages of Al-Y-doped BO hot pressed composite

materials. Additional images are given in Apperidix
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It could also be seen from the micrographs thatthes amount of AlO3/Y,0s
increased, there is segregation (pockets) of lighiases in the microstructure due to
bad wetting behaviour of J)0;. Porosities also increased at the grain boundases
the amount of additive increased. Energy disperXivay (EDX) analyses show that
these pockets of liquid phase has higher amouyitiaiim than aluminium. Materials
containing fewer amount of additive$88s01Al1.32Yb-1 and 18Bs02A12.65Y b-1)
had good homogeneity of the binder phase in thetestsed composites. It can also
be observed from the SEM images that all the hesgwd materials were nearly
complete dense, especially for the composites extidrom the second batch of
milled powder. There is also some pullout of theder phase due to long polishing
of the materials. It must be mentioned here th&@ B an ultrahard material. In order
to obtain scratch free surface after grinding, I@uaishing times were required.
However, the grain boundary phase is not as haik@s This caused pullout of the
binder phases which looks like pores in the materiat higher magnifications, one
could observe little or no grain growth in the potssed compacts produced from the
second batch of milled powder (see Appendix D)sTisipartly due to the high ramp

rate (20C/min) as well as lower hot pressing temperatu8®@C) used.

TEM analysis was carried out on Al-Y-doped@composite sintered using spark
plasma sintering (SPS) technique at IKTS to undatstthe structure and
composition of the grain boundary as well as toisas®lating structure to the
properties for this composite. This material wasesied at 180 under 50 MPa for
5 minutes. The composition was similarli@BsO2Al2.65Y material prepared in this
work and therefore can be compared with it. Figufeta shows that the individual
BsO grains are not well faceted and the materiali$@ated pockets of glassy phases.
The grain sizes of  in this material are homogenous and in the sutemicange;
same as the starting powder indicating no grainvtiro There were also some
dislocations and stacking faults within the(Bgrains as a result of the hot pressing
processes. Multiple twin boundaries i grains were observed. Glass phases
observed (Figure 5.14b) decomposed when exposedittent electron beam which
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indicates that the glass phase is electron beasitisen EDX analysis reveals the
incorporation of B, Al, Y, Mg and O into the glaspiiase. Mg in this case comes
from boron starting powder. Figure 5.14c showsmcgl HRTEM image of grain

boundaries observed in the Al-Y-dopegBmaterial. No evidence of grain boundary
wetting was observed and was therefore concludadtiiese grain boundaries have
clean interfaces. Hence the sintering process aoaildbe fully described as a typical

liquid phase sintering.

_ Clean interface

Figure 5.14: TEM micrograph of (a) overall micrestiure of the Al-Y-doped # composite material
sintered via SPS showing no grain growth and iedlgtockets of glassy phase. (b) damaged glassy
phase upon electron beam radiation for about 1 tmimdicating the sensitivity of the glassy phase.
(c) a triple grain junction in the Al-Y-dopeds® material which does not contain any residualglas

phase (clean interface).
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The fractured pieces of selected Al-Y-dopedOBhot pressed materials were
examined to understand the fracture mode that cedtum this composite using SEM.
Figure 5.15 shows the images obtained. There wlsupun 18B¢O2Al2.65Yb-2
material (Figure 5.15b). From these micrographads observed that fracture was
mainly transgranular. Higher resolution was difficto obtain. Nevertheless, it is
thought that fracture may also occur along the twonndaries and stacking faults as
indicated by TEM results.

b)
Figure 5.15: SEM images of fractured surfaces ofYAloped BO hot pressed materials. a)
18B¢01AI1.32Yb-1. b) 18Bs02AI2.65Y b-2.
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The hot pressing temperature for the compositesopaisiised using BO composite
containing 2 wt% AlO3; and 2.65 wt% ¥Os. The admixed powder was hot pressed at
1750C and 1858C under a pressure of 50 MPa for 20 minutes andbtbperties
measured and compared to composite material hasgileat 180C. Table 5.4

shows the densities and mechanical properties mexhéor the materials produced.

Table 5.4: Mechanical properties 0f@ composite material containing 2 wt%,@% and 2.65 wt%

Y ,03 hot pressed at different temperatures.

Material Density i)?heoretical Sc?r%r;ity > HVos Kic
(g/cnt) density (%) (GPa) (GPa) (MPant?)
17B02Al2.65Ya 2.27 87.6 5.9 16.6x2.1 - 7.2+0.6
185B02Al2.65Ya 2.58 99.6 1.2 27.8+2.1 30.7x1.4 3.410.1
18Bs02Al2.65Ya 2.53 97.7 1.6 29.7£2.8 30.7£1.0 6.3x1.0

Material hot pressed at 17%D (179Bs02Al2.65Ya) had the least density whilst
material hot pressed at 1880(185B02A12.65Y a) had the highest density. Material
hot pressed at 1800 (18Bs02Al2.65Ya) had intermediate density. Nevertheless,
hardness value obtained ftB5BsO2Al12.65Ya using 5kg load was slightly lower
than that obtained fdk8BO2AI2.65Y a material under the same load. However, the
microhardness values for both samples are sinilas is an indication that at higher
temperature (185C) grain growth occurs as well as decompositiobabn oxide
rich phases175B¢02Al2.65Ya material had the highest fracture toughness. iBhis
connected with the high open porosity (5.9%) in bog pressed material which
inhibits crack propagation. The fracture toughnafsmaterial hot pressed at 1800
was better than material hot pressed at ¥850The lower fracture toughness could be
connected with the segregation of grain boundamgsehn the microstructure (see
figure 5.17c). Based on these properties, the aptinhot pressing temperature for
these composites was established to be 800
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Figure 5.16 shows the XRD pattern for these comgssvhile figure 5.17 shows the
backscattered (SEM) images of the composites. Auaidit SEM images of these
composite materials are given in Appendix D (Figh#). Phases identified using
XRD were similar for all hot pressed materials simgronly BsO crystalline phases.
It was observed that the XRD peaks become sharfirimcreasing temperature.
Thus, as the hot pressing temperature increasedrgisgallinity of BBO changes,
changing the oxygen occupancy in thgOBstructure. A possible way of relative
estimation of the amount of oxygen would be to walie the intensity ratio of the
different peaks. The theoretical calculations udimg crystal structure data (ICSD
73624) indicate that the ratio of the (101) and4jlPeaks are very sensitive to the
oxygen conten®®. Figure 5.18 shows the sensitivity of oxygen conhten the ratio
(101)/(104) peaks. When the ratios at 1750, 18048, 850C were calculated, 4.5,
8.5 and 10.6% respectively, were obtained. Thisnméhat the oxygen occupation
factor decreases with increasing sintering tempegaflhis could be connected with
decomposition at higher temperature. EDX on theldrirphases showed mainly Al,
Y and O. The SEM images show that at hot pressingpéerature of 185C, the
binder phase was not homogenously distributed. €llersegregation of the grain
boundary phases in the microstructure. The reaspthé large segregations in the
microstructure is probably connected with the bagttiwg behaviour of yttria as
shown in the TEM results.
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Figure 5.16 : XRD pattern of 8 composite materials hot pressed at different &atpres showing
only BsO peaks. a) 175C (b) 1800C (c) 18506C.

It has been reported that@s present on the surfaces of particles affect the
mechanical properties of the hot pressed compaottest how the presence of@

will affect the properties of this compositesBadmixed with 2 wt% AlD; and 2.65
wt% Y,03 was repeatedly washed in warm water followed byghiay in warm
methanol to strongly reduce®; content in the powder. Part of this admixed powder
was hot pressed immediately after washing at 4B@Mder a pressure of 50 MPa for
20 minutes. The other part of the admixed powdes Wwaated at 25Q for 90
minutes to partially oxidise & to B,Os;. Weight of the admixed powder was
measured before and after the heat treatment. \Wgagh was 0.6% which was used
as a measure of the amount ofOB that has been introduced into the admixed
powder. The calculated,Bs; introduced is about 1 wt%. This heat treated powde
was also hot pressed under the same hot pressmititioos as the powder that was
not heat treated (hot pressing conditions: 280®0 MPa, 20 minutes). Table 5.5

summarises the properties measured for these catepasterials.
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Figure 5.17: Backscattered (SEM) images gDB:omposite materials hot pressed at a) 1Z36)
180C°C c) 1856C d) EDX at spot 1. €) EDX at spot 2. The segregatif grain boundary in ‘c’ could
be due to changes in wetting behaviour or grainvtroas temperature increases. More detailed

analyses are needed to understand this.
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Figure 5.18: Ratio of the intensity of (101)/ (1@®Baks as a function of the occupation factor ef th

oxygen position (an investigation carried out at & €.

Table 5.5: Densities and mechanical propertiesf Bomposites containing 2 wt% ,8; and 2.65

wt% Y,0; produced from untreated and heat treated powders.

Material Density % Theoretical Open Hvs Kic
(g/cnt)  density porosity (%) (GPa) (MPant?)

18Bs0O2A12.65Y b-1 2.55 98.5 1.9 29.1+0.4 4.6x0.4

18Bs0O2AI12.65YHTPb 2.54 98.4 1.7 26.4+0.5 4.3%x0.3

It was observed that introducing,®; before hot pressing decreased the hardness
value by 9.6%. The measured densities and fradibmghness were somewhat
similar. This is an indication that the presencdgD; strongly affects the hardness
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of hot pressed compacts. This means that the leivé,0;3 in the starting BO
powder must be kept very low in order to have vgopd mechanical properties of
the sintered compact. Figure 5.19 compares the 8&Ades of the two materials.
The presence of liquid B3 during hot pressing resulted in large segregatiotine
grain boundary phase. Cracks in the microstructumes caused by pullout of,8; at
the grain boundaries during polishing of the mateAdditional images of material

produced from heat treated powder are given in AgpeD (Figure D5).

Figure 5.19: Backscattered (SEM) images gDRBomposite containing 2 wt% Ab; and 2.65 wt%

Y03 produced from a) untreated and b) heat treatediimixed powders.

5.5.3 Hot pressed §-Al,0s-Y,03-SiO, composites

Having produced and obtained a good combinatiopraperties for BO composites
containing A}O3; and Y,Os; additives, Si@ was introduced to theB-Al,0s-Y 053
system to test the effect of SiGxddition on densification of these composite
materials. SiQ was also added to test any structure to propdranges that will
occur in the composites. SiQused in this work was amorphous. Details of the
composition of the different composites are giventable 4.2. XRD pattern of
BsO/Al,04/Y ,04/SiO, admixed powder is similar to the one shown inrfggh.7 since
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Si0, is amorphous and cannot be determined by XRD tquabn A typical XRD
pattern of BO admixed with AlOs, Y203, and SiQ is given in Appendix C (figure
C4). Composites were produced by hot pressing @°C8under a pressure of 50
MPa for 20 minutes. The densities and mechanicgigaties measured are given in
table 5.6.

Table 5.6: Densities and mechanical propertiess@f 8omposites containing &D;, Y,0O; and SiQ as

additives.

Densit % Open Vickers hardness, K
Material (g?;?%)y Theoretical porosity _(GPa) (l\l/ICPa )

denSity (%) HV5 HVO.5

18Bs02A12.65Y 1Sia 2.46 95.0 4.4 30.0+1.6  30.9+0.9 4.9+1.0
18Bs02Al2.65Y 1Sib 2.55 98.5 1.2 27.6x0.6  30.9+1.1 3.2+0.5
18B,02.7A13.57Y1.355ib  2.58 98.9 0.1 27.4+1.0 31.4+1.9 3.7x0.4
18Bs02.54A11.4Y1.27Sib  2.56 99.2 1.1 27.4+0.9 27.6x0.4  3.9+0.9
18B503.43A11.89v1.72Sib  2.59 100.0 0.5 28.3+t0.4  29.84t0.8  4.6+0.8
18Bs02A12.65Y b-1 2.55 98.5 1.9 29.1+0.4 33.0t1.8 4.6x0.4
19B:Ob 2.48 97.6 1.1 - 35.6£1.5  Brittle

Densities obtained for the composites produced fthen second batch of milled
powder were once again higher than that produceah fihe first batch of milled

powder. As mentioned, the reason is connectedealifferent hot pressing profiles
used. Densities obtained were more than 98% ofthieeretical densities. For
comparison, the results 08 composite without Si©addition hot pressed under the
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same conditions18BsO2Al12.65Yb-1) and ‘pure’ BO (19BsOb) are also given in
table 5.6.

Vickers hardness values obtained for composited B8i0O, additions were lower
compared to those without Si@dditions. Vickers hardness obtained for composite
produced from the first batch of milled powdésg;02A12.65Y 1Sia) was very high
even at 5kg load. This compositesB8;02A12.65Y 1Sia) also had the highest porosity
with the lowest density.

XRD analyses on the hot pressed composites arensiovigure 5.20. The XRD
pattern of the composite without Sidas been added for comparison. OniDB
crystalline phases were identified for compositionataining 62 mol % ADs in the
additives. For 80 mol % ADs in the additives, small crystalline phase at216.64
belonging to AsB4O33 was observed. XRD patterns with high S@ntent produced
better crystalline phases. Si-containing crystallphase was not observed in the
XRD spectra. SEM images of these composites anersim figure 5.21. Additional
images are given in Appendix D (Figure D6). It lvimus from the micrographs that
exaggerated grain growth occurred under the hossprg conditions when the
amount of SiQ was increased, say from 1 wt% to 1.35 wt%. EDXlysms on the
secondary phases shows the presence of Si. Thisukl form some amorphous
phases such as mullite or yttrium silicates as ipted based on thermodynamic
considerations (see Chapter 3). Details of thectira to property relationship are
dealt with in Chapter 6.
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Figure 5.20: XRD pattern of 8 composites al8B¢02Al2.65Yb b) 18B¢02Al2.65Y 1Sib and c)
18B¢03.43A11.89Y 1.72Sib.

c) 18B502.52A11.4Y1.27Sib d) 18Bc03.4:A11.8€Y 1.72Sib

Figure 5.21: Backscattered (SEM) images of Al-YdBped BO hot pressed composites showing
grain growth in higher Si©content.
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Figure 5.21: Continuation — EDX at spot e) 1. fgp3.

