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Abstract

The fracture toughness of polycrystalline boronosidle has been substantially
improved through the addition of a low amount ofrieas sintering aids
Determining the reasons behind the small amoursieobndary phase increasing

the toughness of boron suboxide to such an extasthe focus of this project.

Fracture toughness testing was conducted on purenbsuboxide and boron
suboxide containing CaO, NiO, ,¥;-Al;03 TiB,-Y,03-Al, 03 additions.

Determining the fracture toughness through the SBVIRT and COD methods,
it was shown that these additives increase thehtwegs of boron suboxide
significantly. Additionally, hardness testing of rpuboron suboxide revealed a

significant indentation size effect.

Analysis of crack interaction with the microstrugtwas performed. Insufficient
mechanical toughening events were observed to iexfila increase in fracture
toughness. Although the mechanism behind the isergafracture toughness was
not discovered, it was concluded that the sinteainty must change the surface

energy of the boron suboxide matrix.
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1.0 Introduction & Motivation

Diamond and cubic boron nitride are the currentesdnard materials used for
industrial applications. However, the main methad the manufacture of
diamond and cubic boron nitride utilises ultra-higgmperature and pressure,
which renders the manufacture of these materiaperesive. Furthermore, the
stability of these materials decreases at eleviegberatures. Diamond has the
additional problem of being unable to machine fesroalloys at elevated
temperatures due to diffusional wear (Loladze, (3P8These problems with the
current super-hard materials have stimulated rekeato finding a new super-

hard material for industrial applications.

Boron suboxide has been found to possess propéntesndicate that it could
potentially be used as an industrial super-harden@t Single crystal boron
suboxide has a hardness of 45GPay(iiand a fracture toughness of 4.5MP&m
(He et al (2002)), comparable with the hardness and fradiomghness of cubic
boron nitride (60GPa and 2.8MP&:Pmespectively). However, the polycrystalline
materials of pure boron suboxide have been founfiacture in a very brittle
fashion. The toughness of polycrystalline boronosidee has been improved by
the work of Shabalala (2008), Andrews (2008), John2008) and Ogunmuyiwa
(2009), which produced various boron suboxide caiips. However, the
reasons behind the improved toughness of the cdtepdsave never been fully

explained.



The aim of this project was to explain the readogisind the increase in fracture
toughness of the boron suboxide composites compargaire boron suboxide.
The toughness of various boron suboxide composésswell as pure boron
suboxide were be determined by three methods, dmdua standard testing
method. The reasons for the toughening was exammegtms of the interaction

of crack with the microstructure of the boron subdexmaterial.

A detailed literature review on the previous depebents of boron suboxide is

presented in Chapter 2.

Chapter 3 describes the techniques and equipmedttasaccomplish the aim of

this project.

Chapter 4 presents the results obtained usingettfertques discussed in Chapter

3.

Chapter 5 discusses the results and explains tnghéming behind the boron

suboxide composites.

The conclusions of this projects and recommendstionfurther bodies of work

are presented in Chapter 6.



2.0 Literature Survey

2.1 Super hard materials

The majority of researchers accept that the miningtiterion for a material to be
classified as super-hard is to have a hardness Vadiner than 40GR&unget al

(1995)). Industrially, super-hard materials are duse applications where
resistance to abrasive wear is important. Thesdicafipns include grinding

media, cutting tools and wear parts.

Hardness of a material is a measure its abilityesist plastic deformation (Dieter
(1976)). Many factors are responsible for a malteriaardness. The material’s
resistance to volume compression, resistance tarisigeand the resistance to
deformation due to the formation and interactiohdislocations, and in ceramics,
microcrack formation all play a role. Hence, a hardterial would have a high

bulk modulus and a high shear modulus.

Another way of viewing the factors affecting hargsés that a hard material must
have a three dimensional dense network of bondshoft length and high

strength. Covalent bonds are the strongest bondsaionre; these bonds exist



between Group IV elements (such as C, Si, Ge).t®tod lengths exist between
the lighter elements (B, C, N, O). It is for thesasson that much research into hard
materials has been focused on the lighter elem@mprek (1999), He et al.

(2002)).

The super-hard materials made from these light eésnalso exhibit the highest
strength in compression, thermal conductivities aedustic wave velocities.
They also exhibit high chemical inertness and Idvermal expansion and

mechanical friction coefficients (Sumgal (1995)).

Examples of super-hard materials made from thetdigklements are diamond
and cubic boron nitride (cBN). Diamond is reportedhave a hardness value
between 70 and 100GPa and a fracture toughnes&iPa.ni>. Cubic boron

nitride is reported to have a hardness around 45@Raokes (1986)), and a

fracture toughness of 2.8MP&:tn

The boron family of compounds (of which cBN is ampinent member) is of
particular interest for various reasons. Boronhke do form covalent bonds with
many elements, which as discussed above is orfeeattuirements of producing
super-hard materials. Boron is also able to formd Imaaterials with many of the

transition elements. Boron has several existing Ipaiases, such as boron carbide



(B4C) and boron suboxide {B), as well as several proposed phases, sucbk@s B

BCN and BGN(Itoh (2004)).

Recently however, single crystalline boron suboxidih hardness values up to
45GPa and fracture toughness values up to 4.5MPahas been found to
display properties which may classify the matesmkuperhard. (Het al (2002))
This has led to the belief that boron suboxide aositps may be another potential

industrial wear resistant material.

2.2. Structure of boron suboxide

The structure of boron compounds® B,C and BP, as well as elemental boron
are based upon the icosahedron unit cell (King Z)99he icosahedra of both
boron suboxide and boron carbide form amhombohedral structure group
( R3m spacegroup) which comprises twelve boron atomsmyieg the vertices

of the rhombohedral, this is shown in Figure 2rlbbron suboxide, two oxygen
atoms are accommodated along the main diagonate;i&oron suboxide has the

structural formula of BO, (Kawai et al. (1990)).



@ B, icosahedral unit

8 Oxygen

Figure 2-1: Rhombohedral cell of boron suboxide (Hhbert (1998))

Performing Rietveld refinement on boron suboxidelgBem (1991) determined
the hexagonal cell parameters of boron suboxidée@ = 5.366A andc =
12.331A, with the distance between the central erygtoms being 3.06A. The
distance between oxygen atoms was confirmed by Katval (1990) usingka

X-ray emission spectroscopy.



Theoretical calculations performed by Leeal (1991) and later Letsoala and
Lowther (2008) sought to determine the atomic pasibf the unit cell by altering
cell parameter until a minimum energy was estabtistin both cases, the oxygen
atoms were found to be non-bonding. Figure 2-2 ¢alaulated electron density
map, which shows the lack of interaction betweendakygen atoms. The plane of
the density map was chosen such that it woulddatgrthe two oxygen atoms of
the same boron suboxide unit cell. leteal determined the lattice constant to be
9.709A. Letsoabe and Lowther determined the a agithensions to be 5.392 A
and 12.121A respectively. The difference betweea thlculate values and

experimental data was due to non-stoichiometryxgfgen in the BO unit cell.

Figure 2-2: Electron density map for boron suboxide(calculated) Letsoala and Lowther

(2008)

Work done by Lundstrom (1997) on the synthesisasbb suboxide with various

forms of boron powder (notably, amorphous andhombohedral), showed that



the occupancy of the 6c¢ position by oxygen decrmeasdéth increasing
temperature. The trend of oxygen stoichiometry witlaction temperature is
displayed in Figure 2-3. This shows that there sohlubility range for oxygen
occupancy in boron suboxide. The work of Lundstréwowever was conducted
using two phases of boron as starting materialodide amorphous angtboron.
It is not clear how the change in the starting miateould alter the occupancy of

the 6¢ position in boron suboxide.
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Figure 2-3: Occupancy of the 6¢ position in O by oxygen. From Lundstrém (1997)

Earlier work by Lundstréom and Andreev (1996) showieat there was a high
concentration of vacancies at the oxygen positioBgO;.x, where “x” is in the
range of 0.16-0.24. They concluded that stoichioimeBsO could only be

prepared at elevated pressures. Boron suboxideetbmah ambient pressures not



only suffered from oxygen deficiency, but also frgwor crystallinity and small

grain size (less thanuh).

McMillan et al (1999) reported that synthesising at high pressuesults in
higher crystallinity. At a pressure of 4-5.5GPagythreported achieving perfect
icosahedral crystals (of about 40 in size), while maintaining thé3m space
group. This is almost contradictory, they reporiasithe R3m space group does
not allow for the five fold symmetry that icosahedrave. They attempted to
explain this by using Mackay packing. In Mackay kpag, successive layers of
atoms are assembled around a central icosahednsniethod of packing does
not produce a close packed structure, with the stam the triangular face
separated by 1.05 times their diameter. McMilktnal believed that Mackay
packing is possible in ® as the oxygen would act as spacers in the boron
structure. This is only possible with higher oxygactivities, which occur at

higher pressures.

Hubert et al (1997) showed that boron suboxide has the prayets twin.
Twinning occurs along a parallel set of planeslongthe {100} plane. However,
twinning along non-parallel planes is never obsgrv8imilar twinning is

observed in boron carbide.



Figure 2-4: Indented apex, indicative of twinningobserved by Hubertet al. (1997)

He, Shieh and Duffy (2004) studied the propertiésboron suboxide when
subjected to nonhydrostatic compression in a di@meell. By analysing the
radial x-ray diffraction, they were able to detemmithat boron suboxide has a
bulk modulus of 270 + 12GPa, which approaches tfiatBN (360GPa) and

diamond (440GPa).

2.3. Synthesis

Boron suboxide is produced mainly through two téghes: the reaction of boron
with boron oxide (BOs3) and the reaction of boron with a metal oxide. Sehe

techniques are discussed below.
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U.S. patent 3,660,031 (Holcombe, ér.al (1972)) discloses a method to prepare
boron suboxide (reported as@ by reacting elemental boron with zinc oxide,
between the temperatures of 1200° and 1500°C. Taterral is recorded as
having a high refractivity and small grain size |rf). Although no fracture
toughness value is reported, hardness of 38.20@R#e a 100g load) and a
density of 2.60g/crhis reported. The reaction of boron powder withczirxide

powder is:

ZnO + B> BgO + Zn Equation 2-1

Elemental boron is mixed with the metal oxide powdée blended powder is
then placed in a refractory vessel and heated @°t2500°C under flowing
argon, helium or vacuum (Holcomie al (1972)). This method is claimed to
work for powder blended in stoichiometry or withcess boron with only a slight
reduction in the properties of the final productol¢gdbmbe et al (1972)).
However, it is doubtful that stoichiometry was ast@d in the initial reports of

boron suboxide synthesis.

Apart from zinc oxide, various metal oxides haverbeeported to be successful
in the synthesis of boron suboxide including; M@0, SnO, G#s (Brodhag
et al. (1986)), CrQ, KCIO3; and CuO, BiO; and InO3; (Olofssonet al (1997)).

Zinc oxide has been proven to offer the best res{iliu et al. (1995)). The

11



temperature of this synthesis ranges from 1200°@btmut 2000°C. Olofsson and
Lundstrom (1997) report that attempts at synthiesisw about 1250°C are likely

to be unsuccessful due to reduced reaction rates.

Oxides such as CHDKCIO; require higher pressures to promote Equation 2-2

(Liu et al (1995)).

CrO;+ B> BO + CbO3 + O, Equation 2-2

However, there is a problem controlling the pressuinen a gaseous phase)({3

released. MgO is reported to form magnesium bonidducing the amount of
boron free to form boron suboxide (Lat al (1995)). There is contention as to
whether GgO3 also forms a boride or not. Let al (1995) report that it does not,

while Brodhag and Thevenot (1986) reports thavésd

In the production of BO through a metal oxide, zinc oxide has gained@ecee
as the oxide to use in this route, due to the @a@bewhich the undesired products

and reactants can be removed.

The zinc is removed from the crucible in the gasefmum, while the zinc oxide
and excess boron powder can be removed by washingydrochloric acid.

Furthermore, at the temperatures of the reactiong axide is a liquid phase,

12



which would increase the rates of reaction viagased mass transport rates (Liu

et al. (1995)).

The synthesis of boron suboxide by use of zinc @xidn be performed either at
low pressure (even ambient) (Holcomdteal (1972) and Liwet al (1995)), or at
higher pressures (about 3.5GPa) (Kayhan and In@®9)). However, if the
synthesis occurs at higher pressures, then thends be faced with hBN to

prevent contamination of the powder.

The second route for production of boron suboxidedrted as BO) is disclosed

in U.S. patent 5,330,937 (Ellison-Hayagtial (1994)). This method produces
boron suboxide by reacting elemental boron withohooxide (BOs), between

1900° and 2100°C, under a pressure of between &@@000 psi. The grain size
of the resulting boron suboxide is reported astleas um. Hardness values of at
least 38GPa and typically 42.5GPa were recordedfr&idure toughness values
were recorded. This method produces a sintered aomphich must then be

ground to powder.

It is possible to produce powder directly through teaction of boron with boron
oxide (BOs). In this method, the two powders are blended @taved to react
under an inert atmosphere (argon or helium) betvt®&®-2000°C (Oloffson and

Lundstrom (1997)). The following reaction ensues:
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16Bs) + B,O3 = 3BsO Equation 2-3

Boric acid has been successfully used in the ptdcB,0Os;. Typically, excess
boric acid is used in the synthesis to correctideses due to the evaporation of
HBO.,. This method has similar advantages as compartgkteynthesis with zinc
powder. Since boron oxide melts around 450°C, dtdases the kinetics of the
overall reaction. Further, any residual reactamis lbe removed by washing in

dilute hydrochloric acid or ethanol (Shabaletal (2008)).

In this method, either amorphous or crystallineonocan be used, with varying
effects on the properties of the end powder. Otofsand Lundstrom (1997)
studied the effect on the choice of boron morphplog the reaction using
amorphous boron amgdrhombohedral. It was found that the alpha rhomUdcodde
boron resulted in better crystallinity of the saegp(Lundstrom (1997)). However,
due to the lower reactivity ofi-boron as compared to amorphous boron, the
reaction time increases dramatically. For examgiel450°C, it was required to
sinter for 100 hours before a homogeneous phaseestablished (Olofsson and

Lundstrém (1997)).

In 2000, Yuet al showed that nanostructured films of boron sub®xaduld be

deposited on various substrates. Prepared boraxmsigbsintered compacts were
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placed upon Si (100) or graphite surfaces. Pulaserldeposition at 200MJ under
varying pressures was used to deposit the borooxgld on the substrate. A near
homogenous distribution of nano-clusters of bonaimoxide resulted. Some of the
clusters were as large as 500nm. It was obsenadhé larger particles tended to

form polymorphic regular shapes, for example, dedad

If the synthesis of boron suboxide is conductekligh pressures, then the oxygen
stoichiometry, grain size and crystallinity o§@ .« improves (McMillanet al
(1999)). Hubertet al (1998) achieved a maximum grain size ofu#Owith an
oxygen stoichiometry of “x"=0.04, while Het al (2002) achieved a maximum

grain size of 100m by seeding a #3; melt with BO crystallites.

The achievement of Het al (2002) in producing a grain size of 1®0 meant

that single crystal properties could be measuré@s@& crystals were synthesised
at 2100°C under 5.5GPa for 60 minutes. The stomshtoy of the crystals was
determined to be 8,95 The fracture toughness of single crystal bordrogide

is reported as 4.5MPa’mand the hardness as 45GPa. This is comparable to
diamond’s fracture toughness of 5.0MP%rand cubic boron nitride’s hardness
of 60GPa The fracture toughness is significantlghbr than cBN'’s fracture

toughness of 2.8MPa% (Sunget al (1996), Brookes (1986)).

15



Caoet al (2006) synthesized boron suboxide platelets ambwires by reacting
a mixture of Bam), F&0O4 and CaO at 1450°C for four hours. The®eto CaO
ratio determined whether platelets or nanowiresewmoduced. The nanowires
diameter ranged between 50 and 300nm and had atedpength of tens of
microns. Cao proposed that the growth mechanisnr&ated to the conventional
vapour-liquid-solid growth mechanism, where the B® system can form

vapours which deposit onto the Fe catalyst. Thigirment was supported by the

presence of a line of Fe within the grains.

Figure 2-5: (a) SEM of BO platelets (Yu (2010))(b) a cross-section of a nawire with the
proposed star geometry (Jiang (2006)); (c) a schemma of the cross-section showing the

planes of twinning (Jiang (2006))

Using a high resolution transmission electron nicope (HRTEM), Yuet al
(2010) examined the growth mechanism of the pletealeported by Caet al
Normally, in the R3m spacegroup which is characteristic ofOBmaterials, it
would not be possible to form platelets as growting the [100] planes must be

retarded. Ywet al observed that the [100] planes was extensiveiyngd. These
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twins are likely to induce anisotropic growth ofettplatelets as preferred

nucleation and growth occurs along the twin-plasremtrant grooves (Figure 2-5

().

Continuing the work of Caet al, Jianget al. (2006) examined the structure of
the BO nanowires. Figure 2-5 (b) shows the head of tr@wire, which has a
star shaped morphology. This was attributed tove-fiold cyclic twinning along
the {100} planes. The misfit along the twin boundarcould be as low as 1°.
Jianget al believe that the nanowires have potential usesmasabrasives or use

in nanoelectromechanical systems.

2.4. Sintering

2.4.1 Pure boron suboxide

Brodhaget al (1986)investigated the densification behaviour of borohaxide.

The starting powder for the densification experimesms either a mixture of
boron and boron anhydride (for reactive sinterirgg) pre-produced boron
suboxide powder. The pre-produced boron suboxisgedpowas produced by the
borothermic reduction of ZnO. A boron nitride layeas used to limit the carbon
diffusion into the powder from the graphite dietirde major densification peaks

were observed during sintering, as shown in Figuée
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Figure 2-6: Densification of boron suboxide duringhot pressing and reactive sintering

(indicated by a *). Figure from Brodhaget al. (1986)

The first peak is a result of the melting otk and the resulting liquid
penetration into the compact. The second peak @ital?00°C is a result from
the initiation of the reaction, while proper simbgr begins after 1800°C. An
important outcome of this experiment is that basahoxide does not sinter below

about 1800°C.

2.4.2. Composites

In 2000, Itohet al investigated the possibility of a new phase béammed when
BsO-B4,C were sintered compacts at high temperature aeslspre. The boron

suboxide was prepared by reacting amorphous boitbnbaron oxide. The boron
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carbide was commercially available. The boron sid®mxvas mixed 0-40vol%
boron carbide and then degassed. The mixed powdsgessintered at 1500 -1800
°C under a pressure of 4-7GPa. The lattice paramébe BsO and BC were
constant throughout the sintering, indicating th@new compounds were formed.
The composite BD-B,C was found to have a hardness of 43GPa and aurfeact
toughness of 1IMPai when sintered at 1800°C. It was found that thetfne
toughness resulted in crack deflection along th€-BsO interface. This implies

that the fracture toughness increases with inanga3iC content.

In 2001, Sasaet al investigated the properties of diamongBBmixtures. The
boron suboxide was prepared by the reaction of phows boron with boron
oxide. The boron suboxide was then mixed with Oed@vdiamond powder and
the resulting powder was degassed. The mixture treaged under 3-5GPa at
1400-1800°C for 20 minutes. Part of the diamondgkea form into diamond-like
carbon. Depending on the size and amount of theaha additions, the resulting
compact either had diamond as the matrix agd &s the second phase @Bas
the matrix and diamond as the second phase. Thinéss of the compacts
increased with increasing pressure and temperaltiehardness depended upon
the amount and dispersion of the diamond partiates a maximum hardness of

60GPa was achieved. However, the fracture toughmsss exceeded IMP&h

Kayhan and Inal (1999) prepared boron suboxide emtspthrough a variety of

technigues. The boron suboxide that they usedhfar experiment was produced
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by reactive sintering of boron and zinc oxide abd4€ and 90-130MPa. The
resulting compact was then ground for consolidabgrexplosive consolidation
and hot pressing. Certain compacts were then seletd be infiltrated by
aluminium. The explosive consolidation occurredwvatdie velocity of 3500m/s,
while hot pressing was done under 40MPa and 14G6fQ to 4 hours. The
resulting compacts had varying properties: hardnes$ed between 34 and
38GPa, fracture toughness varied between 4.95 ad8MPa.ni® and open
porosity of 5 to 15%. After infiltration with alumium, the porosity varied
between 2.30 and 3.85% for explosive consolidagind 3.10 and 4.25% for hot
pressing; hardness varied between 28 and 40GRxbosive consolidation and
25 and 40GPa for hot pressing; while fracture toegls varied between 5.28 and
8.47MPa.M® for explosive consolidation and 4.96 and 8.17MPa.fior hot

pressing.

However, the composites that Kayhan and Inal predweere of very low density
and accompanying high porosity. The density of pineduced BO material
ranged from 2.12g/chto 2.46g/cm as compared to the density of fully dense
BsO being 2.59g/cth As a consequence of the high porosity, low fractu
strength values were recorded. Using a three f@nd test method, Kayhan and
Inal recorded fracture strength values of up t@4BlPa. Boron carbide, which is
a similar to boron suboxide has a strength of betw810-350MPa (<5%
porosity) (Richerson (2006)). Additionally, Kayhand Inal used the Single Edge

Notch Beam (SENB) method, with a notch root of 8188, to determine the
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fracture toughness of the materials. This method feand to inevitably yield

overestimated fracture toughness values (Quinn2200

Shabalalaet al (2007) investigated the properties of boron sidmxowder

coated with aluminium. Starting with powder prodidiéeom the reaction of boric
acid with amorphous boron, the powder was coated aluminium and then hot
pressed between 1700°C and 1900°C under 40MPas$yme. It is reported that
only sintering at 1900°C produced a dense com@abi¢/cni). The hardness of
the pure boron suboxide is 30.1GPa and decreadbsinvereasing aluminium

additions, to 27.8GPa with 5.6wt% Al. As expectiba, fracture toughness of the
samples increased with increasing Al additions,atdracture toughness of
3.37MPa.M®. Shabalala proposes that the increase in fradaughness is a

result of the aluminium reacting with the@® to form Al;,B,Oo.

Shabalalaet al (2008) and Kleebet al. (2008) investigated the properties of
boron suboxide doped with alumina. The boron sutmypiowder was prepared by
reacting boric acid with amorphous boron. The b@wnoxide powder was mixed
with varying (1-7wt%) amounts of alumina powder.eTtesulting mixture was
sintered by hot pressing at 1900°C for 20 minutedeu a pressure of 50MPa.
Hardness tests were done under 500g and 5kg |desl.ufidoped powder was
found to have a hardness of 34.8 + 1.2GPa. FigtresBows that increasing
alumina addition increases the fracture toughnesisdecreases hardness of the

boron suboxide.
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Figure 2-7: The effect of alumina on the fracture dughness and hardness of boron suboxide.

Taken from Kleebeet al. (2008)

Andrews (2008) produced boron suboxide materiaidesed with a range of

Y ,0s5-Al,03 additions. The addition of Y)0s-Al,03 examined ranged from 1wt%
Al,0O5 and 1.32wt% ¥Os to 4.06wt% A$O; and 2.24wt% ¥Os It was observed
that the densification of boron suboxide materidastically improved with a
small addition of ¥O3-Al,O3; additive, but larger quantities did not have any
significant effect on the density. From TEM imagasdrews concluded that the
grain boundaries between thgBgrains were clean of any secondary phase and
that there was extensive twinning within the graifisis was also observed by

Shabalalat al (2008) (Figure2-8).
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BeQ grain

1 pm

Figure 2-8: Bright field TEM images showing the clan interface between grains (a)
(Andrews (2008)) and the multiple twinning within the BsO grains (b) (Shabalalaet al.

(2008))

Johnson (2008) and subsequently Ogunmuyiwa (20@8red boron suboxide
materials with a large range of metal, metal oxddd metal boride additives. The
composites were hot pressed at 1850°C at 50MPah@tdness and toughness
values for the composites are plotted in Figure ZHe elemental composition of
the additive phase is indicated on the graph fopscity. Figure 2-9 shows that
there is a wide range of additive materials whielm e used to improve the

fracture toughness of boron suboxide.
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Figure 2-9: Hardness and fracture toughness valuefr various BgO composites (Johnson

(2008) and Ogunmuyiwa (2009))

Recently, BO-TiB, composites were produced by the in situ reactibn o
amorphous boron with titanium dioxide (Equation)2#errmannet al (2009)).
Compared to previous composites, faster densificattas observed for the B
TiO, reaction between 1000 and 1600°C, but completssifigation required
temperatures above 1650°C. It was also noted, Wiaen polishing the
composites, the glassy,®; phase present in final composites was subjecarto f
larger removal rates than the harder matrix (Figd®). This was alleviated to
some extent by the addition o£®; based additives, which formed a more stable

yttria-borate glasses.

TiO,+14B - 2BO+TiB, Equati@h4
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Figure 2-10: A BsO-TiB, (without yttria additions) composite showing the TB, grains (light

phase) and partial removal of oxide grain boundaryphase (Herrmannet al. (2009))

2.5 Thermodynamics of boron suboxide

2.5.1 Enthalpy and heat capacity

In 1986, Makarov and Ugai determined the standattiaply of formation of
boron suboxide. Using dissolution calorimetry @OBin nitric acid, the standard
enthalpy of formation, at 298K, was determined &327+32kJ/mol. Marakov
then compared the enthalpy with other boron icodi@tenaterials of the &
form. Figure 2-11 shows that there is a linear ddpace of standard enthalpy of

formation and the atomic radiug of the inserted atom (i.e. the X species).
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Figure 2-11: Standard enthalpy of formation as a faction of atomic radius of X species in

BeX (Makarov and Ugai (1986))

Using the mixing method in a massive calorimetesagareishviliet al (1990)
determined the enthalpy and heat capacity of betdioxide in the temperature
range of 298.15K to 781.5K. Extending the work fagareishviliet al. and
Makarov and Ugai (1986), Andrews (2008) approxirddtee thermodynamics of
boron suboxide at elevated temperatures (up toKRB0khis is shown in Figure
2-12. This was used to calculate the extent ofti@abetween BO and various
compounds in order to assess suitability for usthede compounds as secondary
phase reinforcement in boron suboxide compositesvas shown that many
oxides and pure metals can be used as a secontasg pvithin the boron

suboxide system. Carbides however, will react BgD to form boron carbide.
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Figure 2-12: The effect of temperature upon heat gaacity for BgSi, B;O (extrapolated

experimental) and for B;O after correction. (Andrews (2008))

2.5.2 Static interactions with Compacted Graphiterion

In order for a cutting tool to be successful, itsiioe able to resist chemical attack
by the work piece. Freemantle (2009) undertooknaestigation into the reaction
between BO and Compacted Graphite Iron (CGI) under conganperature and
pressure. The reaction couple consisted of a edit@ure BO disc inserted
between two CGI discs all held within a hBN pot.&pressure of 10MPa and a
dwell time of one hour, the interaction, under goaratmosphere, at temperatures

of 700, 900, 1100 and 1300°C were investigated.
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Freemantle calculated a ternary phase diagramhtiFe-B-O system at 700°C.
From the phase diagram (Figure 2-13), the only etgqokphases are FeB and
B,O3; from the reaction between Fe angDBHowever, no boride was detected by
XRD analysis after the reaction at this temperatiites could be explained by

the phase diagram only accounting for chemicallggwum and not the kinetics

of the reactions.
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Figure 2-13: The B-O-Fe ternary phase diagram caldated for 700°C (Freemantle (2009))
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During the 900, 1100 and 1300°C experiments, reastbetween thes® and the
CGI were observed. K& formation was observed with increasing tempeegatur
Above 900°C, the BB formation, together with 3 formation, raises the

possibility of chemical wear of a boron suboxidelto

2.5.3 Oxidation resistance

Although BO is already an oxide, it is possible for it todige further to higher
oxides, e.g. BOs. In 2009, Freemantle examined howOBwas affected when
exposed to elevated temperature in moist air. Usinguffle furnace, Freemantle
subjected sintered discs of purg@Band BO-(2wt%Al,03-2.65wt%Y,03) to
1000°C in approximately 14gfmumidity for up to 50 hours. It was observed that
a glassy film and small crystals (g88), attributed to borohydrates, developed on
the surface of the pures®. With the BO-Al,Oz-Y,03 sample, less of a glassy
film was observed, however, crystalline rosettesevabserved (Figure 2-14). By
XRD analysis, the rosettes were determined to v yiorates. The extent of the

glass film and crystal size increased with incregsiwell time.
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Figure 2-14: Optical micrographs after 10 hours ofheat treatment. A and B are from the

pure B¢O sample. C and D are from the BO-Al,03-Y,03; sample. Freemantle (2009)

Oxidation resistance of 180, was examined by Kharlamaat al (2002) in dry
air. From Figure 2-15, Kharlamov deduced that tbeger of boron suboxide is
more stable in air than powdered crystalline borAh.900°C, the extent of
oxidation of B30, did not exceed 50%. This was attributed to thenfdgron of a
film of molten B,O3 on the surface of the boron suboxide. The parside of the
boron suboxide powder was around 2um, with cryagglomerates of up to

10um in size. The size of the boron powder wasspetified.
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Figure 2-15: Temperature (a) and kinetic (b) curvesfor the reaction of powdered boron
suboxide (1) and boron (2). Kinetic curves for born suboxide under isothermal conditions at

900 (3), 800 (4) and 700°C (5) (Karlamov (2002))

2.6. Hardness

2.6.1. Hardness testing

Hardness is normally defined as the resistancenasétarial to plastic deformation
(Dieter (1976)). However, for ceramic materialsctéas other than plastic
deformation affect the hardness of a material. &tiastors include microcracking
and pore compaction (Malzbender (2002)). The erpamial method used to
determine hardness usually involves using an irteot known geometry and

measuring the depth of penetration of the saidntete

However, it has been extensively proven that thidress values determined in an

indentation test is dependent upon the applied. [dbd observed trend is that the
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apparent microhardness increases with decreasiag. [6his phenomenon is

called the “indentation size effect” (ISE) (Stevenst al (2002)).

The effect of load upon hardness typically has tegions. Firstly, at elevated
loads, there is a plateau where hardness is ditidependent or very weakly
dependent of the applied load. Secondly, at lowads$, there is a sloped load
dependent region. This general trend is illustrdigdrigure 2-16. There is no
agreement of what load to use during hardnessnggséilthough it would be
sensible to use a load which lies in the load iedeent region. A region which is

completely independent of load is not always adie\At higher loads a region

which is weakly load dependent sometimes occurs.
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INDENTATION TEST LOAD (SIZE)

Figure 2-16: Effect of load on microhardness (Stewsonet al. (2002))
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The ISE can be modelled using Meyer’s power lanwugEign 2-5)

P=KD" Equation 2-5

Where, P is the load, K is a constant and D igdtameter of the indentation. The
Meyer's index, “n”, is used as a measure of the.|®Hen the hardness is
independent of load, “n” equals 2. When hardnesgeases when load decreases,
“n” is less than 2. When hardness decreases wrahifereases, “n” is greater

than 2 (Yurkowet al (1997)).