TEM investigation was carried out diBBsO2Al2.65Y 1Sia material to understand
the grain boundary structure, composition and tdstompare the structure to the Al-
Y-doped BO materials. Figure 5.22 shows the TEM micrograpbf
18Bc02AI2.65Y1Sia hot pressed material. Similar structure was olegkenn
comparison to Al-Y-doped §® hot pressed materiallgBsO2Al2.65Ya). The
individual BsO grains are not well faceted and have isolatedgtesf glassy phases
(Figure 5.22a). The grain sizes of are also homogenous and in the submicron
range. There were also some dislocations and s@déaults with multiple twinning
within the BO grains (Figure 5.22b). Glass phase (Figure 5.8d2chbmposed upon
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exposure to incident electron beam which indic#éibes the glass phase is electron
beam sensitive. EDX analysis reveals incorporatibB, Al, Y, Si, Mg and O into
the glass phase. Mg in this case comes from baing powder. Figure 5.22d
shows a typical HRTEM image of grain boundarieswshg no evidence of grain
boundary wetting as in the case of Al-Y-dopegOBmaterial. Therefore it was
concluded that these grain boundaries have clearfaces.

Glassy. phase

Beam damag@.of
glass phase

Figure 5.22: TEM micrograph of (a) overall micrastture of 18B¢O2Al2.65Y1Sia-1 hot pressed
material showing no grain growth and isolated ptek&f glassy phase. (b)s® grain showing
multiple micro-twinning. (c) glass phase damage rupgectron beam radiation indicating the
sensitivity of this glass phase. (d) a triple giainction in the Al-Y-Si-doped g material which does
not contain any glass phase (clean interface).
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The fractured surface ofl8BsO2AI2.65Y1Sib was examined under SEM to
understand the fracture mode. Figure 5.23 showsSHM images of the fractured
surface. It could be observed from this microgrdapht transgranular fractured
occurred in this composite. Higher resolution wéfcdlt to obtain. It is believed

that fracture occurred along the twin boundaries stacking faults as found in TEM
results although no conclusive evidence for thastiire mechanism was found in this

work.

Figure 5.23: SEM image of fractured surfacd 88,02Al2.65Y 1Sib material.

5.5.4 Hot pressed §-Al,0O; composites

BsO composite materials containing 1 wt%, 2 wt% andt® Al,O3z respectively,
were additionally produced at a hot pressing teatpez of 1908C under a pressure
of 50 MPa for 20 minutes. XRD pattern of@® admixed with 1 wt% AlD; is given
in Appendix C (figure C1). It was assumed that Ba®; present on the surfaces of

BsO particles would react with AD; forming aluminium borates which could
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improve the fracture toughness of these composiiable 5.7 shows the densities

and mechanical properties measured for these cotapos

Table 5.7: Densities and mechanical propertiess@f @mposites containing £&Ds.

Densit % Open Vickers hardness, K
Material (g?;?%)y Theoretical porosity _(GPa) (I\I/IcPa )
density (%) Hvs Hvo s

19BsO1Ala 251 98.4 3.0 30.2+1.8 30.9+0.6 5.8+0.5
19Bs0O2Ala 2.54 99.2 1.8 29515 30.6+1.1 5.5+0.6
19Bs0O3Ala 2.55 99.2 2.1 27.0£0.7  28.9+0.5 4.5+05
18Bs02Al1Sia 2.42 94.5 4.1 28.0+1.5 28.4+0.6 5.2+0.7
19B:0a 2.48 97.6 3.6 30.1+0.8 34.7+x1.1 3.3z0.1

Densities higher than 97% of their theoretical dess were achieved. The high
densities achieved are connected with the higheptessing temperature used which
resulted in high amount of liquid phase presergdoelerate mass transport via liquid
phase sintering. Higher fracture toughness valuse wbtained for these composites
with very good hardness values. 1 wt% Sias added to 2 wt% ADs; and hot
pressed at lower temperature (180D to determine the effect of SiOon
densification of this composite. The propertiesaoted for this composite have been
included in table 5.7 for comparison. Even thougje thardness and fracture
toughness values obtained were similar to compositithout SiQ addition, the
density was low. Porosity of 4.1% was measuredHsr material. The high porosity
in 18Bs0O2Al1Sia composite is connected with the lower hot pressergperature
used which resulted in less densification. Detailthe densification mechanism are
presented in Chapter 6. Figure 5.24 shows XRD ipattethe hot pressed composites
(19BgO2Ala and 18BsO2AI1Sia). Similar XRD pattern were obtained for
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19BsO1Ala and19BO3Ala materials. The XRD pattern identified aluminiunrite
(Al1gB4O33) as the crystalline grain boundary phase. No 8taining peak was
identified in 18BsO2Al 1Sia material. Figure 5.25 shows the SEM images showing
some defects in the microstructures as well as sorhemogeneities. EDX analysis
on 18Bs0O2Al 1Sia material showed the presence of Si in the hotspegomposite.
Cracks in microstructure are pull-outs of the gramundary phases due to bad

polishing and also presence of® in the hot pressed material.

* * BGO
XAl1B40s3
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Figure 5.24: XRD pattern of & composites containing &; and SiQ. (a) 19B¢0O2Ala. (b)
18B¢02Al 1Sia.
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Figure 5.25: Backscattered (SEM) images of Al-doBg® hot pressed composites. 9BsO1Ala
(b) 19BsO2Ala (c) 19B;0O3Ala (d) 18Bs02Al 1Sia.
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5.5.5 Hot pressed & composites with Ti compounds

BsO composites were additionally produced by adding &nd TiB to try and
improve the fracture toughness. XRD patterns gD Bowder admixed with 5 wt%
TiC and 5 wt% TiB are given in Appendix C (figure C1). The admixemlvders
were hot pressed at 19@under a pressure of 50 MPa for 20 minutes. Basth of
milled BsO powder was used to produce these compositesmBasured densities
and mechanical properties are given in table 5.8.

Table 5.8: Densities and mechanical propertiess@f @mposites with Ti compounds.

Densi % Open Vickers hardness,
Material (g(/a;?%t)y Theoretical porosity _(GPa) Kic (MPant’?)
density (%) Hvs Hvo s
19BO5TiCa 2.49 95.8 2.4 26.7+0.6  28.2+1.3 4.3+0.3
19BsO5TiB,a 2.62 100.8* 0.8 26.5£1.5 27.8+0.8 6.7+0.9
19B:0a 2.48 97.6 3.6 30.1£0.8 34.7x1.1 3.3z0.1

*06 Theoretical density can be more than 100 sirdeutations were based on rule of mixtures.

Density obtained for gD-TiB, composite was higher thars@-TiC composite. The
hardness values were however similar. Comparedptwe® BO (19BsOa) the
hardness of the Ti-based composites decreasedjlstrafickers hardness (Hy) of
28.2 GPa and 27.8 GPa were obtainedL8;O5TiCa and19BsO5TiCa composites
respectively. A higher fracture toughness value vgdgained for BO-TIB;
composite. XRD patterns of the hot pressed comgmsite shown in figure 5.26.
TiB, was present in both hot pressed materials bedfig@s Additionally, small
amounts of AlgB,Os3 were present in the hot pressed composites. Tésepce of Al
in the composites is as a result of contaminatiatreduced during the mixing of
BsO with these additives. Evidence of this Al impyiig shown in the EDX spectra
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in figure 5.27. AJO3 balls and vessel were used for the mixing. Badksied SEM
images are also shown in figure 5.27. The whitespha TiB and the grey phase is

Al-B-Mg-O compounds.
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Figure 5.26: XRD pattern of hot pressegDBcomposites. a@)9B¢O5TiCa. b) 19B¢O5TiBa.
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Figure 5.27: Backscattered (SEM) images gDRBomposites. al9Bs05TiCa. b) 19B;O5TiB.a. ¢)
EDX at spot 1. d) EDX at spot 2. €) EDX at spof) DX at spot 4.
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5.6 Heat treatment (annealing) of BO composites

Heat treatments of selected hot pressgd Bomposites were carried out at 1250
for 10 hours in Ar atmosphere to determine theilstglof the formed oxide phases
and to test any transformation of the oxide phasesied during hot pressing.
Materials heat treated included18BsO1Al1.32Yb-2, 18BsO2AI2.65Yb-2,
18Bs02.87A11.58Yb, and 18Bs0O2Al2.65Y 1Sib. Summary of properties measured
before and after heat treatments have been givdabie 5.9.18Bs01Al1.32Yb-2
material was stable under the heat treatment dondiwith the densities before and
after heat treatment being the same. Only slighbehgosition was observed for the
other composites. There were slight reductions ansiies for18Bs02Al2.65Y b-
2HT and18Bs02.87A11.58YbHT materials. However, the differences are too small
and could be within the error limit. Hardness valu# all heat treated materials
increased slightly whereas their fracture toughnedges remained almost the same
with an exception 0l8Bs02Al2.65Yb-2HT material where the fracture toughness
decreased. There were no phase changes afterreamheént. XRD analysis of the
heat treated materials is shown in figure 5.28. ganson of XRD patterns before
and after heat treatment has been shown in figu?28. No crystallisation was
observed after the heat treatment. Figure 5.30 shbw optical images of the heat
treated materials. These images reveal that nonggzsition occurred during heat
treatment. Dark spots in microstructure are assaltref bad polishing. SEM images
of the heat treated materials are shown in figug&.3-rom the micrographs it is clear
that the materials were stable under the heantezgtconditions.
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Table 5.9: Properties before and after heat treattofeselected materials.

e e TR
18Bs01A11.32Yb-2 - 2.54 O.; 29.7+0.6 4.1+0.3
18BsO1AI11.32Y b-2HT 0 2.54 0.8 30.0+0.8 3.5x04
18Bs0O2A12.65Y b-2 - 2.56 1.2 29.2+0.7 4.4+0.1
18Bs0O2A12.65Y b-2HT 0.4 2.52 1.6 31.5+1.2 3.6x0.6
18Bs02.87A11.58Yb - 2.53 0.8 28.3+0.9 3.8+0.9
18B502.87A11.58YbHT 0.2 2.50 1.1 30.2+0.5 3.6x0.6
18Bs0O2Al2.65Y 1Sib - 2.55 1.2 27.6+0.6 3.2+0.5
18Bs0O2A12.65Y 1SibHT 0.3 2.56 2.3 28.5+1.0 3.7+0.3
2
g PUNIUIORNEI o W Y S
Y T A
o VNG VO
. , penn S An

Angle (°2theta)

Figure 5.28: XRD pattern of heat treated matesaidwing only BO peaks. al8B¢01Al1.32Yb-2 b)
18B¢02A12.65Yb-2 ¢) 18B502.87A11.58Y b d) 18Bs02A12.65Y 1Sib.

~ 125 ~



Chapter 5: Results

Intensity (a.u.)

10 20 30 40 50 60 70 80
Angle (°2 theta)

Figure 5.29: XRD pattern before and after heat tineat showing only BO peaks. a)
18B¢02A12.65Yb-2 b) 18Bc02A12.65Yb-2HT c) 18B;02AI2.65Y 1Sib d) 18Bs02A12.65Y 1SibHT .

Figure 5.30: Optical images of heat treated mdterég 18BO1A11.32Yb-2HT b) 18Bs02AI12.65Y b-
2HT c) 18B,02.87A1 1.58YbHT d) 18Bs02A12.65Y 1SibHT .
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Figure 5.31: Backscattered (SEM) images of heatérbmaterials.

5.7 Elastic properties of hot pressed g composites

The elastic properties of selectegBcomposites were determined using ultrasound
as described in section 4.7.7. The elastic modata dletermined were used to
calculate the indentation fracture toughness vdoethe BO composites containing
Al,0O3 Y03 and SiQ additives. Table 5.10 shows the elastic propertés
18BsO1AI1.32YDb, 18Bs02AI12.65Yb, 18Bs02.87A11.58Y b, and
18Bs02A12.65Y 1Sib materials. As the amount of additive (i.e..®d content in
additives) increased the elastic modulus decred$Bd02.87A11.58Y b material had
the least elastic constants. Details of the ratatigp between the microstructure and

elastic properties have been described in Chapter 6
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Table 5.10: Elastic constants of selected hot ptesemposites.

. Density Elastic Shear Bulk Poison ratio
Material ( /crrf’) modulus, E  modulus, @ modulus, K '
9 (GPa) (GPa) (GPa)
18Bs0O1AI11.32Yb 2.54 462+3 194+1 249+3 0.191+0.008
18Bs0O2A12.65Yb 2.57 45142 196+4 213+2 0.148+0.005
18B:02.87A11.58Yb 2.57 429+4 183+1 20712 0.158+0.002
18Bs02A12.65Y1Sib 2.58 459+1 20012 21743 0.147+0.004

5.8 Pd-doped BO composite

BsO was doped with 5 vol. % Pd and hot pressed a0°G6@nd 1908C under a
pressure of 50 MPa for 30 minutess(Bpowder produced at Wits was used to
produce the composite. The intention was to formepuetal or palladium boride
with B,Oj3 existing on the surfaces o§B particles thereby forming a stronger grain
boundary. The hot pressing cycle used to produeedmposite is given in table 4.3.
Details of the doping process are presented in €hdp(Section 4.5). XRD and SEM
of the doped powder have been shown in figure 5Thble 5.11 summarises the
properties of the composite. For comparison, tlopgnties of hot pressed ‘pures@
(19B0O) produced from EO powder synthesised at Wits have been includetian
table. 19B¢O was hot pressed at 19@0under pressure of 50 MPa for 20 minutes.
Additionally, the properties af8B¢02Pd composite hot pressed at 18D@inder 50
MPa for 20 minutes had been included in table 5This material was produced in a

separate work (by dyear BSc student) under my supervision.
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Table 5.11: Properties of Pd-dopegDBcomposite.