2.6.2. Hardness of boron suboxide

When testing the hardness of boron suboxide, aerahgpads were applied to the
indenter. As a result of the indentation size dffécis not possible to directly
compare values reported by different authors. T3 Would also explain the
scatter in reported hardness values of pure banboxéde. Table 2-1 shows the

different hardness values reported by the diffeagmnihors.
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Table 2-1: Previously recorded hardness values obbon suboxide

Sintering Sintering
Indention | Hardness
Author pressure | temperature
load (kg) (GPa)
(MPa) (°C)
Ellison-Hayashet al
20-28 1900-2100 0.1 38.2
(1994)
Explosive 0.1 36.0
Kayhanet al (1999)
HP 0.1 37.0
Kharlamovet al (2002) 80 1800-2000 0.1 38.0
Heet al (2002) 55,000 2100 0.1 45.0
Shabalalat al (2007) 50 1900 1 30.1+1.2
Kleebeet al (2008) 50 1900 0.5 34.8+£1.2
Andrewset al (2008) 50 1900 0.5 35.0+0.8

" Knoop hardness

® Single crystal

Ellison-Hayashi (US Patent 5330937) plotted Kno@pdhess of various hard

ceramics against indentation load. As can be seem frigure 2-17, boron

suboxide experiences a sizable ISE. However, itsefit data points were

plotted to compare the hardness of the differetiias as in Table 2-1.
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Figure 2-17: Hardness against load for various ceraics (Ellison-Hayashi (US Patent

5330937))

2.7. Fracture Toughness

In industrial applications, the majority of ceransimponents fail due to unstable
propagation of a pre-existing flaw. Such flaws mag introduced into the
component during manufacturing or machining. THesgs may be pores, cracks
or inclusions. (Munz (1999)). Due to the presentethese flaws, it is not
sufficient to design components against the mdtnaeld strength, as crack

propagation can occur at much smaller loads (RoEDE7)).
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Fracture mechanics addresses this problem. Fragiecbanics’ main objective is
to predict at what load a crack will grow, in orderenable safe design (Roesler
(2007)). Fracture mechanics deals with planar crackh extremely sharp crack
tips. However, flaws have a finite volume (Munz 92). Despite this, a
description of a flaw in terms of a sharp crackp@ssible using linear-elastic

fracture mechanics (LEFM).

There are three different load cases which prodhigie stress at the crack tip. In
mode | 6y,) (Figure 2-18 I) the largest principle stressesgendicular to the crack
surface. Tensile stresses open the crack, seppriensurfaces. Mode lky)
(Figure 2-18 1) is shear loading in the planela track. Mode Il (Figure 2-
18 1ll) is shear loading out of the plane of thaak. Mode 1l and mode IlI loading
does not open the crack, instead the crack surfsli@s against one another,
dissipating the applied work. (Roesler (2007)) Molddailure is the most

important (Munz (1999)).
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I

Figure 2-18: Modes of failure: I: Opening, II: Sliding Ill: Shear (Atkinson (1995))

If a crack is present in a linear elastic, homogeseand isotropic material, then
the stress distribution near a crack tip can beragterised by the polar
coordinates r and. In the case of mode | cracking, the stress digtion is given

as (Munz (1999), Roesler (2007)):

o,(r,@) = \/_ cosg[l sin g smﬁ] Equation 2-6
0,,(r, @) = \/_ cos£[1+ sin— 4 smﬁ Equation 2-7
T,,(r, @) = ﬂ cos¢—)sm ¢ cos%¢ Equation 2-8

where: K (units of MPa.if”) is a stress intensity factor which is dependemnu
the applied load, the size of the crack and theng#xy of the component. For

mode [:
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K, =c+vmaY Equation 2-9

In this caseg is the stress observed by an uncracked comporiethieosame
geometry. Y is a geometric factor, normalised tharacteristic dimension of the

component. In the case of a semi-elliptical surfareek, the stress intensity factor

will vary along the crack front. Th&T in Equation 2-9 is the geometric factor for
a sharp, elliptical crack. Different crack geomesriwould result in different

factors.

As the stress distribution at the crack tip is raction of K, the crack propagation
behaviour is also dependent upon the stress ityefagitor. When a component
with a pre-existing flaw is loaded, the stress nstgy factorincreases as load
increases (from Equation 2-9) until the crack pgastas. At this point, Kis

termed the critical stress intensity,{K

2.8. Toughening of ceramics

As a whole, advanced ceramics have a large rangdesirable properties.
Although there are exceptions, in general ceranpossess low thermal

conductivity, low electrical conductivity, favouraboptical, electrical or magnetic
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properties, low density, corrosion resistance, lafgistic modulus, high hardness,

wear resistance and high strength at elevated tatyses (Munz (1999)).

However, the applications of ceramics selectedHeir mechanical properties are
often limited by the ceramics’ brittleness. In nlietasystems, the fracture

toughness often lies between 15 and 150MP3.while in pure ceramic systems,
the toughness is often less than 5MPA.ifEvans (1988)). The brittleness of
ceramics arises from the strong atomic bonds @fos. The large bond strength
requires large stresses before dislocations carenfiimce dislocation movement
is responsible for plastic deformation, the lack oF extremely limited,

dislocation movement in ceramics leads to near gy sharp cracks and

extremely large stresses near the crack tip. Cesan@n be toughened, then, by
lowering the stress around the crack tip. (Weidarh@984)) The stress at the

crack tip can be partially alleviated through aietgrof techniques.

Ceramics can be toughened by controlling the tonigigemechanisms present in
the material. Attempts to control the flaw sizetalmition involve reducing the
number and size of processing flaws, in line witte tGriffiths Equation.
Controlling the toughening mechanism present inrttaerial involves altering
the microstructure to one which would reduce thesst at the crack tip and thus

increasing the fracture resistance of the material.
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There are three generic types of toughening mesharas described in Figure 2-

19. These mechanisms are discussed further below.

l:'_
I. CRACK DEFLECTION i:%
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Figure 2-19: The three types of toughening mechaniss (Steinbrech (1992))

2.8.1 Crack deflection

Crack deflection occurs when there are local aneas ceramic material which

have a lower fracture resistance than an averagesgerpendicular to the tensile
stress (Wiederhorn (1984)). When a crack is deftedtom a straight path, the
surface area of the crack, per unit of advancethnlte® increases. This requires

additional energy for crack propagation, thus iasheg the fracture toughness
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(Roesler (2007)). Crack deflection is also a predwmn for other toughening

mechanisms, such as crack branching and frictiaegfegated grains.

As grain boundaries typically require only aboulf tiae fracture surface energy
of a single crystal, it would be expected that ackradvancing through a
polycrystalline ceramic would traverse along thaigrboundaries (Wachtmann
(2009)). The stresses acting in inclined planes aeerack tip depend upon the
angle of the incline plane relative to the cragk #or the same angle, a crack
which twists about the direction of crack advarsenore effective at increasing
the stress intensity factor than a tilt about @&dion perpendicular to the crack
advance. A crack advancing through a polycrystllggramic will encounter

grain boundaries at various angles. Based uporeda&fh of the crack along the
grain boundaries, the fracture toughness of po$tatine ceramics, which

experience intergranular fracture, should be apprately twice that of

monocrystalline ceramics (Weiderhorn (1984)).

Faber and Evans (1983) examined the effects thétleashape (spheres, rods
and discs) has upon crack deflection. The geontéty produced the greatest
increase in crack deflection was the rod shapdovied by the disc shape;
spherical geometries were the least effective. ds iound that an increase in
fracture toughness due to crack deflection is dégethupon volume fraction and
geometry of the particles, but is independent efgérticle size. Although fracture

toughness was found to increase with increasingmelfraction of the secondary
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phase, a maximum was observed around 20% (by vQJuafter which, fracture

toughness decreased.

In the presence of a secondary phase, cracks gi&sience modulus interaction.
If the secondary phase has a larger Young’'s Modillas the matrix, the matrix
is partially unloaded in the vicinity around thegedary phases and the stress to
propagate the crack is reduced. Hence, the craltlbaieflected away from the
second phase. Conversely, if the secondary phasa laver Young’s modulus,
the local stress is increased, attracting the ctadke particle. If the crack is not
able to propagate through the secondary phase,ithlanst proceed along the

interface, further increasing the crack path (Rere&007)).

2.8.3 Zone shielding

Zone shielding occurs when there is increased serg®f the crack tip from the
applied stress as the crack grows. There are twestyof zone shielding,

transformation toughening and microcracking (Wdiden (1984)).

2.8.3.1 Transformation toughening
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The most common example of transformation toughgemsnfound in stabilised
zirconia composites. As the crack tip advancesugjinahe material, it induces a
phase transformation of the stabilised tetragomebaia into its monoclinic form.
This produces an increase in the volume of theomie;z which produces a
compressive stresses around the crack tip. Thesssets serve to limit the extent
of crack propagation. Since boron suboxide anddtitives do not undergo phase
transformation, transformation toughening is nosgiole in boron suboxide

ceramics (Evans (1990)).

2.8.3.2 Microcracking

Toughening through microcracking can occur in cosies when there are
residual stresses resulting from large thermal esipa mismatch between the
different phases. Microcracks occur along pathmmmimum fracture energy and
relieve the local residual stresses. Microcracle® aeduce the elastic modulus
within the microcrack process zone. Although maesamics have shown trends
consistent with the presence of microcracking, eéhere relatively few systems
which the presence of microcracking has been aidéEvans (1990)). These
systems include the SiC — TiBystem with expansion coefficients of 5.6 X°0

and 8.5 x 16/K respectively (Steinbrech (1992)).
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2.8.4 Contact shielding

Segments of a microstructure, located behind akcfeant, can impede the

opening of a crack by either frictional means, ythe formation of ligaments.

Increase in fracture toughness due to crack brgdgoturs in two forms: ductile
and brittle. Ductile bridging refers to bridging metal reinforced ceramics
(cermets) and relies upon the ductility and highugtmess of the metal
reinforcement to produce ligaments in wake of aclcrdJpon failure, these

ligaments produce acoustic waves, further tougltetine material (Evans 1990).
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zonas of residual
compression —

}Ti

Figure 2-20: Ductile bridging in the wake of a crak (Evans (1990))

In brittle bridging, the bridging material is simil to the matrix material. To
produce ligaments, then, the material must possdber weak interfaces or
residual stresses or both. If the material possessak interfaces, an advancing

crack may deflect along the interface, forming é¢hleggaments in the crack wake.
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When these ligaments fail through further debondindracture, the fragments
will frictionally slide along the debonded surfades with ductile bridges, brittle

bridges also dissipate energy through acoustic wavenation upon failure

(Evans, (1990)).

Figure 2-21: Ligaments toughening a brittle ceramidy frictional action (Roesler (2007))
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3.0 Experimental Procedure

3.1 Introduction

This section discusses the experimental procedsesl dor the preparation,
characterisation and mechanical testing of boroboside materials. Also
included in this section is a description of tha@ipment used for the purposes of

this study.

3.2 Hot press runs

For the indentation size effect experiments, hesped discs of pure boron
suboxide were required. Boron suboxide, suppliedtiy Fraunhofer IKTS
(Institute of Ceramic Technologies and Systemss@en), of ¢ particle size of
0.11um was sintered using a uniaxial hot-press (HR#rmal Technology). The
hot press consists of a central punch and die geraent, surrounded by a
hollow, cylindrical graphite element. The uniaxiabt press is rated for a
temperature up to 2200°C with a maximum appliedd loh 100KN. A rotary
vacuum pump, capable of reducing the pressure tamilllorre, is attached to

evacuate the furnace chamber of air and a gassilipplies an inert atmosphere
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(typically argon). The load is applied uniaxiallyough the lower graphite punch.
In order to reduce friction between the moving bitg parts, hexagonal boron

nitride was scratched onto the surfaces of the uppe lower graphite punches.

3.2.1 Capsule assembly

A partially bored out cylindrical hexagonal bororitride capsule of outer
diameter 21.4mm and inner diameter of 17.3mm wasl g contain the boron
suboxide powder for densification. A graphite pistwas used to transmit the
applied force from the punch directly onto the pewdAn hBN disc was placed
on top of the boron suboxide powder to preventamimation of the sample from
the graphite piston. hBN was used for the capsule @ its high chemical

inertness and thermal stability. This assemblyhaas in Figure 3-1.
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Upper punch

/ L Graphite die

Graphite piston

< hBN capsule
hBN plate
Boron suboxide powder

< Lower punch

Figure 3-1: Capsule assembly and punch and die cagfiration

3.2.2 Densifying boron suboxide powder

In order to densify the boron suboxide powder,uh&xial hot press was heated
up at 15°C/min to 1700°C, where 50MPa of pressuae applied to the capsule
assembly. The furnace was then further heated @9°® at a rate of 10°C/min

and left to dwell for 20 minutes. Throughout them®l heating step and the dwell
period, the pressure was kept constant at 50MPe.fdimace is then allowed to

cool at 20°C/min to the ambient temperature.
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3.3 Materials to be tested

The boron suboxide based materials which were deedracture toughness
measurements and fractography were supplied as @nmwck discs and are
described in Table 3-1. The composition of the tades stated in Table 3-1 is that

of the starting materials..

Table 3-2: Samples, supplied by the IKTS, Dresdenexamined for fracture toughness

experiments

Composition (vol%) Disc diameter
BsO 40mm
BsO + 1.16% NiO 60mm
BsO + 1.13% CaO 60mm
BesO + 1.54% ¥O3 + 1.45% 60mm
Al,O3
BesO + 1.57% ¥O3 + 1.49% 60mm
Al,03; + 18.69%TiB
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3.4 Production of boron suboxide discs by SPS/FAS&chnology

The Fraunhofer IKTS, Dresden produced the borooade discs which were cut
into bend bars for fracture toughness testing. fbalyce the discs, the IKTS used
SPS/FAST technology (Spark Plasma Sintering/ Fidlgsisted Sintering

Technology).

In SPS/FAST technology, a large, alternating DQaniris passed through the
most conducting route through the graphite punctiescapsule and the ceramic
powder. This causes the heat to be generated vitikipunch and die assembly,
rather than in a separate element, as occurs imeational hot pressing. This
means that SPS/FAST is capable of very high heatatgs (greater than
300°C/min). The high heating and subsequent cootatgs, in turn, can be
utilised to limit grain growth in the ceramic powd&he general configuration of

a SPS/FAST system is shown in Figure 3-2.
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Figure 3-2: Schematic drawing of an SPS configurath (Hungria et al. (2009))

Using SPS/FAST technology, the IKTS group produtedceramic plates which
were used in this project for determination of fume toughness by SEVNB
testing. The materials to be examined were purerbsuboxide (as a baseline)
and four boron suboxide materials with additivestdrms of the additive phase,
the materials were: X03;-Al,03;, CaO, NiO and TiB (with yttria — alumina
binder). The exact composition of these materiads described earlier in Table
3-1. The boron suboxide powder for all of the difmarring the TiB composite)
was produced by the borothermic reduction of booaide (BOs3). The TiB

composite disc was produced by the in situ boratiereduction of TiQ.

Two pure boron suboxide discs, with a diameter &nhfh and thickness 6mm,

were sintered for 5 minutes at 1900°C using a hgatte of 50°C/min. One of
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the pure boron suboxide discs was sintered usim@gPa0of pressure, the other
using 70MPa of pressure. These samples are dersteBOP5 and BOP7
respectively. The discs of boron suboxide with adeliphases, of a diameter of
60mm and a thickness of 6mm, were produced by rgigtdor 5 minutes at

1850°C with a heating rate of 50°C/min and 50MPpretsure applied.

3.5 LASER cutting

For fracture toughness testing, rectangular ba0ok 4 x 3mm were required.
Due to the extreme hardness of boron suboxidejifos were cut with a LASER,

rather than mechanically with a diamond cut-ofidela

The LASER used for cutting was a LASAG 100W YAG saILASER, with a
beam width of 0.3mm. The pulse length was set 25ris and a frequency of

20Hz. The LASER advance rate was set to 20mm/min.

The width and length of the bars to be cut outhef $intered discs was increased
by 350um, on each side, to accommodate any hestedf zone effects. Thus, the
dimensions of the rectangular cuts of the LASERen0.7 x 3.7mm for the

composite discs and 25.7 x 3.7mm for the pw@ Biscs.
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For each of the discs of boron suboxide with ade#j ten bend bars were
LASER cut. For the pure boron suboxide discs, baes were cut out each disc.
Figure 3-3 shows the layout of the bend bars ofntlagerial as they were cut out
of the discs. Figure 3-4 shows that of the pureobmuboxide. After LASER

cutting, the rectangular bars were then lappetaa¢quired dimensions.

60mm

40.7mm

Distance betweerlj
edge and start of
sample = 1.3mm

Figure 3-3: Schematic diagram of the layout of therectangular bars as cut out of the

composite discs
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25.7mm
38mm

Distance between
edge and start of
sample = 1.3mm

Figure 3-4: Schematic diagram of the layout of theectangular bars as cut out of the pure

BeO discs

3.6 Lapping and grinding

The as-cut bars had the approximate width and hafl.7 x 6mm. For the
single edge V-notch beam tests, the sample geomexjoyred was 3 x 4mm. To

this end, the bars were lapped down to the reqiced

The bars were lapped using a Struers DP-U4 polishachine and a cast iron
lapping disc. Since the sample holder on the DPebly accommodates round
sample geometry, an attachment was produced tlitdseithe rectangular shape

of the bend bars.
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The attachment consisted of a round, varnished gdghbase plate onto which
two cylindrical cores of pine were secured. Thandyical pieces were used to
secure the plywood plate to the existing sampléédrolA set of ten samples were
glued (Contact Adhesive, Pratley) onto two masobitecks (five samples on

each). The blocks were then attached to the bade pbing two bolts for each

block. Figure 3-5 shows the arrangement of theitgpattachment.

‘ Cylindrical
attachment piece
< Nut

Masonite plate

l«——— Plywood plate
[ ]
LT N Head of bolt
t Samples glued onto

masonite plate

Figure 3-5: Schematic diagram of arrangement usedf lapping

The bend bars were lapped using 20um diamond gtilt within 0.5mm of the

desired dimensions. The bend bars were then fuldbeed using 10pm diamond
grit to eliminate the any major scratches on thdases. The final polishing step
was to use a 3um diamond slurry on a polishinghdotpolish the surface of the

bend bars.
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3.7 Grinding and polishing

Certain procedures, notably those based upon tbkeX¥s indentation, require a
flat, regular surface. To this end, a sequencetgbsswas taken to ensure a

satisfactory surface finish.

A segment of a sample was hot mounted into a Bakedisin using a 30mm
diameter hot mounting press (CitoPress-10, Strudis¢ mounted sample was
then polished on a Leco Spectrum System 2000 atitopaisher. Table 3-2 lists
the conditions subsequently used to ensure the r@dwample was polished to a

1pm finish.

Table 3-3: Grinding and polishing conditions

Step Description Grit Speed| Load (N) | Time (minutes
(rpm)
1 Coarse grinding 220 300 35 Until plang
2 Fine grinding 9um 150 25 5
3 Fine grinding 6um 150 20 10
4 Polishing 3um 150 20 8
5 Fine polishing lum 150 10 1
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Between each of the steps, the mounted samples chemaed in an ultrasonic
bath. If a sample needed to have its surface rétwoned, then the procedure was

started from step 3, fine grinding using 6pum diachgnt.

3.8 Density and Porosity

The density §) and open porosity @ of the samples were determined by the
Archimedes’ principle. For each of the compositiomse of the polished, yet un-
notched bend bars were boiled in distilled watertfioee hours to displace the air
from the porosity which was open to the surfacdeAboiling, the sample was

cooled down to room temperature.

The sample was then suspended in water to detethergpparent mass nThe
sample was removed from the water and lightly ddbkih tissue paper until all
the excess surface water was removed, the wet fmg3svas then weighed. The
sample was then dried in an oven for 20 minutes alwved to cool to room
temperature, the dry mass{mwvas then weighed. To increase the accuracy of the
density measurements, each of the three weights determined five times and
an average was taken. The density of the samplelatasmined by Equation 3-1

and the open porosity by Equation 3-2.
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_ My .
p= md _ ma pwater Equzt 3-1

P, = 1000/{1— (MH Equation 3-2
ma - mW

The density of the sample was compared to the ¢tieal density of the samples.
The theoretical density was calculated using EqQua8-3, which is based upon

the rule of mixtures, ignoring the contributionpafrosity.

= guation 3-3

p Theorectial i

where: p; and x are the density and mass fraction of componentirfithe

composite.

Where possible, the density of the phases predent sintering was used to
calculate the theoretical densities. However, m ¢hse of yttria-alumina, it was
not certain what the exact composition of the glaas. In this case, the densities
of pure yttria and pure alumina were used. Thefjcgtion for this approximation

is presented in Appendix A. The theoretical deesitof the components and
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composites are presented in Tables 3-3 and 3-4ctgely. For all of the boron
suboxide materials, it was assumed that there wawst% B,O; present in the
sintered material. The exact quantity of08 present in the samples after sintering
is not known. Additionally, the density of bororbsixide is also unknown. Boron
suboxide is substoichiometric. The extent of subktometry, depends upon the
method used to produce the material. As it waspustsible to determine the
oxygen content within the boron suboxide with ahhdpgree of accuracy, an
oxygen content greater than expected was chosetp ast overestimate the

density. The stoichiometry choseny@ oo, has a density of 2.55g/ém

Table 3-3: Density of individual phases present isintered discs

Material Density (g/cr)
BsO 2.55
TiB» 4.50
Y203 5.03

Al,03 3.99
NiB 7.17
CaO 3.35
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Table 3-4: Theoretical densities of each of the sates. Includes 1.5wt% BO;

Composition Theoretical density (g/&m
BsO 2.53
BsO + 1.16% NiO 2.53
BsO + 1.13% CaO 2.54
BsO + 1.54% Y03 + 1.45% 2.59
Al>,O3
BsO + 1.57% Y03 + 1.49% 2.91
Al 203 + 1869%T|3

3.9 Microscopy

Large portions of this study required microscopheai to generate results, or to
lay the foundation for the analysis of the resulise size of the feature being

examined determined which microscope was used.

A reflected light optical microscope, a Carl ZeidgioCam MRc AV31-KS
microscope was used for any body of work requinmagnification up to 1000x.

The images from the camera were captured ontontlage processing software
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Axiovision v3.1. The light microscope was extengivesed for determining

notch depth and root radius.

For magnifications higher than 1000x, a Philips 8D ESEM-FEG series
scanning electron microscope, equipped with enemjgpersive x-ray
spectroscopy (EDS) was used. The ESEM was equipfibd field emission gun

capable of operating in the range of 5 to 30kV.

3.10 XRD analysis

For phase analysis, a Bruker AXS D2 phaser X-rélyaditometer equipped with
a Cu Ka radiation source was used. During the scan, titage®was set at 30kV
and 10mA. Phase identification was performed usihg program Philips
Analytical X’Pert HighScore® using the Internatibi@entre for Diffraction Data

(ICSD) database.

3.11 Hardness Testing

Hardness is defined as a materials resistancalemtation. (Roeslest al. (2007))
For hardness testing in metallic systems, a widgeaof indenters can be used.

These indenters come in two general types, blutkriters such as the Brinell
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indenter and sharp indenters, such as the Vickelenter For ceramic materials,
it is important that a sharp indenter is used tevent uncontrolled cracking
around the indentation. For this reason, a Vickedenter was used to determine

the hardness of the boron suboxide based materials.

Two Vickers hardness testers were used for thegsepof this project. A Leco
V-100-A2 capable of loads greater than 1kg and eolk!-400A capable of
between 10g and 2kg were used. The diagonals ohtlentation were usually
measured under 200x magnification on a Carl Zes®tdch microscope. Total
contact area was used to calculate the hardndbg samples. Equation 3-4 used

to calculate the hardness of the samples.

H = P Equation 3-4

Where, “P” is the force applied to the indenter’, islithe average diagonal length
and ‘9” is the angle between the faces of the indenter. & standard Vickers

indenter 0 is 136°. This simplifies Equation 3-4 to Equati®h.

H =

\"

1.854
> A’b Equation 3-5
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A flat and polished surface was necessary to parfuardness tests on a sample.
Since the indented samples would often be serBEdM for further analysis, the
polished samples were thoroughly cleaned beforentadion. The polished
samples were cleaned in an ultra-sonic bath inyseaper for five minutes, then
ultra-sound for five minutes in fresh water. Follog which, the samples were

cleaned in ethanol and dried.

For reported hardness values, all of the boronsdbocomposites were tested
under a 5kg load. Pure boron suboxide was testddrum 1kg load due to boron
suboxide’s tendency to crack excessively underdridgads. The indenter dwell
time was set to 10 seconds, all hardness tests iepeated a minimum of five
times, depending upon the quality of the indentatAn average of these readings

was taken.

3.12 Indentation size effect

As described in Section 2.6, the hardness detedrbgehe indentation technique
is dependent upon the applied load. In order terdenhe the effect of load upon
the recorded hardness of boron suboxide, a sequéntekers indentations were
made on the pure hot-pressed boron suboxide sarbplebanging the applied

load. The loads used for the ISE experiments weke®2, 0.3, 0.5, 1 and 2kg.
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For all of the tests, a dwell time of 10 seconds waed. In order to ensure
reproducibility across samples, three different pretssed samples were tested. A

minimum of five indentations were made for eachdlé@ each sample.

3.13 Indentation fracture toughness

As discussed earlier, blunt indenters are seldosd @isr ceramic testing as there
is an increased likelihood of catastrophic crackangund the indenter. Although
with sufficiently high loads, cracking also occwih sharp indenters (such as the
Vickers indenter), the cracking is far more direntl. With Vickers indenters, the
cracking visible after indentation grows radiallytwards from the indentation’s

corners.

Working on WC-Co cermets, Palmqgvist (1962) was fing to propose using
these radial cracks as a measure of fracture t@sghof the material. Although
his approach was entirely empirical, it formed Itlasis of later, more fundamental
work. Notably, the work by Anstist al (1981), Niiharaet al (1982) and later
Shettyet al (1985) allowed for the calculation of the fragtwoughness of glasses

and ceramics.

The measurement ofiifrom an indentation by the indentation fractunegioness

(IFT) method depends upon the load applied and rveasured quantities, the
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length of diagonals of the indentation and the flengf the cracks. Figure 3-6
shows an indentation with diagonals of “d”, craekdth from the indenter of “c”

and crack length spanning from crack tip to craglot “2a”.

2a

Fy
A 4

Figure 3-6: An indentation, showing measured dimenans for IFT

Although a large number of Equations have been queg to determine the
fracture toughness from an indentation, generakllyShetty and Anstis Equations
are used. Which Equation is used depends upon ehdtle cracks are fully
developed half-penny type cracks or Palmqvist tyyeeks. The extent of crack
development is related to the load applied anddhghness of the material. It is
necessary to experimentally determine which crackggime is present in the
material, as to be described in Section 3.13. Thsti8 Equation (Anstigt al.

(1981)) is exclusively applicable to half-pennyam and is given by Equation 3-
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6. The Shetty Equation (Shetgt al. (1985)) is only applicable to Palmqvist

cracks given by Equation 3-7.

05
K¢ = (aTPSJ(HEJ Equaii 3-6

_ 1 (H . P)O.S
" 3Vr(-v?)W2ma) s (40)°°

K, Equation 3-7

For the Anstis Equation (Equation 3-6), “8” is axperimentally determined
constant, usually assumed to be 0.016. For theySEquation (Equation 3-7§,
is the angle between the faces of the indenter°(i@6a Vickers indenter) and

is the Poisson’s ratio. The crack lengths, “a” &idare as shown in Figure 3-6.

For the Anstis Equation, the elastic moduli of doenposites were required. The
elastic moduli of the composites were calculatado(igh Equation 3-8) using the
relative volume fractions present in the composiieEquation 3-8, Eand E are
the elastic moduli of the composite and phase &Spectively and Vis the

volume fraction of phase “i".

E. :Z\/i E Edien 3-8
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Due to a lack of available data, the elastic mosldfithe yttria-alumina-borate
glass was assumed to be approximately 75GPa. 8iaog glasses have a range
of elastic moduli spanning 50-100GPa, 75GPa cawibeed as a reasonable
assumption for the elastic modulus for a glassrdnown composition (Shelby
(2009)). As mentioned previously, it has been assuitihat the final sintered
boron suboxide materials have 1.5wt%OB within them. The elastic moduli of

the boron suboxide based material is presentedliteT3-5.
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Table 3-5: Elastic moduli of boron suboxide materits

Material Phases presenfo Phase (vol) Phase elastjc Composite
modulus elastic
(GPa) modulus
(GPa)
BsO 97.9 546
BeO pure 529
B,Os 2.1 17.%
BsO 95.2 540
BsO - NiO B,O3 3.8 17.1 517
NiB 1.0 254
BsO 96.8 540
BsO - CaO 526
CaB0, 3.2 102
(glass)
BsO 96.3 540
BsO-Y,03-
Al 203 Y203-A| 203- 37 75 523
B,O; '
BsO 76.5 540
BsO-Y,03- Y ,03-Al ,05-
ALOLTIB, B,O, 4.8 75 522
TiB, 18.7 563

! Shabalala (2007)

% |naba, S. et al. (1999)
% Smolin, M.D. et al. (1984)

4 Manupriya et al. (2006)

® Munro, G. (2000)
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3.14 Distinguishing the crack regime

There are two major cracking regimes in responsa ¥ickers indentation in
brittle materials. They are radial (or Palmgvistiaks and the radial/median (or
half-penny) cracks. The origin of cracks, as altesfuthe Vickers indentation, is

a material response to the indenter loading cythe two crack regimes are

illustrated in Figure 3-7.

L Unpolished Polished
(a) k \: j [ ~’§>V v~%>v
1 a.q- Unpolished Polished
——— <
(b) h { QA
§

Figure 3-7: (a) Half-penny and (b) Palmqvist cracksas introduced by a Vickers indenter

Below a certain indentation size, the deformatiérihe material in question is
still elastic. For brittle materials, this sizetygically very small and is material

dependent (Marshadit al (1986)). As a higher load is applied to the inderthe
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local stress around the tip of the indenter becomigiser than the yield point of
the material and plastic deformation results. Otiee stress reaches a critical
level, the main median crack located at the tighef indentation, opens. At this
point, radial cracking also occurs (Ogliey al (1977) and Lawret al (1976)).
The four radial cracks begin at the edge of themer and extend outwards. The
radial cracking begins slightly below the surfaocel @xtends upwards towards to

the surface.

The growth of these cracks is stable as increakiag occurs (Zlatkiret al
(1992)). If the applied load is high enough and mh&terial sufficiently brittle,
then the two separate radial cracks will extend meards towards the tip of the
indenter, forming one complete hemispherical craldke growth of the radial

cracks into half-penny cracks is both material lxad dependent.

For the purposes of calculating fracture toughrfess the crack length it is
necessary to know which type of crack appears atettge of the indentation.
Unfortunately, there is no way to distinguish betweadial and radial/median

cracking by examining the as-indented surface (Maaet al (2006)).

There are, however, a couple of methods which reqigstructive treatment of
the indentation. One, proposed by Joatesl (1987), is to place a drop of lead

acetate onto the indenter tip prior to indentatidbhe lead acetate will infiltrate
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into the cracks which form. Upon drying, the sampmlan be sectioned

perpendicular to the indented surface.

The other method relies on radial cracks beingl@ivaBy polishing the indented

surface, the radial cracks will become separatenh fthe actual indentation. As
hemispherical cracks extend deeper into the sutfesethe indentation and curve
towards the centre of the indent, the polishedksratill not separate from the
indent. This is illustrated in Figure 3-7 (Halitiet al (1997), Choudhunet al

(2006), Meacharet al (2006)).