Density % Theoretical Open

: /
Material (glcn®)  density porosity (%) Hvs, (GPa)  Kc (MPant?
16Bs05Pd 1.75 58.7 26.7 - -
19Bs05Pd 2.82 94.6 4.4 22.5+0.9 13.5+3.2
18Bs02Pd 2.61 1.6 28.0+1.2 5.1+0.8

29.4+0.5 .

*

1980 2.52 99.2 1.9 (1kg load) Brittle

* ‘Pure’ BgO hot pressed fromd® powder synthesised at Wits.

Material hot pressed at 16D (16BsO5Pd) did not densify and therefore properties
were not measured. Porosity of 26.7% was measwrethis material. A density of
2.82 glcni was obtained for the material hot pressed at AEDIB;O5Pd) which is
about 95% of the theoretical density. This matdrad very good fracture toughness
but the hardness decreased strongly compared tpuhes BsO (19B50). 18B;02Pd
material had very good combination of propertielse Tigher hardness recorded in
comparison tol9BsO5Pd material is due to the low volume % of Pd used.
Additionally, less open porosity was measuredli@BsO2Pd material in comparison
to 19Bs0O5Pd. XRD pattern ofLl9BsO5Pd material is shown in figure 5.32. Bd
crystalline grain boundary phase was identifieddmeBO. Similar XRD pattern was
obtained forl8Bs02Pd material. SEM images of the hot pressed masesi@ shown

in figure 5.33. SEM images show inhomogeneous idigion of PdB in the hot
pressed compact. Figure 5.33b was taken at theecehthe hot pressed material.
The non homogeneity of the secondary phase is shatevonnected with the high
hot pressing temperature (1900 as well as the long dwelling time (30 minutes)
used. There is also some residual porosity in tigtessed material.
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Figure 5.32: XRD pattern of Pd-dopedsB composite hot pressed at 1800for 30 minutes
(19BsO5Pd).

Figure 5.33: Backscattered (SEM) images of Pd-ddpsdl hot pressed materials. 4§B;O5Pd b)
19B,05Pd.

There was also some decomposition and in-homogeiie#tgregation of Pd and
boron) at the edges @BBsO5Pd material. Figure 5.34 shows the SEM images taken
at the edges of the material. It was observeddhatedge of the material was boron-
rich whilst the other edge of the same material Rasich. This could be connected

~130 ~



Chapter 5: Results

with temperature gradient in the furnace. A dethitkensification mechanism is
presented in Chapter 6.

b)
Figure 5.34: Backscattered (SEM) imaged @8;05Pd material which has been hot pressed at 1900
under a pressure of 50 MPa for 30 minutes. (a) Hddge) Edge 2.
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6 Discussion

6.1 Introduction

This chapter discusses the results presented ppterha in terms of the relationship
between densification, microstructure, and propsrtf the hot pressed materials as
well as the heat treated materials.

6.2 Relationship between densification and microstructure

BsO and BO composites were hot pressed at temperatures eetd@00C and
1900°C in argon atmosphere under a pressure of 50 Mianfary of the densities
obtained for the various hot pressed materialsgaren in table B1 (Appendix B).
The theoretical densities have also been calculatetl given in the same table.
Assumptions made in the calculation of the thecattiensities have been presented
in Chapter 4.

The densities of ‘pure’ £ hot pressed materials are very near theoretieasity
which varies from 2.47 and 2.59 g/toepending on the oxygen angd3 content in
the sample. Figure 6.1 shows the dependency dhdwetical density on X ingBx.

As the oxygen content increases the theoreticasigemcreases. The presence of
B,O; lowers the theoretical density as indicated irurfig6.1®%. The theoretical
density as a function of x fore® composite containing 1wt%,83;, 2 wt% AbO;
and 2.65 wt% ¥O; has also be included in the graph for comparisogure 6.1
agrees quite well with the estimation of oxygenupancy calculated using intensity
ratio of different peaks shown in figure 5.18. Thst the density increases with
oxygen occupation in the crystal lattice.

Densities obtained for both9BsOa and 19BsOb was 2.48 g/cthwhereas density
obtained for19B¢O material was 2.52 g/cin When fitted into figure 6.1, the
measured densities would have rough estimateduesaianging from 0.76 to 0.85.
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This low oxygen content is expected as these naddemvere sintered at low
pressures. The estimation of the oxygen content du# take into account the
presence of #D3; and interactions occurring at sintering tempeeguNevertheless, it
was concluded that the materials are nearly comlyletensified upon hot pressing.
Density obtained for D hot pressed material produced from the powdehsgised
at Wits (L9BsO) was higher than those produced from the milledgers {9BsOa
and 19B¢Ob). This could be connected with the higher amoudnB#D; that might
have been present in the startirgPBpowder. More BOs in the starting BO powder
will increase the amount of liquid present at hatsging temperature (19T). The
presence of this liquid enhanced mass transpothenliquid phase and under an
applied load, nearly densed material was achieVed. presence of B3 coupled
with the large particle sizes of starting powdesuteed in the lower hardness value
recorded for this material in comparison to theeotfpure’ BO hot pressed
materials. The different concentrations of Fe andc@ntaminations in the &
starting powder did not have any influence on teasification of 19B¢Oa and
19B¢Ob materials. Both materials had same density (2/46% Nevertheless, the

effect of these impurities on fracture toughness significant (see section 6.4).
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Figure 6.1: Dependency of the theoretical dengityxdn BsO,. Theoretical densities have been taken
from ICSD data cards 50-1505, 81-2192, and 87-2288.

The effect of BO; on hot pressed #-based materials was investigated and
presented in Chapter 5. It was found that ma@;Bn the starting powder results in
lower hardness even though nearly dense matermlobtained. The low hardness is
connected with liquid BD; present at hot pressing temperature which resutted
grain growth. Porosities measured and observedtgurd 5.19 are partly connected
with the decomposition of boron oxide rich phasek@0C.

Densities of ‘pure’ BO obtained in this work are encouragingOBis typically
unsinterable under ambient pressure conditiondy Fldnsified compact of § is
difficult to obtain in the literature even by higihessure sintering techniques such as
hot pressing or hot isostatic pressii and no appropriate sintering aid has been
found. This is becausegB is easily oxidized to form B3 with the mechanical
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strength of the resultant sintered compact degrddékhe degradation of mechanical
properties by BOs; has been corroborated by the findings in this work

Most of the hot presseds® composites produced in this work contain@l and
Y,03 as sintering additives. Therefore composites toinig these additives were
used to investigate densification behaviour as rectfan of sintering temperature.
BsO materials containing 2 wt% AD; and 2.65 wt% ¥Os; were hot pressed at
1750C, 1800C, and 185€C respectively. Figure 6.2 shows the relationslgifwien
hot pressing temperature and density. It was obsdethat the density of the hot
pressed materials increased sharply from 35 1806C. Above 1808C the
density only slightly increases. To understand praperly explain the densification
process of this composite, one needs to considepliiase diagram of ADs-Y,03
system which is shown in figure 6.3. The compositimder consideration has been
indicated with an arrow in that figure. According the phase diagram, at 1860
there will not be any liquid present in the comp®sat sintering temperature.
Nevertheless, there is some level of solubilityeDs in Al,Os-Y 205 system (at least
from the TEM investigations). The presence gDBlowers the melting point in this
system, creating enough liquid for densificationotur via liquid phase sintering.
Additionally, under applied load near full dens#iion of the composite would be
achieved compared to materials hot pressed at |tameperatures. The presence of
B,Os is evident in the stability of the glassy phasemied in the composites, which

prevents the formation of crystalline grain bourydainase$™).
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Figure 6.2: Densities of the hot pressed composib@saining 2 wt% AlO; and 2.65 wt% YO; as a

function of hot pressing temperature.

temperature (180C)

Figure 6.3: Phase diagram of 8k-Y,0; system®. The arrow represents the composite under

consideration (62 % mol AD5:38 % mol Y,05).
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Even though high density was obtained for the nmdtdrot pressed at 18%D
(185Bs02A12.65Ya) the macrohardness value obtained was slighthetow2 GPa)
compared to the material hot pressed at I8{08B¢02Al2.65Y a). The reduction in
hardness is connected with the high amount of diqphase present at hot pressing
temperature which resulted in grain growth of thatemal (see figure 5.17c). This
also explains why the microhardness values werdasifor materials hot pressed at
1800 and 185t although there were slight differences in theiacnohardness
values. The reduced hardness 85BsO2AI2.65Ya material could also be
connected to the decomposition of boron oxide phhses at this temperature. The
trend of the densities obtained and the observedostructures are an indication that
these composites are somewhat densified via lighése sintering. Nevertheless, the
sintering mechanism cannot be fully described adrtditional liquid phase sintering
since there were no evidence of grain boundaryingetind these boundaries had
clean interfaces (Figure 5.14c). Based on the alfmdbngs, all the other £
composites containing ADs, Y»0s, and SiQ additives were hot pressed at 1800

The influence of the amount and ratio of,@4, Y,O3;, and SiQ additives on
densification was studied. The densities obtaimedhe various composites are given
in table B1 (Appendix B). As mentioned earlier, taidferent hot pressing profiles
were used. For the first hot pressing profile, tilmace was heated to 16@0at
15°C/min and dwelled at this temperature for 20 misute apply a maximum
pressure of 30 MPa. It was then heated up to IB@d 16C/min for 20 minutes at
which time the pressure was increased to 50 MPa.flliimace was cooled afterwards
at 20C/min to room temperature (see figure 4.6 and t48. For the second hot
pressing profile the furnace was heated to 18G@ 2GC/min for 20 minutes. During
heating, the temperature was held at 2@0for 5 minutes to apply the pressure (50
MPa). This means that the second hot pressingl@iudid less time (about 2.5 hrs) to
sinter compared to first hot pressing profile doetle faster heating rate and
therefore grain growth is reduced. Additionally,t pvessed materials were under
pressure for longer time for the second hot prggsiofile compared to the first.
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With these differences in the two hot pressing ifsfin mind, it was observed that
materials produced using the first hot pressindilpreesulted in less dense materials.
This is an indication of a strong dependence ofsifieation on pressure. For
instance, a density of 2.41 giémvas measured fa8BsO1AI1.32Ya material using
the first hot pressing profile whilst 2.54 gffmas measured fdr8BsO1AI1.32Y b-2
material using the second hot pressing profileoBities measured using the first hot
pressing profile were also higher and the micrastmes also looked less densed (see
figure 5.13). Similar densification results werdabed for all the other hot pressed

materials.

Figure 6.4 shows the densities ofBcomposites sintered at 1800as a function of
the volume content of oxide additives. Material®duced using the second hot
pressing profiles are considered in this case. Sif@pest increase in density takes
place by adding the smallest amount of additivéer&after, increasing the volume
fraction of additive only slightly changes the dénation behaviour. The differences
between the measured density and the theoretioaltdss in figure 6.4 are within the
uncertainty limits (i.e. changes in decompositiamd acomposition of the grain
boundaries since the rule of mixtures was usedlcuate the theoretical densities).
The densification behaviour was similar for theasttwo mol ratios of AlOs:Y ,0s.
Figure 6.5 shows the relationship between theaetensities and mol fraction of
Al,O3 for different volumes of additives in the compesit For smaller volume
content of additives (2.72 volume % content), diszetion decreased slightly with
increasing mol fraction of ADs; in the additives. For 3.87 volume % content of
additives, densification increased up to 62 mol@AleO; in the additives and then
remains constant. According to the phase diagraswshn figure 6.3 the formation
of liquid phase is strongly dependant on th®4fcontent. In AJO3 rich composition,
Al1gB4033 is formed besides the glassy phase.
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Figure 6.4: Density of 8 composites hot pressed at 18DGs a function of volume content of
additives (62 mol % AD3:38 mol % Y;0s). Density of pure BO sintered at 180C was taken from
the work of Shabalal&®.

N

—— 2.72vol % additive
——3.87 vol.%additive

%Theoretical density
o
oo
(2}
[ |

1/ N\

975

450 55.0 65.0 750 850
Mol %Al,04/ (Al,05+Y;03)

Figure 6.5: Graph of mol % of ADs/(Al,Os+Y,03) versus theoretical density for different volume

content of additives.

There was more segregation ofO¢ in the ALOs-rich materials than there was in
composites containing less 8 and Y,O3 (see figure 5.13). The pockets of glassy

phases in these microstructures were analysed ohagely using energy dispersive
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X-ray analysis (EDX) and were found to contain leighcontent of Y¥Os.
Backscattered SEM image ot® composite containing 2.87 wt% »8; and 3.75
wit% Y,0; (18Bs02.87A13.75Y b-1) showing segregation of grain boundary phase is
shown in figure 6.6a. EDX spectrum of this glasggket is also shown in figure
6.6b.

a) b)
Figure 6.6: (a) Backscattered (SEM) imagel8B8s02.83A13.75Yb-1. (b) EDX analysis of spot ‘X’ in
segregated region ii8Bs02.83A13.75Yb-1 material showing that segregation of grain boupdar

phase.