To establish which of the two cracking regimes wacéive in boron suboxide
composites, a section of each of the compositeg weyunted and polished, as
described in Section 3.6. The samples were thesnied using a Vickers indenter
under a load of 5kg with a dwell time of 10 secondgial micrographs of the
indentation were taken at this point. The compssitere then coarse polished
using 6um diamond grit for 30 second periods. Tiesgure and disc speed were
the same as discussed in Section 3.6. Micrografptie ondentation were taken at
the end of each of the 30 second polishing peridtie final micrograph was
taken when the indentation had been completelyspetl out. The cracking

regime was then established by the criteria ilatstt in Figure 3-7.
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3.15 Crack opening displacement analysis

When examining a Vicker’'s indentation, it is po$sibp use, not only the crack
length, but also the crack width measurements,eterchine the critical stress
intensity of a material. Considering the stress#iwe around an indentation, Fett
et al. (2005) proposed a method to calculate the clisicass intensity based upon

the crack opening displacement (COD).

The method entails measuring the COD as a funaifodistance within a few
microns (~<30um) of the crack tip. Using measuremesf the indentation
diameter (d) and the crack length (a), togetheh wWie measured distance (x) and
an assumed stress intensity factor of one, a ekulivalue for COD can be found

using Equations 3-9 to 3-12.
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Figure 3-8: Schematic of an indentation showing mearred dimensions for COD analysis

8 x % %
% = \I/E_t')[ %g +A{§J +A2(§j Equation 3-9

A, 011.7expf2.0636/d -1)*% —% Equation 3-10
A, 044.5expf3.7126/d -1)** —W Equation 3-11

{ E for plane stress

E/(1v?) for plane strain

Equation 3-12

The measured crack opening displacemeiif,&d is then plotted against the

calculated crack opening displacemerd:{ -1). The slope of the linear portion
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of the graph is the critical stress intensity factbthe material being investigated.
The linear portion of the graph is usually founémtne crack tip, with deviation

from linearity occurring further towards the indatmbn.

For the purposes of this work, the indentation ksacsed to measurecKy crack
length analysis were also used for COD analysis.tk@ pure boron suboxide
samples, where IFT was not possible due to largdescracking and an
improperly formed indentation, a 5kg load was agplio the samples regardless.
Although the area around the indentation was badiynaged, the size of the
indentation was approximated by an SEM image. €hisbe observed in Figure

3-9. The average diagonal length was taken asriitrengtic mean of gand d.

AccV SpotMagn Det WD Exp ———— 50pm
150kV50 402x CL 1180 Pure B60

Figure 3-9: An approximation of the diagonal lengtls for an indentation in pure boron

suboxide
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A sequence of SEM images was taken of the indemtatracks. Images of the
entire length of the crack were taken at a magatibe of 5000x. Images of the
region near the crack tip were then retaken at gnifieation of 10000x. It was
these images which were used for COD analysiseptire BO samples and its

composites.

The elastic moduli of the composites were requiresrder to determine the
fracture toughness of the composites by the CODBnigoe. The elastic moduli
were approximated using the rule of mixtures of d¢testic moduli of the final
phases in the composites. The list of elastic magyproximations is given in

Table 3-5 in Section 3.12.

3.16 Single-edge-V-notch beam test

The single-edge-V-notched beam test (SEVNB) isaatfire toughness test based
upon the single-edge-notched beam (SENB) test @{(B002)). The SENB test,
however, has been found to be heavily influencethleywidth of the notch root.
During a sequence of Round-Robins, the SEVNB test Yound to be user-
friendly, reliable, reproducible and comparablehwither standard methods for
testing fracture toughness, such as the chevrochnatd the single-edge-pre-

cracked beam tests (Kibler (2002)). For these msasine SEVNB test was
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chosen as the standard method for determining taerhfracture toughness (K

of the boron suboxide composites.

Determining the fracture toughness of boron submkigsed materials by SEVNB
test involved loading rectangular samples in thpeet flexure until failure.
Testing was performed on a Tinius Olsen H50K-TUTiuipped with a 50kN

load cell. The test was controlled and recordethbyprogram QMAT (v5.43).

The boron suboxide composite test beams had thengions of 40 x 4 x 3min
The composite samples were loaded into the mechlatest jig with a span
between the outer and inner rollers of 15mm. The poron suboxide test beams
had the dimensions of 25 x 4 x 3 rhrim this case, the distance between the outer
and inner rollers was set to 10mm. The diametethefcylindrical rollers was
5mm. The beam was aligned such that the centrigr nelas directly in line with
the notch, but in contact with the un-notched siefa his ensured that the notch
experienced maximum loading and that the notch mwaspening mode upon
loading. The test speed was set to 100um/s. Theulagf the SEVNB test is
shown in Figure 3-10. The failure load was recordad subsequently used in

Equations 3-13 to 3-15 to determine the fractuoglmess of the material.
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Figure 3-10: Schematic of SEVNB testing layout (Kiler (2002)).

= F[S E—T%ZQY*
BW!® 2

Y =1.964-2.837. +13.710* - 23.2%0° +24.1%*

Equati®-13

Equation 3-14

Equation 3-15
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As described in Figure 3-10, F is the force appéed S is the span between the
middle and outer rollers. The geometric factor8 aand W are the notch depth,

breadth and width of the sample respectively.

3.17 Introducing the V-notch

In order to determine the fracture toughness, BéNB samples required a notch
of a depth between 0.8 and 1.2mm. This notch wiasduaced in two sequences
of steps. Firstly, the beams from each sample gkred onto a 7mm wide steel
bar in pairs. When gluing, the 4mm sides of thedamwere placed perpendicular
to the steel bar, such that the intended tensifasel of the beam was exposed.
The samples were then placed in a Secotom-10 Rrnec{Sutting Machine
(Struers) and a pre-notch was cut with a 0.8mm drahcut-off blade. The depth

of the pre-notch ranged between 0.2-0.3mm.

After applying the pre-notch, the samples were nedinn V-notcher (Exakt).

The V-notcher consisted of a stage which oscillakuhg a linear path and a
head, where a razor blade could be fastened artt doald be applied. The
samples were mounted in such a fashion that ther talade rested in the pre-
notch. The stage was set to oscillate at 25 cymesninute, with the distance per
cycle being 33mm. The load applied to the razorddlavas set at 200g.

Concentrated slurries of progressively finer diathomowder were applied
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between the notch and the razor blade. The dianpomdier used for notching
was 9, 3 and 1um in size. The razor blades welaaeg every half hour when
the samples were removed from the V-notcher to @xathe depth of the notch.
After the required depth was reached, the notchchemned of diamond powder

by ultrasounding the sample in a water bath.

Prior to testing, radii of the notches were examlin@der a microscope. After
testing, the depth of the notch was measured ae tplaces along its length; the
average of these measurements was taken to be epth @f the notch.

Simultaneously, the notch was evaluated for sttaggs. If the normalised
difference between the maximum and minimum notghtldevas greater than 0.1

(Equation 3-17), then the test specimen was rejecte

(A _Amin)

max

<0.1 Equation 3-17
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4.0 Results

4.1 Introduction

In this section, the results for the proceduresofztd in the Chapter 3 are

presented.

4.2 Analysis of hot pressed boron suboxide matersl

As mentioned in Section 3.8, the density and pbyrosieasurements of the
samples were determined by the Archimedes’ priecipt the case of the hot
pressed boron suboxide pieces, density and porbstty aided in understanding
of mechanical properties of the hot pressed matdnia also served as a quality
control step. The measured densities and open ipesosf the hot pressed boron
suboxide materials (produced through the methoctriexl in Section 3.2)

examined in this study are recorded in Table 4-4.tihere were multiple hot
pressed samples produced, they are labelled HBughrHP3. The density was
then compared to the theoretical density of borndmogide presented in Section

3.7 (2.53g/cr).
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Table 4-1: Density and porosity of hot pressed borosuboxide materials

Materials Density (g/ct | Density relative to] Open porosity (%
theoretical density
(%)
BsO (HP1) 2.44 96.4 1.2
BsO (HP2) 2.45 96.8 0.9
BsO (HP3) 2.44 96.4 1.3
o oBO
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Figure 4-1: XRD trace of BO (HP1)
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From Figure 4-1, the only crystalline phase that-gressed boron suboxide
materials contain is boron suboxide. However, thgile be trace amounts of
MgO as a result of contamination of the startingobopowder. Additionally,
there will be some BD3 as a result of partial oxidation of the powdereTéxact

amount of BOz remaining in the samples is unknown.

4.2 Analysis of Spark Plasma Sintered samples

4.2.1 Density

The densities of the samples received from the Il&f&recorded in Table 4-2.
For the boron suboxide based discs received franKi'S, density and porosity
was established in order to aid understanding @fmilechanical properties of the
materials. In Table 4-2, the samplegOB5 and BOP7 refer to pure boron
suboxide discs sintered under 50 and 70MPa of preseespectively. The
samples BO-NiO (1) and BO-NiO (2) refer to two BO-NiO samples, both

sintered under the same conditions.
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Table 4-2: Density and porosity of the samples reted from the IKTS

Sample Density (g/ch Density as % of | Open porosity (%
theoretical
BsOP5 2.43 95.6 1.43
BsOP7 2.42 95.7 1.56
BsO-CaO 2.48 97.4 0.91
BcO-NiO (1) 2.47 95.2 0.81
BsO-NiO (2) 2.49 96.0 0.86
BsO-Y203-Al,03- 2.88 98.9 0.22
TiB>

BsO-Y,03-Al 03 2.48 95.6 0.50

All of the samples are near fully dense (>95%) ahdairly low open porosity.
The addition of secondary phases into the boromsdb served to lower the

open porosity and increases the densification ehtlterials.
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4.2.2 Phase analysis of samples

In order to determine the phases present in theleantensified by SPS, EDS-

SEM and XRD analysis were used.

Pure boron suboxide:

AccV  SpotMagn Det WD 1 50ym

\AccV  Spot Magn Det WD 1 10um
150kv 5.0 500x CL 12.0 Pure B60

160kv 5.0 2000x CL 120 Pure B6O
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Figure 4-2: Structure (a,b), accompanying EDS speatm (c) and XRD trace of pure BO.

EDS spectrum mapped area of image b.
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The pure boron suboxide samples registered ashmwom suboxide on the XRD
trace. Any BOs present in the sample would not register on thdXRice as
B,O3 seldom ever occurs in a crystalline form. Whilengoof the porosity on the
sample seen in Figure 4-2 (b) can be explainechbyrémoval of remnant,B3

during polishing, the majority of the observed mitypwould result from removal
of material during polishing. This is an effecttb& difficulty in polishing boron

suboxide materials using the polishing method prieskin Section 3.7.

EQO-YZOQ-AJ 20§-Ti B 2t

-
®AccV  Spot Magn
150kV 5.0 5000x CL 12.1 B60+TiB2+Y203/AI203
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X
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Figure 4-3: Structure (a,b), accompanying EDS speaim (c) and XRD trace of BO-Y,Os-

Al,O5-TiB,. EDS spectrum mapped area of image b.
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For the XRD trace of the 8®-Y,05-Al,03-TiB, sample, it can be seen that the
only crystalline phases within the sample ag® Bnd TiB. However, %03 and

Al, O3 additions were present, as validated by the E8tapm (Figure 4-3c). It
can thus be reasoned that thgOY and ALO; additions have formed a glassy
phase within the composite. However, it must beddahat the XRD trace is only
certain for materials are present in quantitieagnethan 4 volume percent. The
yttria and alumina additions will form a glassy pbavith any free D3 present.
The exact stoichiometry of the glass is not knoiMme magnesium detected by
the EDS trace is a remnant from the boron powded w the IKTS for the

formation of the BO phase.

BeO-CaO:

Acc ¥V Spot Magn  Det WD ——— 20pm lAcc¥  Spot Magn  Det WD 1 2um
15.0kV 5.0 1000x SE 12.0 B6Q+Cal . 150kv 5.0 10000x SE 120 B6Q+Cal
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Figure 4-4: Structure (a,b), accompanying EDS speatm (c) and XRD trace of BO-CaO.
EDS spectrum area of mapped image b.
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For the BO-CaO sample, the only phase determined by the XR&2 (Figure 4-
4d) was boron suboxide. However, from the EDS spettthe sample has some
species of Ca remaining within it. As there areQaospecies detected on the XRD
trace, the Ca present in thg@CaO sample are present in an amorphous form.
The CaO additions most likely formed a Ca@bB glass of some, unknown,

stoichiometry.

BeO-NiO:

Intensity (arb. units)

Angle (20)

Figure 4-5: Structure (a,b), accompanying EDS speatm (c) and XRD trace of BO-NiO.

EDS spectrum area of mapped image b
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In the BO-NIiO sample, the entire starting NiO additive veasverted to NiB
during sintering. The NiO additive would react withe BO matrix through

Equation 4-1.

5B40 + 16NiO — 16NiB + 7B,0; Equation 4-1

The porosity observable in Figure 4-5b can be tted to the difficulty in

obtaining a well-polished surface for the material.

BgO-YgOg-AJ 2031
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Figure 4-5: Structure (a,b), accompanying EDS speatm (c) and XRD trace of BO-Y,O3-

Al,O3. EDS spectrum area of mapped image b.
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In the BO-Y,03-Al,0O3 sample, the only crystalline phase present is rboro
suboxide. Similar to the #®-Y,03-Al,0Os-TiB, sample, Y and Al species are
detected on the EDS spectrum, but not on the XRbetrThe ¥O; and AbO;
have formed a glass phase with thgBinherently present in the system. The
exact composition of the glass is not known. Howetree yttria-alumina additive
also has a molar ratio of 0.6 for,(35:Al,0s, hence, like the §-Y,0s-Al,03-
TiB, sample, the BD; content within the glass needs to be between 4D an
65mol% to form a stable glass (based on the worklaikrabortyet al (1986),
see Appendix A). The stability of the glass phass e affected by species like

Mg remaining within the system.

4.3 Indentation Size Effect

4.3.1 Hardness Measurements

As outlined in Section 3.12, a series of indentstiavere made into the hot
pressed boron suboxide samples to determine tlenteaf the indentation size
effect. The measured hardness values and theuathmleviations are displayed

in Table 4-3.
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Table 4-3: Hardness measurements for hot-pressed puboron suboxide

Applied load | Dwell time Average Hardness Standard
(ko) (s) diagonal (GPa) deviation

(Hm) (GPa)

0.1 10 6.74 40.4 4.2

0.2 10 10.07 36.1 3.2

0.3 10 12.40 355 15

0.5 10 16.34 34.0 1.2

1 10 24.26 31.0 3.2

2 10 36.15 27.9 2.5

4.3.2 Meyer’s law.

Meyer’'s law can be used to describe the extenhefindentation size effect in

boron suboxide. Meyer’s law is given by Equatio8;4vhere, “P” is the applied

load, “d” is the average indentation diagonal. ‘&id “n” are constants which can

be established through curve fitting a plot of laaghinst indentation diagonal

length (Figure 4-7).

P=Ad"

Equation 4-2
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Figure 4-7: Effect of load on the measured diagonaéngth during hardness testing

By solving for the least sum of squares, the bess fvhen “A” has the value of
692 (kg/mnl) and “n” has the value of 1.76 (with afi Ralue of 0.979). Meyer's
law describes the extent to which a material isjestibto the indentation size
effect by the deviation of the value “n” from thalwe of 2. An “n” value of 2
means that the material is not subject to any itadem size effect. A deviation of
0.24 implies that boron suboxide has a signifiegadentation size effect. In turn,
this means that it is not possible to directly cangpthe hardness measurements
for boron suboxide when different loads were useddetermining hardness

measurements.

The Meyer’'s Law (Yurkowet al. (1997)) predicts a region of loading where the

measured hardness is nearly independent of théeddphkd. In order to establish
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if there is such a region for boron suboxide, d pfdiardness against applied load

was drawn (Figure 4-8).
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Figure 4-8: Effect of load on the measured Vickerhardness of hot-press, pure BO

As can be observed from Figure 4-8 boron suboxas chot have a portion of the
graph where hardness becomes near independent dpiplied load. While a
trend towards linearity may be extrapolated fromne traph, thus giving the
impression that linearity may be achieved at higbads, this is not the case. At
loads greater than 1kg, cracking around the indientavas observed. At loads
greater than 2kg, for instance 5kg, the indentaiiodamaged to such an extent
that no accurate hardness measurements are possiie the hardness of boron
suboxide is not independent of load at any stagestandard load for testing the

hardness of pure boron suboxide could be recomndende
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4.4 Hardness of SPS densified materials

Unlike the pure boron suboxide materials, the baoboxide composites could
be indented with a 5kg load and retain a well dafimdentation. This load was
used for determining the hardness of the compoa#es would produce results
directly comparable with previous studies involvirgpmposites of boron
suboxide (for example, Johnson (2008) and Ogunma®@009). Additionally,
the 5kg load induced cracks required for indentatifvacture toughness
measurements. Hardness of the spark plasma simgaredoron suboxide sample
was performed using a load of 1kg. As discussedaleny load higher than this
resulted in an extremely deformed indentation. Thedness measurements for

the materials densified by SPS are recorded in€l4il.

Table 4-4: Vickers hardness (Nsyg) for the spark plasma sintered boron suboxide matéals

Material Hw (GPa) Standard deviation
(GPa)
Pure BO 29.2* 2.0
BsO — Y203-Al,03 20.3 1.2
BsO — CaO 23.2 2.2
BsO — NiO 21.8 2.3
BO — Y20; - Al,05 — TiB; 25.7 3.3

*Determined under a 1kg load
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4.5 Crack regime

To establish whether indenting boron suboxide casites with a 5kg load would
produce Palmqgvist cracks, or fully developed halfupy cracks, the method

described in Section 3.14 was followed.

Figure 4-9 shows the indentation before and aftetenal is removed by

polishing. As can be observed, the cracks areleigiben after the indentation is
almost entirely removed (Figure 4-9b). This giveglence that the crack regime
that boron suboxide composites experience at aldkd are of the half-penny

type. This result was used when calculating themtation fracture toughness of
the boron suboxide based materials. A half-penm@aglkcrregime means that the
Anstis Equation is applicable when calculating itiaentation fracture toughness.
Hence, when calculating the indentation fracturggtmess of the boron suboxide
based materials, the Anstis Equation was usedadsié for example, the Shetty

Equation.
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Figure 4-9: An indentation in Y,03-Al,03-BsO before (a) and after (b) polishing. The white

arrows indicate where the cracks are still attachedndentation.

4.6 Indentation fracture toughness

While simultaneously determining the hardness eftitbron suboxide composites,
the indentation fracture toughness (IFT) of the rpRlasma Sintered boron
suboxide composites were measured. As discussgedition 4.4, the load applied
to the indenter for these experiments was a 5kd, laa this was the lowest load

where it was possible to resolve the cracks usmgpical microscope.

As described in Section 4.3, when using a 5kg ldasljndentations in pure boron
suboxide samples fail to maintain their shape, aften crack catastrophically
(the lateral cracks extend to the surface of theclGr destroying the indent

entirely). Although fine cracks emanating from ttw@ner of the indentation are
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observed under a load of 1kg, these cracks ardineao track with an optical
microscope. It would be possible to track thesecksausing a microscopy
technique with higher resolution (for example, &V3. However, from the work
of Shrivastava (2007), it is not possible to actalyacompare the measurements
obtained from an optical microscope and that whiets obtained from an SEM
due to differences in the resolution. In the calsanoindentation, an SEM image
would appear to measure a longer crack length #mammage taken using an
optical microscope. As this would introduce anotverable into the results, IFT

was not measured for the pure boron suboxide rageri

The recorded hardness and indentation fracturehtuegs values, as calculated by

the Anstis Equation, are shown in Table 4-5.

Table 4-5: Fracture toughness of boron suboxide matials, determined by the IFT method

Material Kic. e (MPa.n?™) Standard deviation
(MPa.n??)
BesO — Y205-Al,03 4.1 0.4
BsO — CaO 4.2 0.4
BsO — NiO 3.9 0.5
BesO — Y203 - Al,O3 — TiB; 3.4 0.2
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4.7 Single edge V-notch bend tests

Single edge V-notch beam tests were conducted éordance to the method
described in Section 3.16. The determined valuesecorded in Table 4-6. As
stated in Section 3.16, the span used for detengpithe fracture toughness of
pure boron suboxide was less than the span usedetermine the fracture
toughness of the composite materials. This may tedtie pure boron suboxide

having a recorded fracture toughness which is glidghigher than expected.

Table 4-6: Fracture toughness of boron suboxide matials, as determined by the SEVNB

method
Material Span (mm) Kic, sevng Standard deviation
(MPa.n??) (MPa.n??)
BesO 16 1.3 0.2
BsO — Y203-Al 203 30 3.6 0.3
B¢O — CaO 30 2.6 0.3
BsO — NiO 30 2.6 0.3
BsO — Y203 - Al,O3 — 30 2.9 0.3
TiB>
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4.8 Mode of failure

After testing the samples for toughness by the SBMNethod, the fracture
surface was examined under a SEM. Figure 4-10 slaoB©-NiO sample after
testing. The fracture surface examined is indicatedhe Figure. Also evident in
the Figure is the cantilever curl, which all beadhples experience. The change in

contrast is due to the Figure being assembled fmuttiple images.

.~ Fracture surface

Crack direclion

2mm

Figure 4-10: Optical image of a BO-NiO sample after SEVNB testing. The height of the

sample is 4mm.

Although the grain size of sintered boron suboxlsed materials is not

accurately known, it can be estimated to be arolyoh in size. The starting
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powder used when producing the boron suboxide m#eras submicron prior
to sintering. TEM work recorded by A. Andrews (2D@Bows that there is very
limited grain growth of the boron suboxide duringtering. Hence, the grain size

of the sintered boron suboxide will be around onerom.

Pure boron suboxide was observed to have minimahgds in fracture planes
along the surface (Figure 4-11). This is consisteittt a material which exhibits
transgranular fracture. For the composites examimehis study, minimal facets
were observed in the boron suboxide matrix of thetéire surface. This implies
that the use of additives do not change the modailofe of the boron suboxide
matrix from transgranular to intergranular. Howewsith the BO-Y,03-Al,0s-
TiB, sample, some intergranular fracture was obsereddden the additive TiB

phase and the matrixs® phase.
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Figure 4-11: SEM images of the fracture surfaces dia) pure BsO; (b) BgO — NiO; (c) BsO-

Y203'A| 203; (d) BsO-CaO and (e) BO — Y,0O3 - A|203 - Tle
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4.9 Crack opening displacement analysis

In accordance to the method laid out in Sectio®,3ahalysis of the crack opening
displacement was performed on all of the boron sidgocomposites, as well as
pure boron suboxide. For each of the compositespamd boron suboxide the
plots of the measured crack displacement agaimstcéiculated crack opening
displacement were produced. The gradient of thealirportion of the plot gives
the fracture toughness for each of the materiats.efample is given for pure
boron suboxide in Figure 4-12, each of the fouoodd represents a different

crack which was analysed. The remainder of thespdo¢ available in Appendix
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Figure 4-12: COD analysis for pure boron suboxide
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The fitted fracture toughness values are summatisetiable 4-7. Due to the
fracture toughness being a result of curve fittirgher than a result of direct

measurements,’Rs quoted, rather than a standard deviation.

Table 4-7: Fracture toughness of boron suboxide matials, determined by the COD method

Material Kic, cop (MPa.n?~) R® (%)

BsO 2.2 66.8

BsO — Y,05-Al 03 4.3 76.5
BsO — CaO 4.1 89.5

BsO — NiO 3.6 88.5

BsO — Y03 - Al,O3 — TiB; 2.9 69.8

4.10 Toughening mechanisms

Using the images obtained for COD analysis, theksaradiating from the
indentation corners were examined for evidence oofghening mechanisms.
Although the cracks were examined for evidence dafieo toughening
mechanisms, the mechanisms of crack deflectiorckcbsianching and contact

bridging were examined in the most detail.
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4.10.1 Angles of crack deflection

Similar to the work of Faber and Evans (1983),ahgle through which the crack
deflects was measured. To ensure reproducibilitpiramum of 500 deflections
per sample were measured. To remove the effecthefregion around the
indentation, the deflections were only measureth@lihe last two-thirds of the

crack length.

Crack deflection was observed in all of the sampldse distribution of crack
deflection angles are plotted in Figure 4-13. Tikipart of the method described

in Section 3.18.
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Figure 4-13: Crack deflection angles for the varios boron suboxide based materials
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For clarity, the region between 15 and 45° is regiran Figure 4-14.
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Figure 4-14: Crack deflection angles from Figure 12redrawn between 15 and 45°

From Figure 4-13 and Figure 4-14, it can be seean, iin terms of deflection

angles, it is only the #-Al,03-Y,05-TiB, sample which experiences a large

improvement over pure boron suboxide. Although diieer composites -

NiO, BsO-CaO and BO-Al,03-Y,03) show a general increase in the deflection

angles, the improvement is slight.
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4.10.2 Distance between toughening events

In order to compare the toughening mechanisms prasethe various boron
suboxide based materials, it is advantageous ablesdt the frequency with which
these toughening mechanisms occur. The linear ens$i these toughening
events along a crack was measured using SEM magbgr Since not every
crack would experience a certain type of toughemmgchanism, it was not
possible to quantify this length with a standardiatéon. Rather, it was calculated

through Equation 4-13.

: Number of events .
Event density = Equation 4-13

Total crack length

Table 4-8 gives an indication of the average distabetween two toughening
mechanisms of the same type. As certain materggecially the pure boron
suboxide samples, tended to shatter near the cofnire indentation, only the

last two thirds of the crack were used when deteingithe data in Table 4-8.
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Table 4-8: Distance between toughening events in fom suboxide based materials

Crack Crack Surviving Frictional
Sample deflection branching ligaments debris
(eventsim) (eventsim) (eventsim) (eventsim)
Pure BO 1.12 Not observéd| Not observed| Not observe
BsO — Y,0s-
1.75 0.012 0.008 0.030
Al ;03
BsO — CaO 1.41 0.010 0.006 0.018
BsO — NiO 1.33 0.009 0.006 0.016
BsO — Y203 -
2.56 0.023 0.010 0.085
Al,O3 — TiB,

As can be observed from Table 4-8, apart from crdeRection, the other

toughening mechanisms occur very infrequently. éadenany of the toughening

mechanisms were not observed in every crack. Faer rdason the distance

between the various mechanisms often exceeds #rage/ length of the cracks

themselves (70-86n).

® Frequently observed along the first third of theck length. Never observed beyond that.
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5.0 Discussion

5.1 Introduction

In this section the results presented in Sectiareddiscussed.

5.2 Densification

The sintering of boron suboxide without the usesiotering aids is extremely
difficult. Even at high temperatures, it is not pibe to achieve a fully dense
sample without applying a rather high load (Brodlaad Thevenot (1986)). It is
for this reason that sintering techniques such asplressing or, more recently,
SPS/FAST have been used to sinter pure boron sidokven using techniques
such as hot-pressing or SPS/FAST, it is still nedgible to fully densify boron
suboxide. This is due to the presence ofOB during sintering and the

substoichiometry typical of boron suboxide material

B,O; arises in a boron suboxide system due to the watbe which boron
suboxide oxidises (Sasati al. (2001)). BOs is present in the boron suboxide even
before sintering. Andrews (2008) reports that, @ltdh washing in water or

alcohol reduces the amount of@ present, it does not remove it completely.
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Complicating the analysis of,B; present in the § system is that £3 reacts
with moisture at room temperature to form boricdaciThis boric acid will
evaporate during sintering. Additionally,®@; reacts with BO during sintering to
form (BO), gas and amorphous boron. Even after sinteringetiaet amount of
B,O; present in a boron suboxide ceramic is difficaliguantify, given the sub-
stoichiometric nature of boron suboxide. It is flois reason that the,B; content

of the sintered O material was assumed to be 1.5wt%.

Although boron suboxide is often quoted agOB it would be more accurate to
refer to it as “BO;1x". Boron suboxide is often substoichiometric witspect to
oxygen. Conventional methods of producing boron ogide result in
stoichiometry ranging from 7, to BsOpse (Hubert et al (1998)) High
pressure sintering can produce a higher stoichignuétup to BOo s (He et al
(2002)). The theoretical density of¢® increases with increasing oxygen
stoichiometry. BOo76 has a theoretical density of 2.49gfcemd BO. o has a
calculated density of 2.59g/ém{ICSD cards 81-2192 and 50-1505). For the
purposes of this study, it was assumed that ti@ Based materials have a
stoichiometry less thangBo.90 This upper limit has a density of 2.55gfci8ince
the stoichiometry which was assumed is higher tigpital hot-pressed methods
achieve, the degree of sintering in the boron sigdeokased samples is probably

higher than suggested by comparing the measurethancetical densities.
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Previous work in the sintering of boron suboxideemals has shown that adding
a secondary phase, which is liquid OB sintering temperature, improves the
density and lowers the porosity of the resultingposite. Successful liquid phase
sintering aids include ADs, Y,03-Al,03, Co and Ni (Shabalala (2008), Andrews
(2008), Johnson (2008), Ogunmuyiwa (2008) and HanmM(2009)). The liquid
phase sintering aids used iR ceramics can be divided into two categories,

based upon whether the sintering aid is crystatinglass at room temperature.

The sintering aids which are crystalline after esimg generally consist of the
group 4-8 transition group metals. After sinteritigese sintering aids are
generally borides, regardless of whether theirtisicomposition is free metal,
oxide or boride. For the transition metal sinterimig examined in this study
(BsO-NiO), the final form of the additive is the siregboride, NiB, which agrees
with the work of Ogunmuyiwa (2009) and is predictde@rmodynamically by

Herrmann (2009).

The sintering aids which form glasses after sintgiare generally the oxides of
alkali earth metals and the oxides of aluminiuntican, yttrium and other rare
earth elements. These glass formers react wittBtkg present in the £ to
form a complex borate glass. (Ogunmuyiwa (2009n3don (2008) and Andrews
(2008)). For higher percentages of additive (greatean about 3wt%),
crystallisation of the secondary phase can occerr(flann, unpublished (2010)).

The borate glass contained some MgO contaminanthmvias present in the

109



amorphous boron used by the IKTS to produce therbsuboxide powder. In this
study, the compositesg®-Y,03-Al 03, BO-Y,03-Al,03-TiB, were expected to
form a Y,03-Al,03-B,03-(MgO) glass. The ED-CaO composite formed a CaO-
B,03-(MgO) glass. As mentioned previously, the exagdfBand MgO content of
the glass is unknown. From the XRD traces, no alysation was detected.
Hence, the BO; content must be sufficient in order to form a kaflass. For
both the BO-Y,03-Al,03 and the BO-Y,0s-Al,03-TiB, composites, the 83
content of the glass can range between 49-65molésetb on the work of
Chakrabortyet al. (1986)). For the BD-Y,03-Al,03 composite, this is equivalent
to between 2.3 and 4.5wt%@®; in the composite. This is a very large amount of
B,Os3; present in the & system. The discrepancy can be explained however.
Firstly, the MgO contaminant is a glass stabiliserjt will reduce the amount of
B,O; required to produce a stable(;-Al,O3 glass. Secondly, in small triple
junctions and thin films along the grain boundariesystallisation is retarded.
This will stabilise the glass phase, even for atmogver content of glass formers

(such as BOs) (Clarke (1987)).