XRD patterns of the composites containing@Y 03 with mol ratios 62/38 and
50/50 did not show any crystalline grain boundamages. In materials with high
Al;O3 content, aluminium borates (@B4Os3) were formed. The formation of
Al18B4033 agrees with the thermodynamic equilibrium caldaled presented in
Chapter 3 (Section 3.3.4). In the presence £3;BAl,03 reacts with BO3; forming

aluminium borates according to the calculategOadB,O; phase diagram shown in
figure 3.9. The type of aluminium borate formedlw&pend on the amount of &)

and/or BO3 available for the reaction to take place.
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For BsO composites containing ADs, Y03, and SIQ, it is important to consider the
phase diagram for these three additives in orderexplain the densification
behaviour. The phase diagram for this system ig/gho figure 6.7.

Xe

Xy

Figure 6.7: ¥0s-Al,05-SiO, phase diagrarﬁ”). Compositions indicated are,2 wt% ALO3, 2.65
wit% Y,03; Xp 2 wit% AbO3, 2.65 wt% %03, 1 wi% SiQ; X, 2 wt% AbOs, 1 wit% SiQ.

The phase diagram shows that when 1 wt%, $8CGadded to a system containing 2
wt% Al,O3 and 2.65 wt% YOz, for instance, the melting point of the sintering
additive is lowered from 194Q (2wt%AL03-2.65Wt%Y,03 composition) to
between 1600 and 178D (2wt%AkLO3-2.65Wt% Y,0s-1wt%SiQ, composition). This
means that when the composite is sintered at °G3@@ere is enough liquid phase
present to accelerate mass transport which impraletification. Of course the

presence of BDs in this system will further lower the melting postrongly since the
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melting point of BOs; is much lower. Hence, nearly full densificationsaechieved
for Al-Y-Si-doped BO composites. TEM results showed that there isrparation

of boron into the glassy phase. As mentioned eathe presence of boron stabilises
the glassy phase and prevents the formation ofalliy® phases. The high amount of
liquid phase during sintering explains why XRD pedkr these composites were
sharper (crystalline) compared to the compositesacaing only AbOs; and Y,O3 as
sintering additives. The formation of high amoumtliquid phase during sintering
also resulted in exaggerated grain growth for highi©, content (see figure 5.21)
and therefore lower hardness values were obtamethése materials in comparison
to materials without Si® addition. BO composite containing AD; and SiQ
(18Bs02AI1Sia) was hot pressed at 1800 under a pressure of 50 MPa for 20
minutes. From the phase diagram, the additionwf% SiG, to 2 wt% ALO3 lowers
the melting point from 204C (2 wt% ALO; addition) to between 1800 and 1800
(with 1 wt% SiQ addition). The presence 06@; will still lower the melting point of
this system. Surprisingly, low density was measui@dthis composite material

suggesting very little BD3 present in the starting powder.

In the post heat treatment of selected materials8B4O1AI1.32Yb-2,
18Bs02A12.65Yb-2, 18Bs02.87A11.58Yb, and 18Bs02A12.65Y 1Sib), the extent of
decomposition was measured by means of weightnessurement. Materials were
heat treated at 1280 for 10 hours in argon atmosphere. E8BsO1AI1.32Yb-2, no
decomposition was observed and the measured dettigitpot change after heat
treatment. Only slight decomposition was observed the other materials. The
densities however remained almost the same. Thasnthat decomposition is high
for high AlLO; content and therefore decomposition of@y and silicates are the
main reason for the slight weight losses obser¥&D analyses before and after heat
treatments showed no phase change and no crystaliase was formed after the
heat treatment.
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BsO composites containing AD; were densified to nearly theoretical densities by
hot pressing at 196Q under a pressure of 50 MPa for 20 minutes. T$hi$00C
higher than for Al-Y-Si-doped & composites. AD; was expected to react with the
existing BOs on the surfaces of® patrticles during sintering. Densities more than
97% of theoretical densities were achieved. Shagrease in densification was
observed up to 1.2 volume fraction of additive eomt(Figure 6.8). Thereafter,
increasing the amount of additive did not havergjrmfluence of the densification
behaviour. It was found out that an increase inatmount of A}JOz could result in
scattering of the measured densittés This is due to decomposition of 28 at high

temperatures.
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Figure 6.8: Density of D composites hot pressed at 19D@s a function of volume content of,8k

additive.
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Densification of BO composites containing AD; could also be explained with the
help of AbOs-B,O3; phase diagram shown in figure 6.9. Thermodynamugli®rium
calculations for BO-Al,O3; system indicate that an oxide liquid containing@land
B2Os is in equilibrium with BO and AkgB4Oz3 (Figure 3.8). The existingB; on the
surface of the startingg® powder and the AD; added formed aluminium borates,
and at high temperatures an oxide liquid. Thisitiqoould recrystallise to form
Al,03-B,03 compounds during cooling. The type of aluminiunnabe formed would
depend on the ratio of AD; to B,O3 in the liquid. According to the phase diagram
(Figure 6.9), a liquid phase is formed at aboutd?@Gf the AlL,O3/B,0s; mol ratio is
between 9:2 (AkB4O33) and 2:1 (AIB.Oo). All secondary phases are dissolved in the
liquid at the incongruent melting point of AB4O33. Thermodynamic calculations
presented in Chapter 3 indicate that the additioAl gO; lowers the partial pressure
of boron containing compounds by a factor of 230®C. This helps to stabilise the
liquid phase during sintering. This follows thaetlmount of BO; present will
strongly affect densification of 8 composites as mentioned earlier in this section.
Phase analyses (XRD) carried out on the hot pressaterials indicated the
formation of AkgB,Os3 and this borate phase has been confirm by TEMtseby
Kleebeet al ",
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...........................................................................

temperature (190Q)

Figure 6.9: AJO;-B,0; phase diagrarfi®.

The BO composite produced by the addition of TiC was a®itdense as Al-Y-Si-
doped and Al-doped ® composites. A material with a density 96% of tedoal
was obtained. This material was hot pressed at°C90@der a pressure of 50 MPa
for 20 minutes (10 higher than Al-Y-Si-doped composites). On thetny, the
addition of TiB resulted in nearly full densification with aboufQP6 of the
theoretical density achieved. The reason for tlieiged densification in TICH4®
composite is due to the strong decomposition of tidigh temperatures leading to
the formation of TiB. Details of the reactions involving TiC,;8 and BO; are
presented in Chapter 3. For higher amounts of @iGtronger decomposition takes
place which results in reduced densification. Tfogeethe addition of TiC is only
recommended in small amounts less than 5 wt%. @it kemperatures (> 1500)
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TiB, is the most thermodynamically stable phase whickhe reason for the high

density obtained for this material.

BsO composite was also produced using Pd as addifivis. material 19BsO5Pd)
was hot pressed at 1600 and 1®D@inder a pressure of 50 MPa for 30 minutes.
Melting of Pd and BOs; present on the surfaces of particles takes place below
1200°C (Figure 6.10). This improved densification dudidoid phase sintering. The
formed liquid recrystallises during cooling formiRghB at the grain boundaries. The
type of Pd boride formed will depend on the amaafrivoron dissolved in Pd. SEM
investigations revealed that one end of the samp&eboron-rich whilst the other end
was Pd-rich. The reason for the precipitation abban the sample is not completely
clear. It could be connected with inhomogeneouspeature distribution in the
furnace. A good combination of properties has lregneved by lowering the volume
content of Pd (2 vol. %) and sintering tempera{l&CdC). The properties of this

material are given in table 5.9.
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Figure 6.10: Phase diagram for Pd-B sysf&hm

6.3 Relationship between microstructure and hardness

Mechanical properties for ‘pure’sBP hot pressed materials are given in table 5.2. The
grain size of the hot pressed compacts could notdéermined using SEM.
Nevertheless, the starting mean particle sizes@f Bowders produced at Witss{d:
4.59 um) was higher than those milled for 30 hddgs = 0.4 um). Assuming that
there is little BOs on the surfaces of B particles and therefore no grain growth
during hot pressing, the results obtained in theskwndicate that the hardness of the
hot pressed ‘pure’ g depends on the grain sizes (Figure 6.11). Thisascordance
with what has been predicted by the Hall-Petchticeiahip which depicts a decrease
in hardness with increase in grain size in sinte@dpact.
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Figure 6.11: Vickers microhardness @dvof ‘pure’ BsO hot pressed materials.

Figure 6.12 shows the differences in hardness eY-Si-doped BO hot pressed
composites measured using 5kg load. For comparisaterials produced from the
second batch of milled powder have been used.rergé the hardness of ‘purezB
material decreased from 35.6 GPa to 27.6 GPa witteasing amount of additive
content due to the lower intrinsic hardness of skeondary phases formed. The
hardness values of the Al-Y-doped@ hot pressed composites were similar. The
hardness values for Al-Y-Si-doped;:®@ composites were also found to be similar.
Nevertheless, the macro-hardness values of the-ddéped BO composites were
slightly higher than the Al-Y-Si-doped compositestee though the measured
densities were similar. This is due to the diffeesin composition of the grain
boundaries as well as grain sizes of these congsogarains sizes of sintered Al-Y-

Si-doped composites were higher than that of Alepet composites.

Figure 6.13 shows the relationship between hardamsdsvolume content of oxide
additives for the different AD3:Y,03 mol ratios. Generally, as the volume content of
additive was increased, the hardness decreased #i,O3:Y ;03 mol ratios. This is
due to the intrinsic low hardness values of th@sdary phases formed.
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Al-Y-doped Al-Y-Si-doped
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Figure 6.12: Vickers hardness of Al-Y-Si-dopegDBcomposites measured using 5kg load.

---4---- 62 mol%AI203: 38 mol% Y203 - - B - 80mol%AI203: 20mol% Y203
50 mol%A 203: 50mol% Y203 —— 62 mol%A 203: 38mol% Y203 +302
—-%—- 80 mol%AI203: 20mol% Y203 +302
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Figure 6.13: Vickers microhardness @4vas a function of volume content of additivestfu various
Al,03:Y .05 mol ratios.
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The hardness decreased strongly for 50% mol fraabib Al,Os in the additives
followed by 80% mol fraction of AD; in the additives with Si© addition.
Composite containing 62% mol A); in the additives did not show strong reduction
in hardness as the volume content was increasednetss also increased for higher
volume content for composites containing Sdbe to changes in the composition of
the grain boundaries as compared to compositeutit§iQ addition. The strong
reduction in hardness for 50% mol fraction of;@d in the additives could be
connected with incomplete densification; and for%80nol fraction, could be

connected with decomposition of the oxide addiéivsintering temperatures.

Figure 6.14 shows the differences in hardness legtilee selected hot pressegDB
composites and their heat treated counterparis.clear that the hardness after heat
treatment increased. The increase in hardness tamlp be attributed to the
decrease in the amount of the grain boundary ptlase¢o decomposition since the
densities after heat treatment remained almossdihee. The increase in hardness in
this work is believed to be connected with the geam composition of the grain
boundary phases during heat treatment. The graimdayy composition could
change from being ADs-rich to Y,Os-rich. These phases have difference crystal
structures and therefore will have different hasdnealues. The exact hardness

values of these phases could not be determinddsinvbrk.
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Figure 6.14: Graph comparing the hardness of aptesised BO composites with those which were
heat treated at 1280 for 10 hours in argon atmosphere. Hardness valiges measured using 5kg

load.

For BsO composites containing ADs, it was observed that the hardness decreased
(Figure 6.15) when the amount of .8k was increased. The decline in hardness is
due to the increasing amounts of secondary phagbs grain boundaries which are
less hard compared tosB. Kleebeet al ®” also found out that the decrease in
hardness could also be connected with the resiposities near the aluminium
borate phase as a result of stresses created the ddferences in thermal expansion
coefficient at the BO/Al1gB4O33 grain interface or by low chemical stability ofeth
boron-rich phases. The hardness 18BsO5TiCa and 19BsO5TiB,a materials
decreased strongly comparedl®@BsOa. The strong reduction in hardness produced
in this work could be connected with the Al impigast introduced during mixing of
the powders which formed AB4Os3 besides TiBand BO. The low hardness values
are still strange since high hardness (IHe 37.4 GPa) was recorded for a(B
composite material containing 2 wt%,8k, 2 wt% Y,O3; and 10 wt% TiB produced
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at IKTS ®). More detailed investigations are necessary toerstdnd the
densification behaviour of these materials. Theiced hardness dPOBsO5Pd is due
to the high amount of binder phase introduced. ghér hardness was achieved when

the volume content of Pd was reduced (see tablg.5.1

32

30 1

28 1

26 A

24 4

) i
20 - T T T T T T

19B601Ala 19B60C2Ala 19B603Ala 18B60O2AI18a  19B605TiB2a  19B6O5TiCa 19B605Pd

Vickershardness, Hvs (GPa)

Figure 6.15: Vickers hardness of otheOBcomposites measured using 5kg load.