Although liquid phase sintering does serve to imprthe density and reduce the
porosity of the sintered product, it is not witholmahwbacks. At room temperature,
the sintering additives, whether crystalline or gohous, generally have inferior
properties compared to the® matrix. For example, in terms of elastic modulus,
the crystalline phase NiB has an elastic modulu2®sGPa (Smoliret al
(1984)), while the glassy Ca0O,B; phase has an elastic modulus of up to 102GPa

(Manupriyaet al (2006)). These values are low compared to the&tielanodulus
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of the BEO matrix of 540GPa (Shabalala (2008)). However,stheondary phases
can also improve the mechanical properties of thiered composite by wetting
the grain boundaries or introducing residual sagssto the ceramic. These
changes made by the secondary phase can proveidiné&h the fracture

toughness of the material.

Liquid phase sintering aids are not the only addgithat can be used to alter a
ceramic system. Additives which are still solid #ite matrix’s sintering
temperature can also be used. However, solid statering does not affect the
density and porosity to the same extent as lighakp sintering (German (1996)).
Generally, solid phase additives are chosen tceeiiltroduce a new material
property, or to enhance an existing one. For examflasaiet al (2001)
introduced diamond into agB® matrix in order to increase the composite’s
hardness. The introduced diamond, however, did inotease the fracture
toughness of the composite to any great extent ifmar fracture toughness
recorded was less than 1IMP&3n Similarly, the addition of BC into a BO
matrix by Itoh et al (2000) did not increase the fracture toughnesghef
composite above 1MPa’m Herrmannet al (2009) added TiBto a BO matrix

in order to increase the electrical conductivitytleé composite. However, rather
than rely solely on solid state sintering, Herrmatral included a ¥Os-Al,0O3
phase in order to assist with densification. Addiélly, based upon the work of
Shabalala (2008) and Andrews (2008), thg¥Al,O3; phase was expected to
increase the fracture toughness of the resultimyposite. It was this work upon

which the BO-Y,03-Al,0s-TiB, sample was produced.

111



The presence of porosity plays an important roledétermining the material
properties of the sintered product. Porosity caultefrom incomplete sintering.
Post-sintering machining operations can introdugcéase porosity to the ceramic.
If the ceramic is subjected to aggressive grindorgf the grains in the ceramic
are weakly bonded, it is possible to introduce pityoon the surface of the
ceramic. Introducing porosity in this manner wiliciease the amount of open
porosity measured. Additionally, the introduced gsity can affect property
measurements if the technique uses the surfacé&sfaneasurement (for e.g.,
hardness and IFT). In solid state sintering, pdyosan be stable if the pores are
large compared to the grain size, or if there ghlgas pressure within the pores.
For the pure BO material produced by SPS under vacuum, the pgrasin
generally be attributed to incomplete densificatidne to the difficulty in

sintering boron suboxide without a sintering aid.

The final density of the material can be improvedthe presence of a liquid
phase sintering aid. Liquid phase sintering candivéded into three sections.
Rearrangement of the grains into a better packirmpngement happens when the
liquid phase melts. Solution-precipitation of theatnx material improves
densification and increases overall grain sizethinfinal stages of sintering, the
liquid sintering aid fills the stable pores by dkgpy action. This can be observed
in the composites by a 36% reduction in the poydsétween pure g and BO-

CaO, the composite with the highest porosity.
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5.3. Hardness

5.3.1 Hardness of boron suboxide materials with adtives

The hardness of the boron suboxide materials isedotlian expected from
previous work on boron suboxide materials. For edamfor boron suboxide
sintered with 1.1vol% of NiO, (Ogunmuyiwa, (2008¥ported a hardness of
27.1+2.1GPa. Comparatively, the@NiO sample examined in this study has a
hardness of 21.8+2.3GPa. A portion of this disanegacan be attributed to the
improved distribution of the secondary phases & tlewer boron suboxide
materials (Johnson, private communication (201D))e to the segregation of the
secondary phase, in the samples of Ogunmuyiwantentation left behind by a
Vickers indenter had a much higher probability eing on an area of harder
boron suboxide, rather than a softer secondaryephegion. Other contributing
factors may include the difficulty in polishing t&n samples (the d-NiO

sample in particular).
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Figure 5-23: Comparison of the hardness of the SPSntered boron suboxide materials

In terms of hardness trends, thgOBNiO and BO-CaO composites have a lower
amount of secondary phase (1.0 and 3.2vol% resedgtiand so have a higher
hardness than thegB-Y,03-Al O3 composite. It was not expected thaOBNIO
would be softer than thegB-CaO material. The crystalline NiB phase igOB
NiO is harder than the glassy Ca@cB phase in BO-CaO. Additionally, BO-
CaO has a larger content of the secondary phasejsexpected that -NiO
will be closer to the hardness of purglBthan BO-CaO. This discrepancy arises
due to the difficulty in polishing theg®-NiO, which leads to an increased surface
porosity of the sample (Section 4.2.2). Since poyasffers no resistance to an
indenter, the measured hardness is lower than efethwas no porosity.
Additionally, the deviation between the;®Y,0s-Al,03 and the BO-Y,0s-

Al,Os3-TiB, materials was unexpected. As thgOBY,0s-Al,O3 material has a
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lower proportion of BO than the BO-Y,0s-Al,03-TiB, material, it was expected

that the BO-Y,03-Al ,O3 possess a higher hardness value. This was natvebse

5.3.2 Indentation size effect

There is no one standard method to measure thendesdf any material, for
example the standard for testing ceramics usingicke¥s indenter is ASTM
C1327-03, while using a Knoop indenter follows ASTM326-03. A wide range
of hardness testing systems (for example the KrammpRockwell systems) exist
and the hardness values obtained by these measuseraee not directly
comparable. The issue is further compounded by féoe that within each
measurement system, there are parameters whiclyehhae measured hardness.
Notably, the change in load for a Vickers indemtatitest will change the
measured hardness. While there is a range of daitalale on the hardness of
boron suboxide, this data was determined underngeraf loads, making it

difficult to compare different hardness values rigpmdh

The indentation size effect is usually quantifigdtbe Meyer’s law (Equation 5-
1) (Stevensoret al (2002)). Where, “P” is the load, “K” is a matdr@onstant,
“D” is the diameter of the indentation. The Meyen®lex, “n”, is used as a

measure of the ISE.
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P=KD" Equation 5-1

The power in Meyer’'s law describes the extent tactvla material experiences
the ISE, the greater the deviation of the powemftbe value of 2, the greater the
ISE. It was shown in Section 4.3.2 that the hospee BO material has a power
of 1.76. This means thatsB experiences a large ISE. In turn, this means that
great care must be taken in comparing hardnesevaletermined at different

loads.

To illustrate size of boron suboxide’s indentatgire effect, a comparison to the
ISE of other materials is made. The work of Gen@l (1999) examined a range
of materials for indentation size effect. In thewrk, it was found that soda lime
glass had a “n” value of 1.860; sintered TZP of70;9sintered AlO; of 1.892;
sintered SiC of 1.790 and hot-pressed SiC whiskafarced SJN4 a “n” value of
1.826. TZP and AD; have a very limited ISE, but SiC is cited as hgvan

substantial ISE. g has a larger ISE than even SiC.

It is possible to fit a curve to the ISE graph igufe 4-15 (Section 4.3.2). Using
this curve, the hardness data obtained in liteeatan be altered to a single load,
making the data more comparable. However, this Idhbe done only with
caution. The ISE that a material experiences cang if there are changes to the

system. The ISE depends upon the grain size ahtterial, the level and type of
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impurities present and, of special importance foroh suboxide materials, the

stoichiometry of the material.

Table 5-1: Comparison of hardness values of literate and this study for pure B;O

Author Original load | Original hardness Hardness with
(kg) (GPa) load altered to
0.5kg
Andrews (2008) 0.5 35 35.0
Shabalala (2008) 1.0 30.1 32.6

Elison-Hayashi

(1994) 0.1 38 315

Kayhan and Inal

(1999) 0.1 36 29.9

Heet al (2002) 0.1 45* 37.3

This study (hot-

pressed) 34.1

*Single crystal

As can be seen from Table 5-1, if the ISE was akén into account, the values

obtained by Kayhan and Inal (1999) would seem tdilgeer than those of the
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samples produced by Shabalala (2008). However, whanging the base load,
Kayhan and Inal’s material is softer. This is likek the work of Kayhan and Inal

contained significant porosity.

Care should be taken with the interpretation oflthedness values of He al’s
(2002) single crystal. As the stoichiometry is eiffint to hot-pressed boron
suboxide, it may experience a different ISE. Adbuhitlly, the hardness of single
crystal materials is affected by the crystallogiagitane and the crystallographic
direction the testing was done in. Since éial reported neither the plane, nor
the direction the testing was performed in, itas known how this will affect the
ISE of the material. For these reasons, the ISEchwkingle crystals of boron
suboxide experiences would need be determined digniation experiments on
single crystals themselves. However, as an illtmtyaexample, if the ISE for
polycrystalline boron suboxide was applied to mapst@lline boron suboxide,
then it can be observed (from Table 5-1) that tlneyeld be a significant decrease

in the measured hardness when using a higher load.

5.4 Comparison of fracture toughness data

The fracture toughness of the boron suboxide nadsewere examined through
three different techniques; the indentation fraettwughness (IFT), the single

edge V-notch beam test (SEVNB) and the crack opgedisplacement analysis
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(COD). These techniques were examined, not onlyléeelop a comparison
between the three different techniques, but alsmotopare the results with work

previously performed.
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Figure 5-2: Fracture toughness data for pure boronsuboxide with and without different

sintering additives. Note that pure BO was tested under a 1kg load

Figure 5-2 shows the fracture toughness valueti@fbbron suboxide materials
with and without sintering aids plotted againstithelative hardness values.
There are no error bars for the COD analysis asdéwation of the COD was
calculated as a®Rvalue rather than a standard deviation. Pure bsuboxide was

too brittle to maintain an indentation for IFT pages.

119



Immediately evident from examining the SEVNB dataFigure 5-2 is that all of
the four composites examined have a far highertdractoughness than pure
boron suboxide. Although this is in agreement & work of Shabalala (2008),
Andrews (2008), Johnson (2008) and Ogunmuyiwa (R00% remarkable that
such a large increase in fracture toughness cam odgth such small amounts of
secondary phase. For a 1% addition of CaO to bstioxide, an increase in
fracture toughness of 177% occurs. Also evidentha the BO-Y,03-Al,0s3
composite is tougher than the®Y,03-Al,0s-TiB, sample. This is unexpected
as the BO-Y,0;-Al,03 sample contains 3.7 vol% of,®s-Al,03-B,03, while the
BsO-Y205-Al05-TiB, contains 4.8 vol% of X0s-Al,03-B,O; and 19.8vol%
TiB,, a far tougher phase tharg@® The reasons for the increase in fracture

toughness values are explained in Section 5.5.

The effect of the additives on the fracture tougisnef boron suboxide materials
is not only dependent on the amount of additivesgmé As can be seen from
Figure 5-3, there is no evident relationship betwdke measured fracture
toughness and the additive content. This meansthigaproperties of the final
phases of the additives have some effect on thetuha toughness of the

materials.
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Figure 5-3: SEVNB fracture toughness of boron subdde materials as a function of additive

content

Of the three methods used to obtain fracture toeghinmeasurements, the
SEVNB is most likely to be closest to the true fuae toughness of the boron
suboxide materials. SEVNB testing has been provdreta reliable, reproducible
test method with high accuracy. The crack openiispladcement test is a new
testing method and has yet to undergo extensiastriAs of yet, the only
published data on the COD method is Fettal’s (2005) work on SNa.
Additionally, this method is more likely to yielthé¢ toughness at the crack tip.
Determining the fracture toughness by the IFT metie always more of an
approximation than a measurement. The oft citddris of the IFT method are
its large inaccuracy and imprecision (Evans, 19iF6}).these reasons, the SEVNB

test will be used as the reference when compahagther testing methods.
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The deviation between the COD analysis and the SEEWata is inconsistent. The
deviation ranges between very large values for By@ (64.2%) and BO-NiO
(60.8%) to a negligible deviation of 0.3% fors@Y,03-Al,Os-TiB,. This

deviation is related to the microstructure of tamples.

The COD method was intended for use in the regioecttly behind the crack tip
(Fettet al. (2005)). As the distance from the crack tip ilases, the relationship
between the crack opening and the distance frontrdek tip can no longer be
related to the fracture toughness through Fettisaign. Although Fetet al. used
the COD method to determine the fracture toughoéasdividual silicon nitride
grains, for boron suboxide, this was not possilAs. boron suboxide is
exceedingly difficult to etch (Kharlamov (2002)),was not possible to establish
where one grain ended and another began. Additigrdale to the brittleness of
the matrix a crack would not arrest within glBgrain. Rather, a crack would

arrest within a pore, or forg®-Y,03-Al ,05-TiB», within a TiB; grain.

It is this location of crack arrest which causes deviation between the SEVNB
data and the COD analysis. As predicted by Fettjgaion, a tougher material
will have a wider crack opening near the crackthign a brittle material would.
Since most of the cracks arrested in pores, itmoagossible to establish exactly
where the crack should have ended if not for th@gty. Thus, the last known
location of the crack, where the crack enteredothre, was taken as the crack tip.

However, this position would have a larger crackropg than the real crack tip
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would. This would bias the calculated fracture touggss to larger values. For the
BsO-Y,03-Al,03-TiB, sample, the crack would arrest within a Figain. This
allowed for more accurate determination of the fomsiof the crack tip. In turn,
this produced far more accurate COD measuremehéselare the reasons behind
the trend of Figure 5-4 where the deviation betwéssn COD data and the

SEVNB data increases with increasing sample pgrosit
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Figure 5-4. Effect of open porosity upon the COD masurements deviation from SEVNB

measurements

From Figure 5-2, it is evident that the IFT methmeerestimates the fracture
toughness of all the boron suboxide materials. ®her-estimate ranges from
58.5% for BO-CaO to 14.6% for the ®-Y,03-Al,03 composite. This deviation

Is consistent with the reported inaccuracy of th& method. As the deviation

123



between SEVNB data and IFT data is not constans, ot possible to say by
what margin other samples, outside of the sampkged, will be over-estimated.
The deviation of the IFT data will not be affectagthe crack tip being arrested
in the porosity in the sample to the same degremrathe COD analysis. The
length of a crack which was not arrested in a pavald not exceed the length of
a crack which was by a large margin. This is duthéreduced stress applied to
the crack tip due to the distance between the dipcknd the indentation. As the
IFT method uses the entire crack length for its suemments, this dampens the

effect of crack tip arrest in porosity.

However, as the IFT is a near surface techniquentasuring fracture toughness,
it can be affected by the sample preparation dyswighing. With samples which
are difficult to polish, the polishing procedurencaartially or fully, break grains
out of the surface of the material. This break-alt cause an increase in the

measured fracture toughness by the IFT method.

Although others (Shabalala (2008), Andrews (2008hnson (2008) and
Ogunmuyiwa (2009)) have studied similar composited have also used the IFT
method to report fracture toughness, it is not jpdes$o revise their efforts to give
a more accurate indication of fracture toughnedss Ts not only due to the
inconsistency of the IFT testing method betweenpdasy but also due to the

variability of the testing method between operatétswever, in all likelihood,
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the above authors’ fracture toughness data forvér®us composites are over-

estimated, despite the margin of the over-estimdiging unknown.