The hardness values obtained for the materialsugemtiin this work are very good
considering the fact that is was measured usirgpd bf 500g. For a single crystal
BsO produced by Het al ©, a microhardness of 45 GPa was measured usiraga lo
of 100g. It must be mentioned here that the hasloéa single crystal is higher than
that of a sintered compact due to the presenceeak&r grain boundaries. It can be
observed from figure 6.16 that the hardness vahfefiot pressed ‘pure’
produced in this work were higher than that produeg Itohet al ) who used high
pressure techniques. Hardness values obtainedsinwtrk could also be compared
with hardness values obtained by Kayhan andthalhe hardness value obtained by

Shabalala®® is slightly lower than that measured fb®BsOb material. This is
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connected with the reduced grain sizes ¢ Bowder used in this work. The grain
size of the sintered compact produced by Shabalals between 2 and 10 um
whereas the grain size 89BsOb material is less than 1 um. The Vickers hardnéss o
19BsOb material was also higher than that produced bys&pand Andersoft?
(KHo1 = 30 GPa), Petrat al ®® (KHo1 = 30.4 GPa), and Bairamashwi al ©*
(KHo1 = 32 GPa). The wide variation of hardness valeg®nted for BO is due to
the different ways of producing the sintered contgathe most obvious reasons for
the variation in hardness values are differencesintering temperature, pressure,
impurities introduced during sintering, and simgritime. These could affect the
densification of the resulting sintered materidlee process route for synthesising
BsO can also affect its stoichiometry which will saaently affect the hardness of
the sintered compacts.
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Figure 6.16: Comparing Vickers hardness valuespofe’ BsO sintered compacts obtained in this
work and those obtained by other researchers. Loadd are shown on top of the bars. * High
pressure techniques.
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It is also important to note that hardness measeménsould be done ongB
composites produced in this work using 5kg loadasteement values reported for
BsO composites have been carried out using a maximiug00g load, except for
Shabalala who reported hardness values using (55&g loads. Figure 6.17
compares some of the hardness values reported g0rcBmposites produced by
other researchers. The composition of the dopedmalt has been given in brackets.
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Figure 6.17: Microhardness df8B¢O2Al2.65Yb-2 composite material compared to microhardness

obtained by other researchers. Loads used are shiowre graph.

It is clear from figure 6.17 that the hardness galbtained in this work is
encouraging. The high microhardness obtained hy dtoal and Sasaet al was
because of the relatively hard secondary phasdéseitomposites. Both found that
neither solid solutions nor new compound was formeder the sintering conditions
and that the sintered composite consists of theedhphases of # and BC, cBN,

and diamond respectively. .8, cBN and diamond are all ultrahard materials
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compared to aluminium borates formed in compogitesluced in this work as well
as the work of Kayhan and Inal and Shabalala. Bhengh very high hardness
values were recorded for composites produced Hydtoal and Sasaet al, their

corresponding toughness values were very low.

6.4  Relationship between microstructure and fracture toughness

Fracture toughness of a single crystgDBvas found to be 4.5 MPam®. ‘Pure’
BsO sintered compact is however known to be brifflee reason for the very low
toughness is not understood. Fracture toughnesewakported in this work were
measured using 5kg load. SEM image showing indentahade with 5kg load on
Al-Y-doped BO composite is shown in Appendix D (Figure D1PBsO and
19BsOb materials hot pressed in this work were measuseagul and 0.5kg load.
Increasing the load above 1kg caused chippingeoBt crystals. Therefore fracture
toughness was not measured for these materials.ertheless, toughness
measurement was carried out I8BsOa material using a load of 5kg and was found
to be 3.3 MParf. Toughness measurement was possible because oflétieely
high concentrations of Fe and Cr impurities in timaterial which formed boride
secondary phases in the hot pressed compact. It Imeusentioned here that the
material showed a high scattering in the propemnessured with partial chipping
during indentation. Figure 6.18a shows the indematrack path il9BsOa material
using 5kg load. Fracture was mainly transgranuRttase analysis using XRD
technique identified the secondary phases to beaReBCrB.

Fracture toughness values obtained fg® Bomposites produced from the first batch
of milled powder were higher than those producednfthe second batch of milled
powder due to the high concentrations of Fe anth@ne former. This makes sense
because before even adding sintering additivesfréoture toughness of ‘pure’s®
hot pressed from the first batch of milled powd&eBzOa) was 3.3 MPar.
Therefore the addition of small amount of transitimetal boride additives would
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result in fracture toughness values higher tharV@&nt’? but with minor effect on
hardness. Figure 6.19 compares the effect of FeCamdntaminations (as a result of
milling) on the fracture toughness of the compaspieoduced from the different;®
powders. It is clear from this figure that Fe and ddntaminations increased the
toughness of composites prepared from the firschbadf milled powder in

comparison to the second batch of milled powder.

Figure 6.18: Indentation crack path on a polishrae’'BsO and BO composites using 5kg load.
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Fracture toughness, Kc (MPamY/2)

19B60 18B601AI1.32Y 18B6O2AI2.65Y

W0.182wWt% (Fe +Q) WO0.034wt% (Fe +Q)

Figure 6.19: Effect of Fe and Cr concentrationstarting BO powders (due to milling) on fracture
toughness values obtained for sintered compodteasurements were done using 5kg load. Fracture
toughness ofl9B¢O containing 0.034 wt% contamination was not mea$wtue to chipping of the
BeO crystals upon application of load.

Beside the differences arising from the differeminaentrations of Fe and Cr
impurities in BO powder as a result of milling, fracture toughnetshe different
Al-Y-doped BO hot pressed composites were similar. Figure sti2vs the fracture
toughness of the different Al-Y-doped® composites whilst figure 6.21 compares
the fracture toughness of these composites witingd® in the volume content of
oxide additives. Fracture toughness increased héop small addition of oxide
additives after which no increase in toughness olzerved when additive content
was increased. This is due to the similarity inmgsazes and grain boundary structure
in the different hot pressed materials. Neverttslésere is significant increase in
fracture toughness compared to the ‘purgDBot pressed material 4B8Ob) which
was brittle. The grain boundary phases were foorfsetamorphous and similar in all
hot pressed materials with segregations of yttna higher additive content.
Segregations of yttria could also be the reason thieyfracture toughness did not
increase for higher volume content of additives.
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Figure 6.20: Fracture toughness values of Al-Y-abgO hot pressed composites. Measurements
were done using 5kg load.
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Figure 6.21: Dependence of fracture toughness ervtiume content of Al-Y oxide additives (the
mole ratios in the additives are given).
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The fracture toughness values of Al-Y-Si-dopegDB.omposites were also similar
(Figure 6.22). Figure 6.23 compares the variatiofracture toughness as the volume
content of additive is increased for 62 and 80 % fmactions of AbO; in the
additives. The fracture toughness increased wittreasing volume content of
additives. The 80% mol fraction of Ab; in the additives had higher fracture
toughness than the 62% mol fraction 0$@d in the additives. No segregation of the
grain boundary was observed in high additive cdntempared to Al-Y-doped §®
composites. Nevertheless, grain growth was obseraedeast for higher SiO
content. The grain boundary phases therefore icithranfluence the fracture
toughness of these composite.
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2

18B60O2AI2.65Y1Sb 18B602.7A357Y1.359b  18B602.54A11.4Y1.279b  18B603.43A11.89Y1.729b

Fracture toughness, K¢ (MPamY/2)

Figure 6.22: Fracture toughness values Al-Y-Si-dbBgO hot pressed composites. Measurements
were done using 5kg load.
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Figure 6.23: Dependence of fracture toughness erwvalume content of Al-Y-Si oxide additives (the

mole ratios in the additives are given).

SEM images of the crack paths of polished Al-Y-dbmad Al-Y-Si-doped BO
composites are shown in figure 6.18. Additional ges are given in Appendix D
(Figure D8-9). It was observed that the improvenadrftacture toughness is caused
by crack deflection and bowing of the propagatiracks. It must be mentioned here
that not all cracks were deflected. Crack deflextiobserved do not follow along
grain boundaries and therefore cannot be considesedntergranular fracture.

Fracture was predominantly transgranular.

Facture toughness values obtained fg®© Bomposites containing AD; were very
good. These composites were produced from thelfasth of milled powder. Figure
6.24 compares the fracture toughness values obtémeAl-doped BO composites.
As the amount of ADs increased the fracture toughness decreased.sTaisprising
since one expects the toughness to increase watleasing AJO3; content since
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aluminium borates formed is less hard compared;@. Bhe corresponding hardness
decreased with increasing amount op@y addition (Figure 6.15). The only reason
for the reduced toughness is due to the strongndesition reaction at the sintering
temperature (190C). This decomposition reaction increases withéasing amount

of Al,Oz in the form of AJO as shown in Chapter 3. The decomposition readsion
also affected by the amount 0of@; present in the starting powder. Nevertheless, the
fracture toughness values recorded were still high.

6.5

55 1

Fracture toughness, Kc (MPa.m?/2)

05 0.7 0.9 11 13 15 17 1.9 21

Volume content of Al,O3 (%9

Figure 6.24: Fracture toughness of Al-dope®Romposites showing a decrease in toughness as the
volume content of AlD; is increased.

The fracture toughness o8 composites containing TiC and Tilere very good.

A toughness of 4.3 MPadfh was recorded for #@-TiC composite whilst 6.7
MPam’”? was recorded for #-TiB, composite. The increase in toughness may be
attributed to the composition of the grain boundatmgse which comprises of Fe, Cr,
Ti, and B. Fracture toughness obtained for Pd-dd@€2 composite was very high
(13.5 MPamY?), probably the highest recorded so far fgOEbased composites.
Nevertheless, the hardness dropped to 22 GPa die thigh amount of Pd used.
Good combination of hardness (28 GPa) and fradtughness (5.1 MPaf) was
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obtained when 2 vol. % of Pd was used:.B’dlias formed at the grain boundaries. It
is believed that the grain boundary compositionraased the toughness of this
composite.

6.4.1 Toughening mechanisms

Observations made in section 6.4 reveal that fractoughness was increased by
addition of small amount of additive content aftelich any increase in volume
content does not result in further improvement hed toughness values. Different
fracture mechanisms such as crack deflection duginetallic stresses, or due to
crack arrest in the secondary phase (e.g. porejuerto the changes in the grain
boundaries betweeng® grains can be proposed for the differegDBomposites
produced. Figure 6.25 shows schematic diagramshef different toughening
mechanisms. Fracture toughness enhancement obseried materials studied in
this work could be due to a combination of thesiedint mechanisms.
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Figure 6.25: Schematic diagram of different fraetunechanisms that can be proposed fgD B
composites produced in this work. (a) Crack deflezmther along the grain boundaries or along the
twin boundaries in BO grains. (b) Crack arrested by pore near the gbmuandary. (c) Crack
deflection towards the particle due to mismatclthiermal expansion coefficients,(< ) between
the particle and B0 matrix. (d) Crack deflection around the partidige to mismatch in thermal

expansion coefficients {> ) between the particle and:® matrix.

Crack deflections and bowing could be observedigurés 6.18 and D9. Such
phenomena can be explained by stresses that mtist composites. The;8 matrix
has different thermal expansion coefficient (CTHEhwhe secondary phases. Taking
BsO and TiB for example, the CTE values are 5.56 x°1&nd 8.1 x 16/°C,
respectively®¥®®) Large internal stresses would form when the caiteds cooled
down from sintering temperature. The internal siesscould be calculated using
equation 6.159).
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s =.2s (@,-a,)bDT

rad — ~ 4 tan [6.1]
[(1_ 2,75)/ Es + (1+nm)/2Em]

where s = thermal expansion coefficients of matrix;(® and the secondary phase
(TiBy),

T = change in temperature at which sufficient goftg occurs to alleviate the
stresses (~10060)

n. .= Poison ratios of matrix @ ~ 0.197) and secondary phase (M+8).1-0.15)

E... = Elastic moduli of matrix (8O ~ 540 GPa) and secondary phase {HE66.9
GPa)®”

This gives a stress of between 770 — 840 MPa. Rrepeof BO were taken from
Shabalala®®. This reveals high compressive stress t® Bnatrix. Transgranular
fracture was observed in the sintered compositesiansome cases cracks were
deflected. This is an indication that the bindiogceés between grain boundaries were
so strong that cracks tend to advance transgraywad this can consume more
energy. Bowing of propagating crack could also beeoved when the B grain
undergoes compressive stresses. Additionally, thespce of twin boundaries in®@
crystals, which is a characteristic of boron commusy can make major cracks deflect
and branch, and also make the development of maogk€ consume more energy as
shown in schematic diagram (Figure 6.25a). Consefyuehese materials showed
high toughness.

The high toughness in Al-doped composites is dughéoformation of AdgB4Oszs.
Tensile stresses of between 1380 — 1700 MPa wousd ketween BO/Al1gB4033
interface (assuming the following AB,Os3 properties: E = 400 GPa; CTE = 1.9 x
10%°C; andn= 0.2 - 0.3)°V. This stresses could deflect propagating crackatds

the particle as shown in figure 6.25c. Howeverckrdeflection is not likely because
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around AlgB4Oss, pores are formed due to shrinkage during crysaibn®”. These

small pores act as crack-arrest sites (see fig@®bp and therefore improve fracture
toughness. Additionally, TEM investigations did sbbw any internal stresses in Al-
doped materials. As analysed above, it is beligkiatifracture enhancement is due to

a combination of these mechanisms.

A good combination of fracture toughness and haslweere obtained in this work.
Figure 6.26 compares the fracture toughness andnéss values of selected
composites obtained in this work to those obtaibgdother researchers. Fracture
toughness has been enhancement by the introdwddtisecondary phases to the(B
matrix with small reduction in hardness. The reasmnthe increase in fracture
toughness could be due to many reasons such ds aeflection due to bimetallic
stresses, or due to crack arrest in the secondesep or due to the solidification of
the secondary phases betweeg® Barticles being present as films or by many other
mechanisms. The additives used had the potentiahabving the BOs; present at the
surfaces of BO particles thereby forming other phases that céursetallic strain

toughening at the grain boundaries.
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Figure 6.26: Comparison of fracture toughness aadiress values of dopeds®@ composites
produced in this work and those produced by otlsearchers. Mechanical properties of other
ultrahard materials have also been included forpaniaon®?. The data of Kayhan and In& were

not used because they are doubtful (see pages)24-25

6.5 Relationship between microstructure and elastic properties

The elastic properties of hot pressegOBcomposites namelyl8B¢O1Al1.32Yb,
18Bs02A12.65Yb, 18Bs02.87A11.58Yb, and 18Bs02A12.65Y1Sib were measured
and the results were presented in section 5.7.eldstic moduli of the hot pressed
materials are between 429 and 462 GPa. Simildréyshear moduli are between 183
and 200 GPa whilst the bulk moduli are between &F 249 GPa (Table 5.10). As
the additive content (AD3) increased, the elastic properties of the hot gees
composites decreased. Hot pressed composite cmgteédrB7 wit% A}O3; and 1.58
wt% Y,03 (18Bs02.87A11.58Y b) recorded the least of the elastic constants.
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By first approximation, the elastic modulus of anpwmsite is given by the rule of

mixtures as described in equation 672

E=EBEVi+EV,+....... + BV [62]

Thus each phase contributes according to its voltrasion, . Figure 6.27 and
6.28 shows the relationship between the volumeetdnif oxide additives and the
measured elastic constants. It is evident thateiastic constants decreased with
increasing volume content of additives. A stronduction in elastic constants was
observed for18Bs02.87A11.58Yb material. Microstructural observations showed
some segregated grain boundary phases in thisiaedge figure 5.13). This could
be the reason why lower elastic constants were uneadgor this material.

SiO, addition increased the elastic properties sligfdbmparel8B8;02A12.65Yb and
18B02AI2.65Y1Sib) due to changes in the grain boundary compositibime
densities obtained for these materials were simwietr no clear trend. It is expected
that even small amount of Si@ddition could form silicates which could affebet

elastic constants of the hot pressed composites.

~ 167 ~



Chapter 6: Discussion

470

465

460 4\ i
455 \ /t
AN /
445 \ /

440 \ /

435 \ /

NV

425

Hasric modulus (GPa)

1 15 2 25 3 35 4

Volume content of oxide additives (%)

Figure 6.27: Relationship between elastic moduhgalume content of oxide additives for Al-Y-Si-
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The elastic modulus measured for hot press ‘purgd Bnaterial produced by
Shabalald'® was 540 GPa. This value decreased linearly wittesing Al content.
For instance, the elastic modulus decreased frddnG#a for ‘pure’ BO to 514 GPa
upon adding 2.2 wt% Al. Similar trends were obsdrigg the shear and bulk moduli
data. The elastic modulus obtained by Shabalala 2vi2 wt% Al (514 GPa) is higher
than values obtained in this work but similar tattbbtained for the composite with
3.7 wt% Al (467 GPa). The secondary phase whichmaisly Al;gB,O33 has elastic
modulus of 400 GPa. In the case of Al-Y-dopefBamorphous phase was formed.
Nevertheless, the structure could be close to YRGwith elastic modulus in the
range of 290 - 308 GP¥'®) Thus, by using the rule of mixtures (equatior) 6h2
high elastic modulus recorded by Shabalala carxpeoted.

The elastic modulus of hot pressegOBobtained by Goosey and Ander<t was
483 GPa slightly higher than what has been detexthin this work. This material
had a measured density of 2.6 gicietraket al ®® and Bairamashvilet al ©*
reported elastic modulus of 470 and 440 GPa respéct similar to the values
recorded in this work. Thus compared to the vateesrded for pure #, the elastic
properties recorded forgB composites produced in this work are encouragiing.
wide difference in elastic modulus for purgBcould be attributed to the different
densities and defects in the microstructures. Thiefects could be porosities,
impurities in the starting powder, and compositainthe grain boundary which is
mainly B,Os. Porosities are considered as secondary phaseaithmodulus. D3
has elastic modulus of 20 GP2 and can significantly decrease the elastic modulus
if its content is high. Since the content ofB is difficult to quantify, it can result in
differences in elastic properties, even gBis sintered under the same conditions. A
number of studies have shown that the shape opdtines also affects the elastic

constants.

There are several observations which attempt tabksh correlation between

hardness and one single elastic property such lasntedulus®” or shear modulus
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®8) After comparing the measured values of hardmessset of hard materials with
their corresponding shear moduli, Teter discovetbdt hardness increases
approximately with increasing shear mod@il. Haineset al ‘%9 also established a
direct relationship between bulk modulus and hasdrfer non-metallic materials. A
graph of microhardness as a function of elasticstants for the selected materials is
shown in figures 6.29 and 6.30. From these figuths, relationships between
hardness and at least elastic and bulk moduli agrasonably well with what has
been proposed by Hainetal

It can be concluded that for fully densed microstite, the elastic properties were
found to be related to the grain boundary phaseposition. Segregation in the
microstructure resulted in lower elastic properti#se elastic moduli data determined

were used to calculate the indentation fracturghioess values of the composites.
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7 Conclusions and Recommendations

Thermodynamic properties of boron suboxidedBhave been estimated up to 2300
K and used to calculate the equilibrium phase caipo of BO in different
systems. The data has allowed predicting the #taloif the liquid and crystalline
phases formed during sintering. Therefore, this foam the basis for the search of
new sintering additives that would allow the simgrof BsO composites at lower
temperatures. From the thermodynamic calculatiansed out in this work (Chapter
3), it has been shown that®@ can be liquid phase sintered using a wide rarige o

oxide sintering additives.

Before hot pressing experimentssBpowders were milled in an attrition mill to
reduce to particle sizes down to submicron rang#in@m milling conditions were
30 hours milling time in propan-1-ol using 2.5 mmardeter steel balls. The average
particle size obtained was 0.4 um. Impurities idtreed during milling were acid
washed in HCI and the remained impurities were tifi@th using chemical analysis
(ICP-OES). The reduction in the particle sizes gDBefore hot pressing improved
the mechanical properties especially, hardnesshef ‘pure’ hot pressed ¢B

compacts.

Boron suboxide (BD) composites were hot pressed using various additiMost
systems studied contain A&s-Y,05-SiO, additives. The AlOs Y03 mol ratios
(80:20, 62:38, and 50:50) were weighted for différeverall additive content. In
addition to the above systems, TiC, 7iRnd Pd were also used as additives. These
different compositions were hot pressed at tempegatranging from 1600 — 19

under 50 MPa, in argon atmosphere for 20 minutes.
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The following conclusions were made from this work:

. Dense (> 97% of theoretical) ‘puresB hot pressed compacts were achieved with an
average hardness of 35.6 GPa using 5009 load. didedss value is higher than that
produced by Itotet al ® who used high pressure techniques. This valuetsanbe
compared with hardness values obtained by Kayhenrai ®. The hardness value
obtained by Shabalaf¥’ is slightly lower than what was obtained in thisrivdue to

the reduced grain sizes (Hall-Petch effect). Themeass recorded in this work is also
higher than that produced by Goosey and Andef¥d(KHo 1 = 30 GPa), Petrakt

al. ®® (KHo1 = 30.4 GPa), and Bairamashwli al ®® (KHo1 = 32 GPa). The wide
variation of hardness values reported fgOBs due to the different processing routes
taken. The most obvious reasons for the variatiohardness values are differences
in sintering temperature, pressure, impurities omficed during sintering, and
sintering time. The fracture toughness was howéwsrand agrees with what has
been reported by other researcHafd4e)

. More than 98% of theoretical densities were aclidwee BsO composites hot pressed
at 1800C; a temperature lower than the one used to prodeosed ‘pure’ BO
compacts (190®). Densifications at lower temperatures were dssiue to the
presence of liquid phase in equilibrium witk@ during hot pressing. The liquid
phase accelerates mass transport thus effecting lppase sintering.

. Good combinations of properties were achieved lloBgD composites produced in
this work (see figure 6.18). Vickers hardness nagdrom 27 — 34 GPa and fracture
toughness ranging from 3 — 7 MP4mwere obtained. Fracture toughness gdBas
been improved by addition of additives such ag4lY,03, SI0,, TiB,, TIiC, and Pd.
The fracture toughness recorded in this work is hHighest recorded for all B
composites produced so far except values recorgeldyhan and Inaf®. They
reported a fracture toughness of 8.5 MParor Al-doped BO composite using a
load of 100g. It must be mentioned here that eefarb infiltrating BO with Al, the
fracture toughness measured by Kayhan and Inalvemshigh (5.5 MParf?) and
does not corroborate with the measured strengthesalAdditionally, they used a

load of 100g whereas 5kg load was used in this wonkeasure fracture toughness.
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The fracture toughness was also calculated froeetpoint bend testing with notch
radius of 0.4 mm, making the results very doubtful.

. The fracture toughness of composites containingy And Al-Y-Si-doped systems
appears not to be sensitive to the compositiorhefgrain boundary phase changes
compared to the hardness values. Transgranuldufeaoccurred in Al-Y-doped and
Al-Y-Si-doped BO composites. Fracture toughness has been enhdncedtie
introduction of secondary phases to th@®Bnatrix with small reduction in hardness.
Fracture toughness increase could be due to ditfereechanisms such as crack
deflection due to bimetallic stresses, or due &xkrarrest in the secondary phase, or
due to the changes in the grain boundaries betBg@éngrains. The additives used
had the potential of removing the;@ present at the surfaces of@B particles
thereby forming other phases that causes bimetstitain toughening at the grain
boundaries.

. The observed microstructures indicate that withhérgvolume content in the
material, there were segregations of the grain @apnphase. This also led to
increased porosities and pull-outs in the micrastmes.

. Post hot pressing heat treatment of selected catepagsulted in slight increase in
hardness and the corresponding fracture toughneisg lapproximately the same.
There were no marked changes in densities. Funthet is necessary to understand
the mechanism.

. The presence of B; in the starting powders strongly affects the macts
properties of the resulting hot pressed compacestduhe weaker grain boundary
phase formed. Therefore the amount gdBshould be kept as low as possible.

. BeO was successfully doped with Pd and hot pressesveMer, there were large
pockets of liquid phase due to the very high hesping temperature used (190D
and long dwelling time. A fracture toughness ashtig 13 MParff was obtained for
this composite with a corresponding hardness dd Z2Pa using 5kg load. Fracture
mechanism is not completely clear. Further worknésessary to understand the
toughening mechanism. Good combination of hardn@8 GPa) and fracture
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toughness (5.1 MPa) has been achieved with 2 vol. % Pd addition hesged at
1800C.

. Composites produced from TiC and FiBhowed similar hardness values {Haor
19BsO5TIC is 26.7 GPa and Hvor 19B¢O5TiB is 26.5 GPa). However, the fracture
toughness of the latter material (4.3 MP&)ris lower than that of the former (6.7
MPant’?). Further investigations are necessary to undedsthe densification

behaviour.

In conclusion, the materials developed in this wark promising candidates for a
new class of liquid phase sintered ultrahard matenproduced without ultrahigh
pressure. Doping with even small amount oxide additesulted in a pronounced
improvement in fracture toughness values. Propertibtained in this work are
comparable to other hard materials used for cutapglications (e.g. amborite,
DBC50 and AJOs-TiC composite). Further optimization of the addbticontent,
composition, and mechanical properties are neededbdtter understand the
microstructure formation and toughness mechaniststigg in the materials. This
will allow fabrication of BO composite material for industrial applicationglsas
cutting tool, drill bits, grinding wheels and alires.

~ 175~



References

References

1. Zerr, A. and Rieldel, R. "Introduction: Noveltnahard materials”, liHandbook of
ceramic hard materials [ed.] R. Rieldel, 2000, Vol. 1.

2. Ellison-Hayashi, C., Zandi, M., Shetty, D.K., ®&WP., Yeckley, R. and Csillag, F.
"Boron suboxide material and method for its preparat 5,330,937 1994, US
Patent.

3. Itoh, H., Maekawa, I. and lwahara, High pressure sintering ofg® powder and
properties of the sintered comp§al. Soc. Mat. Sci., Vol. 47, 1998, pp. 1000-1005.
4. Itoh, H., Maekawa, |. and Iwahara, Hitrostructure and mechanical properties
of BsO-B4C sintered composites prepared under high pressdreMat. Sci., Vol. 35,
2000, pp. 693-698.

5. Kayhan, 1.0. and Inal, O.TSYnthesis of aluminium infiltrated boron suboxide
drag cutters and drill bit§ J. Mater. Sci., Vol. 34, 1999, pp. 4105-4120.

6. Olofsson, M. and Lundstrém, TSynthesis and structure of non-stoichiometric
BsO", J. Alloys and Compds., Vol. 257, 1997, pp. 91-95.

7. Sasai, R., Fukatsu, H., Kojima, T. and Itoh,"High pressure consolidation of
BsO-diamond mixturés J. Mater. Sci., Vol. 36, 2001, pp. 5339-5343.

8. Veprek, S. "Nanostructured superhard materidts'slandbook of ceramic hard
materials [ed.] R. Rieldel, Weinheim, New York, Wiley, 20000¢l. 2.

9. He, D., Zhao, Y., Daemen, L., Qian, J., Shem).Tand Zerda, T.W. Boron
suboxide: As hard as cubic boron nitrigdéppl. Phys. Lett., Vol. 81, 2002, pp. 643-
645.

10. Garvie, L.A.J., Hubert, H., Petuskey, W.T., Mtidh, P.F. and Buseck, P.R.
"High-pressure, high-temperature synthesis in th€-R-O system, Il. Electron
energy-loss spectroscopy (EELS). Solid State Chem., Vol. 133, 1997, pp. 365-371.
11. He, D., Akaishi, M., Scott, B.l. and Zhao, Yarowth of boron suboxide crystals
in the B-BO3 system at high pressure and high temperdfureMater. Res., Vol. 17,
2002, pp. 284-290.

~176 ~



References

12. Hubert, H., Devouard, B., Garvie, L.A.J., O'KegM., Buseck, P.R., Putuskey,
W.T. and McMillan, P.F.Itosahedral packing of B icosahedra in boron suboxide
(BsO)", Nature, Vol. 391, 1998, pp. 376-378.
13. Yu, S., Wang, G., Yin, S., Zhang, Y. and Liu,"®anostructured films of boron
suboxide by pulse laser depositioRhys. Lett. A., Vol. 268, 2000, pp. 442-447.
14. Itoh, H., Yamamoto, R. and Ilwahara, BsO-c-BN composite prepared by high
pressure sinterin J. Amer. Ceram. Soc., Vol. 83, 2000, pp. 501-506.
15. McMillan, P.F., Hubert, H., Chizmeshya, A., iskey, W.T., Garvie, L.A.J. and
Devouard, B. Nucleation and growth of icosahedral boron suboxlissters at high
pressurg, J. Solid State Chem., Vol. 147, 1999, pp. 281-290.
16. Shabalala, T.C.The preparation and characterisation of boron sutlexbased
composite§ University of the Witwatersrand, 2007, PhD Thesis.
17. Hubert, H., Garvie, L.A.J., Devouard, B., BuseP.R., Petuskey, W.T. and
McMillan, P.F. 'High-pressure, high-temperature synthesis and aottarsgsation of
boron suboxide ()", Chem. Mater., Vol. 10, 1998, pp. 1530-1537.
18. Badzian, A.R.Superhard material comparable in hardness to diatioAppl.
Phys. Lett., Vol. 53, 1988, pp. 2495-2497.
19. Brodhag, C. and Thévenot, FHot pressing of boron suboxideB,", J. Less
Comm. Met., Vol. 110, 1986, pp. 1-6.
20. Ellison-Hayashi, C., Zandi, M., Murray, Csillag.J. and Kuo, S.Boron
suboxide material and method for its preparatidn135,8951992, US Patent.
21. Hall, H.T. and Compton, L.A.Group IV analogs and high pressure, high
temperature synthesis 0@’, Inorg. Chem., Vol. 4, 1965, pp. 1213-1216.
22. Kharlamov, A.l., Kirillova, N.V., Loichenko, 8. and Kostyuk, B.D. Properties
of boron suboxide BO,", Powder Metall. Metal Ceram., Vol. 41, 2002, pp.196.
23. Harris, T.K., Brookes, E.J. and Taylor, C.Ihé effect of temperature on the
hardness of polycrystalline cubic boron nitride toug tool materials, Inter. J.
Refract. Met. and Hard Met., Vol. 22, 2004, pp.-109.
24. Lundstrom, T. and Adreev, Y.GSuperhard boron-rich borides and studies of
the B-C-N systefnMater. Sci. and Eng. A, Vol. 209, 1996, pp. 16-22.

~ 177 ~




References

25. Cook, B.A., Harringa, J.L., Lewis, T.L. and Rek, A.M. "A new class of
ultrahard materials based on AIMgB, Scripta Mater., Vol. 42, 2000, pp. 597-602.
26. Takeda, M., Fukuda, T., Domingo, F. and Midra;Thermoelectric properties of
some metal boridésJ. Solid State Chem., Vol. 177, 2004, pp. 471-475.

27. Mota, J.M., Martinez, M.A., Velasco, F. and ao, A.J. Preparation of
aluminium boride by powder technoldgZeram. Inter., Vol. 30, 2004, pp. 301-306.
28. Singh, B.P. Characterisation of cubic boron nitride compdgtd/ater. Res.
Bull., Vol. 21, 1986, p. 85.

29. Lundstrom, T. Structure and bulk modulus of high-strength borompound$

J. Solid State Chem., Vol. 133, 1997, pp. 88-92.

30. Endo, T., Sato, T. and Shimada, NHigh-pressure synthesis of,@ with
diamond-like structurg J. Mater. Sci. Lett., Vol. 6, 1987, pp. 683-685.

31. Srikanth, V., Roy, R., Graham, E.K. and VolQtE. "BO: Phases present at
high pressure and temperattiyd. Amer. Ceram. Soc., Vol. 74, 1991, pp. 3145-3147.
32. Gao, F., Qin, X., Wang, L., He, Y., Sun, G.uHb. and Wang, W.Prediction of
new superhard boron-rich compouridsl. Phys. Chem. B, Vol. 109, 2005, pp.
14892-14895.

33. Shirai, K., Masago, A. and Katayama-Yoshida,Hlgh-pressure properties and
phase diagram of bordnPhys. Stat. Sol. (B), Vol. 244, 2007, pp. 303-308.

34. Brodhag, C. and Thévenot, Hdt pressing of various boron pha%e8th Inter.
Symposium on Boron, Borides, Carbides, Nitrides Redated Compounds, 1984,
pp. 175-180.

35. Masago, A., Sharai, K. and Katayama-Yoshidd;Gystal stability of - and -
boror', Phys. Rev. B, Vol. 73, 2006, p. 104102.

36. Rizzo, H.F., Simmons, W.C. and Bielstein, H:The existence and formation of
the solid BO", J. Electro. Soc., Vol. 109, 1962, pp. 1079-1082.

37. Hoard, J.L., Sullenger, D.B., Kennard, G.H.hd &Hughes, R.E.The structure
analysis of -rhombohedral borof) J. Solid State Chem., Vol. 1, 1970, pp. 268-277.
38. Petrak, D.R., Ruh, R. and Atkins, G.RI€thanical properties of hot-pressed
boron suboxide and borénCeram. Bull., Vol. 53, 1974, pp. 569-574.

~178 ~



References

39. Kobayashi, M., Higashi, I., Brodhag, C. and Vdréot, F. Structure of BO boron
suboxide by Rietveld refinemént. Mater. Sci., Vol. 28, 1993, p. 2129.

40. Lundstrom, T. and Bolmgren, H1Ith Inter. Symp. on Boron, Borides and
Related Compountigeds.] Uno, R. and Higashi, I., Vol. 10, 1994 1p

41. Becher, H.J. and Thévenot, Hnffarotspektroskopische Untersuchung des
Borcarbids und seiner isotypen Derivate;®,, Bi,P, und B,As", Z. Anorg. Allg.
Chem., Vol. 410, 1974, pp. 274-286.

42. Gao, F., Hou, L. and He, YOrigin of superhardness in icosahedrah,B
materials, J. Phys. Chem. B, Vol. 108, 2004, pp. 13069-13073.

43. Nieto-Sanz, D., Loubeyre, P., Crichton, W. &wkzouar, M. X-ray study of the
synthesis of boron oxides at high pressure: Phasgram and equation of state
Phys. Rev. B, Vol. 70, 2004, pp. 214108-6.

44. Wartik, T. and Apple, E.RJ, Am. Ceram. SocVol. 77, 23, 1955, p. 6400.

45. Kanda, F.A., King, A.J., Russell, V.A. and Ka¥., ibid, Vol. 78, 7, 1909, p.
15009.

46. Weintraub, ETrans. Am. Electrochem SpWol. 16, 1926, p. 165.

47. Pasternak, R.A.Crystallographic evidence for the existence OB Acta
Cryst., Vol. 12, 1959, pp. 612-613.

48. Holcombe, Jr. C.E. and Horne, Jr. J.Method for preparing boron suboxige
3,660,0311972, US Patent.

49. Liu, X., Zhao, X., Hou, W. and Su, WA 'hew route for the synthesis of boron
suboxide (BO)", J. Alloys and Compds., Vol. 223, 1995, pp. L7-L9.

50. Gladkaya, I.S., Dyuzheva, T.l., Ekimov, E.Aikdaev, N.A. and Bendeliani,
N.A. "Crystal growth at high pressure and the problencloéracterisation of the
interstitial phases in the B-C-O systerd. Alloys and Compds., Vol. 329, 2001, pp.
153-156.

51. Hubert, H., Garvie, L.A.J., Leinenweber, K.,sBak, P.R., Petuskey, W.T. and
McMillan, P.F. 'High-pressure, high-temperature synthesis of sugrerhboron
suboixdé, Mater. Res. Soc., Vol. 410, 1996, pp. 191-196.

~179 ~



References

52. Goosey, B.F. and Anderson, S.Q®4ethod of fabricating boron suboxide
articles', 3,816,5861974, US Patent.

53. Bairamashvili, I.A., Kalandadze, G.l., Eristai.M., Jobava, J.S., Chotulidi,
V.V. and Saloev, Y.L. An investigation of the physicomechanical propsrbé BO
and SiB", J. Less Comm. Met., Vol. 67, 1979, pp. 455-561.

54. Ellison-Hayashi, C., Emond, G.T. and Kuo, S'Abrasives material and method
of removing material from surfacel0 0621 327 Al1994, EU Patent.

55 Ellison-Hayashi, C., Emond, G.T. and Kuo, S.Method of abrading with boron
suboxide (BO) and the boron suboxide B) articles and composition used
5,456,7351995, US Patent.

56. Wachtman, J.BMechanical properties of ceramigdNew York, John Wiley and
Sons, 1996.

57. Kurisuchiyan, E., Jiyooji, T.E. and Shii, R.XGrinding by using composition
containing boron suboxide7,034,0631995, Japan Patent.

58. Barry, I. "Synthesis of superhard icosahedratob-rich solids", Research
experience for undergraduat&999, http:/mrsec.la.asu.edu/outreach/reu/reu1999.
59. Lee, S., Kim, S.W., Bylander, D.M. and Kleim&an',Crystal structure, formation
enthalpy, and energy bands ofB, Phys. Rev. B, Vol. 44, 1991, pp. 3550-3554.
60. Peterson, I.M. and Tien, T.YEffect of grain boundary thermal expansion
coefficient on the fracture touhgness in silicotride”, J. Am. Ceram. Soc., Vol. 78,
1995, pp. 2345-2352.

61. Padture, N.P.If situ-toughened silicon carbitleJ. Am. Ceram. Soc., Vol. 7,
1994, pp. 519-523.

62. Sun, E.Y., Becher, P.F., Plucknett, R.P., Hs@=H., Alexander, K.B., Waters,
S.B., Hirao, K. and Brito, M.E. Microstructural design of silicon nitride with
improved fracture toughness: Il. Effects of yttaad alumina additivé's J. Am.
Ceram. Soc., Vol. 81, 1998, pp. 2831-2840.

63. Faber, K.T. and Evans, A.GCrack deflection processes - |. ThebnActa
Metall, Vol. 31, 1983, pp. 565-576.

~180 ~



References

64. Morell, R. Handbook of properties of technical and engineegegamics. Part
1: An introduction for the engineer and desidghdXational Physical Laboratory,
1985.

65. Faber, K.T. and Evans, A.GCrack deflection processes - Il. Experinfericta
Metall, Vol. 31, 1983, pp. 577-584.

66. Faber, K.T., Evans, A.G. and Drory, M.Orrdcture mechanics of ceramigs
[eds.] Bradt, R.C., Evans, A.G., Hasselman, D.Ruktl Lange, F.F., Plenum Press,
1982, Vols. 5-6.

67. Swanson, P.L., Fairbanks, C.J., Lawn, B.R.,, MalV., and Hockey, B.JCrack-
interface grain bridging as a fracture resistanceeghanism in ceramics: |I.
Experimental study on alumial. Am. Ceram. Soc., Vol. 70, 1987, pp. 279-289.
68. Evans, A.G. Perspective on the development of high-toughnessmies', J.
Am. Ceram. Soc., Vol. 73, 1990, pp. 187-206.

69. Rodel, J. Ihteraction between crack deflection and crackidgmg', J. Euro.
Ceram. Soc., Vol. 10, 1992, pp. 143-150.

70. Boustan, l.,, Quandt, A., Hernandez, E. and &®ull. "New boron based
nanostructured materidlsJ. Chem. Phys., Vol. 110, 1999, pp. 3175-3185.

71. Herrmann, M., Schulz, I. and Zalite, Mdterials based on nanosizeSkN,
composite powdetsJ. Euro. Ceram. Soc., Vol. 24, 2004, pp. 3327-3335.

72. Siegel, W.R. "Synthesis, structure, and pragedf nanostructured materials”, In
Fundamental properties of nanostructured materialeds.] Fiorani, D. and
Sberveglierr, G., Rimini, 2003, pp. 3-20.

73. Mayo, M.J. Processing of nanocrystalline ceramics from ulmafparticles, Int.
Mat. Rev., Vol. 41, 1996, pp. 85-115.

74. Suryanarayana, CNanocrystalline materials Int. Mater. Rev., Vol. 40, 1995,
pp. 41-64.

75. Tjong, S.C. and Chen, HNanocrystalline materials and coatifigdVater. Sci.
and Eng. Reports, Vol. 45, 2004, pp. 1-88.

76. Reed, J.S.Principles of ceramic processihgVol. 2, New York, Wiley
Interscience, 1995, pp. 313-337.

~181 ~



References

77. Rahaman, M.N.Ceramic processing and sinteringvol. 2, New York-Basel,
Marcel Dekker Inc., 2005, pp. 620-684.

78. Makarov, V.S. and Ugai, Y.AThermodynamic study of boron suboxidgQpB,

J. Less. Comm. Met., Vol. 117, 1986, pp. 277-281.

79. Naumov, V.N., Tagaev, A.B., Tsagareishivili,SQ. Tsagareishvili, G.V. and
Tushishvili, M.C. Thermodynamic properties of boron suboxide in @reperature
range 11.44-311.84'KInst. Metall., Vol. 138, 1990, pp. 321-324.

80. Tsagareishvili, G.V., Tsagareishvili, D.S., Misbvili, M.C., Omiadze, 1.S.,
Naumov, V.N. and Tagaev, A.BEhthalpy and heat capacity of boron suboxide in
the temperature range of 298.15-781.8 Kst. Metall., Vol. 231, 1991, pp. 384-391.
81. Gaskell, D.R. Ihtroduction to the thermodynamics of materialslew York,
McGraw-Hill Book Company, 1981, p. 110.

82. SGPS-SGTE pure substance datab8seentific Group Thermodata Eurgpe
2000.

83. ACerS-NIST Phase Equilibrium DiagranMiST Standard Reference Database
Vol. 31, Version 3.1.

84. Anstis, G.R., Chantikul, P., Lawn, B.R. and 8tall, D.B.,J. Am. Ceram. Sac
Vol. 64, 1981, p. 533.

85. Herrmann, M.Private communicatidh 2008.

86. Applewhite, A.L. and Day, D.EPtoc. XVth intern. congr. on glassvol. 2b,
Leningrad, 1989, p. 337.

87. Kleebe, H.-J., Lauterbach, S., Shabalala, THerrmann, M. and Sigalas, I.
"BgO: A correlation between mechanical properties anatrostructural evolution
upon A$O3z addition during hot pressirigJ. Am. Ceram. Soc., Vol. 91, 2008, pp.
569-575.

88. Li, A., Zhen, Y., Yin, Q., Ma, L. and Yin, YMicrostructure and properties of
(SIC,TiB)/B4C composites by reaction hot pressinGeram. Inter., Vol. 32, 2006,
pp. 849-856.

~182 ~



References

89. Liversage, J.H.An enhancement of the mechanical properties in tiomally
graded liquid-phase SiC-TiC ceramic compositémiversity of the Witwatersrand.
2005, PhD Thesis.

90. CRC,"Properties of TiB", In Material Science and Engineering Handbppk
507.

91. Uzgur, A.E., Gonenli, I.E. and Tas, A.Gyhthesis of aluminium borate whiskers
for metal matrix compositgslil ceramic congress, proceedings book, Vol. 2,699
Intanbul, pp. 85-91.

92. Ozbayraktar, S. and Rieldel, R. KHahdbook of ceramic hard materialded.]

R. Rieldel, Weinheim, Wiley, 2000, Vol. 2.

93. Patankar, S.N., Zhang, D., Adam, G. and Said, FProcessing of yttrium-
aluminium garnets under non-equilibrium conditign3. Alloy Compds., Vol. 353,
2003, pp. 307-309.

94. Mulder, C.A.M. and de With, G.Tfanslucent ¥AlsO;, ceramic: Electron
microscopy characterisationSolid State lonics, Vol. 16, 1985, pp. 81-86.

95. Yagi, H., Yanagitani, T., Numazawa, T. and Udtld'The physical properties of
transparent ¥AlsO1,: Elastic modulus at high temperature and therm@bductivity

at low temperaturg Ceram. Inter., Vol. 33, 2007, pp. 711-714.

96. Pan, Y., Qin, J.H., Morita, M., Tan, S. andhgiaD. 'The mechanical properties
and microstructure of SiC-AIN particulate compdsite Mater. Sci., Vol. 33, 1998,
pp. 1233-1237.

97. Liu, AY. and Cohen, M.L. Prediction of new low compressibility soligds
Science, Vol. 245, 1989, pp. 841-842.

98. Leger, J.M., Djemia, P., Ganot, F., Haines,Pé&reira, A.S. and da Jornada,
J.A.H. 'Hardness and elasticity in cubic ruthenium dioXjd&ppl. Phys. Lett., Vol.
79, 2001, p. 2169.

99. Teter, D.MMRS Bull, Vol. 23, 1998, p. 22.

100. Haines, J., Leger, J.M. and Bocquillon, Gynithesis and design of superhard
materials, Ann. Rev. Mater. Res., Vol. 31, 2001, pp. 1-23.

~183 ~



Appendices

Appendices

Appendix A: Thermodynamic data for BsO

Table Al: New thermodynamic date fog@ after corrections. Standard state: pure solgiidi and

ideal gas at 1 atm.

T(K)  Cp(I/K) H(J) GQ) S(I/K)
298.15 74.305  -527000.0-538601.0  38.910

300.00 75.015 -526861.9-538673.4  39.372

400.00 105.986 -517713.9 5439045  65.476

500.00 129.594 -505899.6 551770.3  91.741

600.00 150.304 -491889 -562226.1 117.228
700.00 169.645 -4g5%  -575187.5 141.863
800.00 184.940 -48%9  -590573.3  165.737
900.00 187.240 -4B9®  -608262.0  187.652
1000.00 189.540 B2B0  -628034.9 207.499
1100.00 191.840 4@LO  -649706.1 225.672
1200.00 194.140 -BB20  -673123.3 242.463
1300.00 196.440 G820 -698160.0 258.093
1400.00 198.740 @30  -724709.0 272.735
1500.00 201.040 82RO  -752678.7 286.525
1600.00 203.340 @O20  -781989.4 299.573
1700.00 205.640 2820 -812571.6 311.970
1800.00 207.940 2640 -844364.1 323.789
1900.00 210.240 @3B0  -877312.3  335.093
2000.00 212.540 4980 -911367.4  345.936
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Appendix B: Summary of properties of all hot pressed materials

Table B1: Summary of properties of all hot presseiehposites.

Theoretical %

Open

. Al,O3Y,0;  Density . . . Crystalline grain Kic
Material . density Theoretical porosity Hvs (GPa) Hv, (GPa) Hvy s (GPa) ,
mol ratio (g/cn?) (glcr?) density (%) boundary phase (MPa.n??)

19B¢Oa - 2.48 2.55 97.3 3.6 - 30.1+0.8 31.4+1.1 34.7+1.1 3.310.1
19B¢Ob - 2.48 2.55 97.3 1.1 - 35.7+1.6 tkg) - 35.6+1.5 Brittle
19B:0 - 2.52 2.55 98.8 1.9 - 29.4+0.5 (kg) - 32.3t1.4 Britlle
18B¢01AI1.32Ya 62:38 241 2.57 93.8 3.2 - 30.4£1.8 29.8+£1.7 31.4£1.9 5.4+£0.3
18B¢01AI1.32Yb-1 62:38 2.51 2.57 97.7 3.0 ) 28.8+0.8 - - 4.7+0.6
18B¢01AI1.32Yb-2 ) 2.54 2.57 98.8 0.9 29.7+£0.6 32.4+0.9 34.0£1.9 4.1+0.3
1795¢02Al2.65Ya 62:38 2.27 2.59 87.6 5.9 - 16.6+2.1 - - 7.2+0.6
18B¢02Al2.65Ya 62:38 2.53 2.59 97.7 1.6 - 29.7+1.4 29.6+0.7 30.7£1.0 6.2+1.0
185B02Al2.65Ya 62:38 2.58 2.59 99.6 1.2 - 27.8+2.1 - 30.7t1.4 3.4+0.1
18B¢02A12.65Yb-1 62:38 2.55 2.59 98.5 1.9 ) 29.1+0.4 31.4+1.2 33.0£1.8 4.6x£0.4
18B¢02AI12.65Y b-2 ) 2.56 2.59 98.8 1.2 29.2+0.7 - - 4.4+0.1
18B¢02AI2.65YHTPb 62:38 2.54 2.58 98.4 1.7 - 26.4+£0.5 - - 4.3£0.3
18B¢02.83A13.75Yb-1 62:38 2.57 2.61 98.5 0.8 ) 28.1+0.7 29.5+1.4 30.5+0.6 5.1+0.8
18B¢02.83A13.75Yb-2 ) 2.57 2.61 98.5 1.2 28.2+0.8 - - 4.1+0.6
18B¢02.87A11.58Yb 80:20 2.53 2.59 97.7 0.8 Al 16B4033 28.3+0.9 29.4+0.9 31.4+0.9 3.8+0.9
18B¢04.06A12.24Yb 80:20 2.57 2.61 98.5 0.5 Al 16B4033 29.2+0.7 28.4+0.8 30.7+1.1 4.3+0.8
18B¢01.48A13.26Yb 50:50 2.57 2.59 99.2 1.2 - 27.910.4 27.4+£1.0 28.6x0.8 3.8+£0.6
18B¢02.1A14.63Yb 50:50 2.56 2.62 97.7 14 - 27.8+1.3 28.0t1.5 29.0+1.2 3.3+0.3
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. Al,03Y,0O;  Density Theo_retical % . Open_ Crystalline grain Kic

Material mol ratio (g/cn) density Theo_retlcal porosity boundary phase Hvs (GPa) Hv, (GPa) Hvos (GPa) (MPa.n?®)
(g/cn?) density (%)

18B02AI12.65Y 1Sia 62:38 2.46 2.59 95.0 4.4 - 30.0+1.6 - 30.9+0.9 4.9+1.0
18B02A12.65Y 1Sib 62:38 2.55 2.59 98.5 1.2 - 27.6+0.6 - 30.9+1.1 3.2+0.5
18B;02.54A11.4Y1.27Sib  62:38 2.56 2.58 99.2 1.1 - 27.4+0.9 - 27.6+0.4 3.9+0.9
18B02.7AI3.57Y1.355ib  80:20 2.58 2.61 98.9 0.1 Al1gB4033 27.4%1.0 - 31.4%1.9 3.7+0.4
é88603'430‘|1'89{1'725i 80:20 2.59 2.59 100.0 0.5 Al1gB4033 28.3+0.4 - 29.8+0.8 4.6+0.8
18B02Al1Sia - 242 2.56 94.5 4.1 Al1gB4033 28.0+1.5 - 28.4+0.6 5.2+0.7
19B;O1Ala - 251 2.55 98.4 3.0 Al1gB4033 30.2+1.8 - 30.9+0.6 5.8+0.5
19B;02Ala - 2.54 2.56 99.2 1.8 Al1gB4033 29.5+1.5 - 30.6+1.1 5.5+0.6
19B;O3Ala - 2.55 2.57 99.2 2.1 Al1gB4033 27.0£0.7 - 28.9+0.5 4.5+0.5
19BO5TiCa - 2.49 2.60 95.8 2.4 TiB,, Al1gB4Os3  26.7+0.6 - 28.2+1.3 4.3+0.3
19B:O5TiB.a - 2.62 2.60 100.8 0.8 TiBy, Al1gB4Os3  26.5+1.5 - 27.8+0.8 6.7+0.9
16B,05Pd - 1.75 2.98 58.7 26.7 Pd.B - - - -
19B,05Pd - 2.82 2.98 94.6 4.4 Pd.B 22.5+0.9 - - 13.5+3.2
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Appendix C: XRD patterns of admixed powders and hot pressed composites
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Figure C1: XRD pattern of # powder admixed with a) 1 wt% Ab; b) 5 wt% TiC. (b) 5 wt% TiR
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Figure C2: Typical XRD patterns of Al-Y-dopeds® hot pressed composites showing oniOB
peaks. (al8BgO1AI1.32Y (b) 18Bs02.83A13.75Y
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Figure C3: XRD pattern of Al-Y-dopedsB hot pressed composite (80 mol %,@d) showing

aluminium borate phase. Remaining peaks belongg@o

2000
*
*BGO
x Al,O4
1500 | +Y20;
oFe
5
8
2 1000
1]
c
Q
£
500 |
0
10 20 30 40 50 60 70 80

Angle (°2 theta)

Figure C4: XRD pattern of g admixed with 2 wt% AlD;, 2.65 wt% Y03, and 1 wt% SiQ SiG; is
amorphous.
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Appendix D: SEM micrographs of hot pressed composite materials

Figure D1: SEM images of pure hot presse® Bhowing secondary phase. {8B¢Oa (b) 19B:0b.
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Figure D2: SEM micrographs of Al-Y-dopedi® hot pressed composite prepared from first batch o
milled powder showing homogenous distribution afdar phase. White isolated spots are Fe and Cr

contaminations from milling.
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c) 188,02.83A12.75V b

Figure D3: SEM images of Al-Y-dopedsB hot pressed composites prepared from second batch

milled powder showing segregation of yttria in hégladditive content.
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a) 1756C b) 1800C

c) 1850C

Figure D4: SEM images of Al-Y-dopeds® hot pressed composites at different temperatures.

Figure D5: Low magnification image (SEM) of Al-Y-ded BO hot pressed composite produced from

heat treated powder showing segregation and ciaakgrostructure.

~193 ~



Appendices

a) 1802Al12.65Ya b) 188s02AI12.65Yb

C) 188602.7A13.57Y 1.355ib d) 18B¢02.54A11.4Y 1.27Sib

Figure D6: SEM images of Al-Y-Si-dopeds® hot pressed composites showing grain growth in
higher SiQ content.

~ 194 ~




Appendices

Figure D7: SEM image of polishetBBsO2Al2.65Yb material showing indentation made with 5kg
load.

Figure D8: Crack path in polished Al-Y-doped@ hot pressed composites indicating some crack

deflections. Transgranular fracture occurred irs¢heomposites.
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Figure D9: Crack path in polished Al-Y-Si-doped@Bhot pressed composites indicating some crack

deflections. Transgranular fracture occurred irs¢heomposites.
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Appendix E: Particle size distribution of milled powdeas using the Mie-theory
with refractive index of 2.409 and absorption of 0.08.
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Figure E1: Dependency of particle size distributddiB,O powders on milling time.
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