The work on BO-Y»03-Al,0s fits in with the work at the IKTS on the effectth
the volume content of secondary phase has on dlctufe toughness of the boron
suboxide materials (Herrmann (2010)xCBmaterials with varying ¥Os-Al,03
additions were produced and tested for fracturgylinass at the IKTS. The
general trend is observed in Figure 5-5. Initiafigr a very small addition of
yttria-alumina, there is a large increase in tletiire toughness of the material
(part I in Figure 5-5). Then increasing the voluooatent has minimal effect upon
fracture toughness. After a certain point (appratety 3 vol%), the fracture

toughness appears to increase again (part lligargi5-5).

The second region in the Figure can be explaineekiynining the likelihood of a
crack encountering the secondary phase. The gldsg@ralumina-borates which
will form will occupy the triple points within a g ceramic. The likelihood of a
crack intercepting a portion of the yttria-alumiaddition is proportional to the
number and volume of triple points. Increasing ttodbume content of yttria-
alumina will not increase the number of triple geirAssuming a spherical triple
point, the size of the triple point will only in@se by the cubed root of the
volume content. This means that increasing themaelgontent of the secondary

phase will only slightly increase the likelihood afcrack interacting with the
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secondary phase. This explains the slight increbserved between 1 and 3 vol%

in Figure 5-5.

Beyond a certain amount of yttria-alumina, the gli@sno longer stable. This will
cause some of the yttria-alumina borates to cligtalThe transformation of the
additive into a stiffer phase will increase itseetf on the fracture toughness of the
material. This is what occurs in the third regidnFogure 5-5. The explanation

behind the first region in Figure 5-5 will be expled in Section 5.5.

Fracture toughness

=1 =3
Y ,0,-Al,0O, content (vol%) ——

Figure 5-5: Schematic plot of trend of the effect oY ,03-Al,05; content upon the fracture

toughness of boron suboxide materials. (Herrmann (2.0))

126



5.5 Toughening mechanisms

Ceramic materials possess the highest elastic maddlhardness values of all of
the material classes. However, the applicationg€esmic materials are often
limited by their low fracture toughness (Roest¢ral (2007)). Often, secondary
phases will be added to a ceramic in order to preda composite which has
lower hardness and elastic modulus, but a higlaetdre toughness than the pure
ceramic would. In order to be able to design makeffior specific applications, it
Is important to understand how the increase intdractoughness arises in the

ceramic.

The critical stress required in order for an ertcrack to grow can be given by
Equation 5-2. Where: “E” is the elastic modulugteé material, “c” is the length

of the existing flaw andy” is the surface energy of the ceramic.

o; = |[— Equation 5-2
nc

Direct application of Equation 5-1 would show tirabrder to increase the critical
stress required for fracture an increase in thiaserenergy or the elastic modulus
of the ceramic is needed. However, as mentionediqusly, the secondary

phases present in boron suboxide composites udwally a lower elastic modulus
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compared to BO. Hence, these secondary phases must contribule tivacture

toughness of a material through a different medmni

It is sometimes useful to use an energy releageHquation (Equations 5-3 and
5-4). “G” is the crack energy release rate (witkpext to distance) and “R” is the
crack growth resistance. The “R” values changdbef material experiences R-

curve behaviour.

2
nG C
G= Equation 5-3
E
R =4y Equation 5-4

The minimum crack energy release rate (“G”) requifer crack growth is the
energy required by the crack growth resistance }‘Based upon Equations 5-2,
5-3 and 5-4, the reasons behind the increase irfrélceure toughness of boron

suboxide materials will be explained.

5.5.1 Crack branching

One method to increase the fracture toughness roat@rial is to increase the
length of the crack, while keeping the penetraidrthe crack into the sample

constant. This would increase the energy requiceccfack growth as the crack
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would require additional energy to form the addhtib surfaces. There are two

methods to accomplish this. The first is crack bhamg.

In materials without a grain structure, crack brang is energetically possible if
the energy release rate (G) ever exceeds twicerdek growth resistance, R.
Since the energy release rate often increasesinatbasing crack length, glasses
often experience crack branching at a certain migtdrom the crack origin. For
materials with a microstructure, the microstructoam interact with the applied
stress field to produce two planes which lie acdosal maxima in the tensile
stress. This allows for a single crack to brancto itwo separate cracks.

(Wachtman, 2009)

The energy dissipated by a branched crack is agsdcivith the formation of the
surface of the two cracks. Logically, if the maakis homogeneous and a crack
branches into two cracks, the energy expended dw dpoth cracks the same

distance is twice that of one crack.

In the boron suboxide materials, crack branchingas a very common event.
Branching usually occurred in or nearby the seconghases. Figure 5-6 gives
an indication of the length of a secondary craskiiteng from crack branching. In
the BO-Y,03-Al,O3-TiB,, where branching is the most common, branching onl

happens, on average, every 42um. The observed braciches were also not
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long in length, much less than 1um in length. & ngth of the secondary crack
was taken to be 1um (an exaggeration), then thease in crack length would

only be 2.3%.

~»
’_
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Figure 5-6: Crack branching in the BO-Al,0s-Y ,03-TiB, sample.

Since crack branching occurs so infrequently inohosuboxide materials and,
when it does occur, the length of the secondargkdsasmall, the total increase in
crack length due to crack branching will be sma@lhis means the increase in
energy associated with the creation of new surfackslso be small. Hence, the
large increase in fracture toughness between thenkguboxide composites and

pure boron suboxide cannot be explained in ternesaafk branching alone.
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5.5.2 Crack deflection

The second method of increasing the fracture toeghiy increasing the length
of the crack, but retaining the depth of penetrgtie by crack deflection. Crack
deflection can occur when the crack tip encourd@rsmahomogeneity in either the

ceramic’s microstructure or the local stress field.

An inhomogeneity in a ceramic’s microstructure gaslude grain boundaries. If
the intergranular interface is weak enough, a craitkdeflect along the grain
boundary, rather than shear the grain. It is fas tieason, together with the
disruption of the slip planes that polycrystallimaterials have a fracture

toughness of up to twice that of the single cry@féhchtman (2006)).

However, this does not apply to boron suboxideearon suboxide experiences
transgranular fracture. A crack approaching a gmaia boron suboxide ceramic
would shear the grain, rather than deflect aroundhis can be interpreted as
boron suboxide having good intergranular bondingsTs validated by the work

of Kleebe (2008) whose TEM images show clean, wefided grain boundaries

between adjacent grains of®.

The crack deflection which is observed in pure hosoboxide is uncommon

(Section 4.10). This defection is generally asdediavith impurities and porosity,

131



rather than any grain boundaries. This is illustlan Figure 5-7. In this respect,

pure boron suboxide fractures in a similar fash@most glasses.

-
AccV  SpotMagn Det WD Exp 1 2pm
15.0kv 5.0 10000x SE 118 0 Pure B60

Figure 5-7: Crack deflection around a pore in pureboron suboxide

Compared to pure boron suboxide, the boron suboxideerials with additives
exhibit a great deal more crack deflection, notyanlterms of quantity, but also
in terms of the steepness of the deflection andl\dsle pure boron suboxide has
a crack deflection density of 1.12 deflections mécrometre, the composites have
a crack deflection density of between 1.33 (feOBNIO) and 2.56 (for BO-
TiB,). This is shown in Figure 5-8. Thus, crack deftattprocess may play a

larger role in toughening of the composites comghémepure boron suboxide.
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Figure 5-8: Crack deflection density for the boronsuboxide materials

In 1983, Faber and Evans published a paper in whieheffect that crack
deflection around a secondary particle has on dractoughness is explained.
Three generic geometries of the secondary pastiele examined, the sphere; the
disc and the rod. Faber and Evans explain thatumradoughness is not only
affected by the amount of crack which occurs, bsi she angle at which these
deflections occur. The greater the number of dafles which occur and the
higher the angle of deflection out of the planghaf crack, the greater the degree
of toughening. For each of these three geometnesnicrease in relative fracture
toughness was calculated as a function of volua&iém of the secondary phase.
For the spherical geometry the maximum increagetture toughness was about
twice that of the pure composite; for the disc,ragpnately 3.5 times and for the
rod geometry, the increase could be as much asndstithe original fracture

toughness.
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Although the secondary phases present in boronxgidaomposites do not lend
themselves to such classical geometries as dedchipeFaber and Evans, the
secondary phases could be most closely approxinigtélde spherical geometry.
Although Faber and Evans do predict an increadeacture toughness of up to
twice the original for spherical secondary parsi¢cland although the increase in
fracture toughness of the composites is a leastetwiat of the pure boron
suboxide, the increase in fracture toughness ofoh@posites cannot be explained

by deflection processes alone.

The maximum increase in fracture toughness pratlitte Faber and Evans
corresponds to a high volume fraction (between 130 40%) of the secondary
phase. The volume fraction of the secondary phimsttee BO composites is far
lower than 30%. The total volume of the second&gses (including £s) in the
BsO materials is 3.2% for d®-CaO; 4.8% for BO-NIiO; 3.7% for BO-Y,0s-
Al, O3 and 23.5% for the #®-Y,03-Al,0s-TiB, composite. An additional
discrepancy between the work of Faber and Evandtendurrent composites is
that the calculations of Faber and Evans were bapet the crack deflecting
around every particle it encounters along its patmns does not happen in the
boron suboxide composites. As an illustration of,tRigure 5-9 shows a crack in

the BO-Y,03-Al,03-TiB, sample which has sheared several, GEins.
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Figure 5-9: A crack running through the BgO-Y,03-Al,05-TiB, sample. The red arrows

indicated where the crack has sheared a TiBgrain.

The angles of crack deflection present a furthescrépancy. In the current
composites, when the crack does deflect, the aofjldeflection is not much
greater than that for puresB. For the BO-CaO, the BO-NiO and the BO-

Y ,03-Al,03 samples, the only significant improvement in tieflettion angles lie
between 5 and 10°. For all angles greater thanth@°deflection angles are very

close to that of pure boron suboxide (see Figurg$ dnd 4-12, Section 4.10.1).

Crack deflection does not necessarily happen omdyga interfaces in the
composites as assumed by Faber and Evans. Crdektaef can also result from
the crack tip experiencing inhomogeneities in tbeal stress field. As the

different additives in the boron suboxide compastiave different coefficients of
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thermal expansion (CTE) to the boron suboxide matasidual stresses will be
set up in the material. These residual stressesntamract with the applied tensile

stress to produce a stress field where local stnessma exist.

Depending upon the size of the secondary phaseks émpared to the CTE of
boron suboxide, the residual stress in the additeve be either compressive or
tensile. If the CTE of the additive is larger thidmat of boron suboxide, tensile
residual stresses are established within the addgarticle. Conversely, a CTE
smaller than that of boron suboxide will producecmpressive stress. For an
additive under compressive residual stress, a cvaltkdeflect away from the

particle. This will add to the improvement of frat toughness that crack
deflection processes confer to the composite. Hewef/the secondary phase is
placed under tension, a crack will deflect towdrd particle. Not only will this

increase the deflection experienced by the crack, ib will also raise the

possibility of crack arrest in the secondary péatic

Selsing (1961) proposed Equation 5-5 for calcugptime residual stresses in a
secondary particle. In Equation 5-5\d” refers to the difference between the
CTE of the matrix material and the secondary plartié Ao is negative, then the
secondary patrticle is under tension. “E” is thesttamodulus andv” is the
Poisson’s ratio. The subscripts “m” and “p” referthe matrix and the particle
respectively. AT” is the difference between the temperature whelaxation of

residual stresses occur and the processing temperdtable 5-2 gives the data
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used for calculating the residual stresses presahe BO-Y,03-Al,03 and BO-

Y -,03-Al,05-TiB, ceramics.

_ Aa(AT) Equation 5.5
res 1+Um +1_ 2Up quation o-
2E,, Ep
Table 5-2: Data used for calculation of residual sess in the composites
BsO TiB, Y 203-Al,03-B,03
Thermal expansion 5.46 8.37 7.0
coefficient (10° K™
Poisson’s ratio 0.197 0.108 0.2
Elastic modulus 540° 565 757
(GPa)

For the BO-Y,0s-Al, O3 material, the ¥Os-Al,03-B,03; addition is expected to
soften at about 800°C (Herrmann, unpublished). ebéifices in the thermal
expansion coefficients between thegOBmatrix and the glass phase will set up

residual stresses of 132MPa, which would be tengilthe glass phase. This

" Herrmann, unpublished

& Munro (2000)

° Estimation based upon the work of Rutz (1990)

1% Shablala (2008)

1 Assumption. The elastic moduli of many glassebéaveen 50 and 100GPa
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tensile stress would attract a growing crack towatide secondary particle.
However, as this stress is only active over a smah around the secondary
particle, the low amount of additive will not inaise the amount of deflection that
will occur in the ceramic significantly. As the grdboundaries between grains are
mostly clean and well-formed (Kleele¢ al (2008)), the residual stresses will not
reduced the grain boundary strength and hencenocotdse crack deflection to

any great degree as is observed gNyceramics with oxide additives.

For the BO-Y,03-Al,03-TiB, sample, the presence of the glass phase will eeduc
the onset temperature of residual stresses bettieeBO and the TiB to the
glass temperature. So for theBTiB, interaction, a residual stress of 881MPa,
tensile in the TiB grain, is established with a glass temperatui@6fC. Hence,

in the BO-Y,05-Al,03-TiB, cracks will be more strongly attracted to the
secondary particle than for thes@Y,03-Al,O3; materials. This supports the
observation that there is significantly more dditat for the BO-Y,03-Al,0s-
TiB, composite than the¢B-Y,03-Al,03 composite as well as the observation

that the crack shears many of the JgBains.

If the glass phase was not present in tg@-BiB, ceramic, the onset of residual
stresses would begin almost at the sintering teatpex of the composite.
Assuming that the relaxation temperature is ab&@@01C (significantly lower

than the 1850°C sintering temperature), the residtrasses in the theoretical

BsO-TiB, would be over 2GPa. This level of residual stressuld cause

138



separation of the § and the TiB grains. This separation would be detrimental to

the stability of the ceramic.

This effect has been observed in thgOBIB, samples produced by Johnson
(2010). These samples were produced by the inksitothermic reduction of
titania. These samples differed from the ones predun the IKTS as these did
not contain any liquid sintering aid, while the 18Tsamples contained yttria-
alumina additions. Two major differences betweea sample behaviour were
observed. Firstly, the®-TiB, sample without an additive phase was more prone
to grain pull-out during polishing. Secondly, intkion induced cracks deflected
around the TiB grains for the sample without an additive phaséwas found to
generally shear the TiBgrains in the IKTS produced sample. So while the
stresses induced by differences in CTEs can beoefdk deflection, excessive

stress levels could be detrimental.

Regardless of the reason behind crack deflectlmnfdct remains that the boron
suboxide composites do not undergo anywhere neatetjuired amount of crack

deflection to explain the increase in fracture touggss that has been measured.
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5.5.3 Crack bridging

Crack deflection is often viewed as a synergistiocpss. Although crack
deflection, by itself will increase the fracturaigihness of the material, it can also

give rise to other toughening processes. One suodess is crack bridging.

If there are surviving ligaments (for example, ggiin the wake of the crack,
then these ligaments can increase the toughnesheoteramic. As a crack
advances through a material, the crack openinglatisment increases with
increasing distance from the crack tip. The presaidhese ligaments will resist
such opening. Eventually, the crack opening dispteent at the ligament will
exceed the critical strain for that ligament andvill fracture (Roesler (2007),

Wachtman (2009)).

For the boron suboxide materials the presence mfvéing ligaments are limited

by the intragranular fracture, limited crack defiles and small grain size. For this
reason, in boron suboxide, surviving ligaments aexer observed. For the
composites, which show an increased amount of cdaflection, crack bridges
are observed, albeit very rarely. When examinirggdtacks from the indentation
fracture toughness experiments, often an entirekareuld occur without a single

bridging event.
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The crack bridging which is observed occurs with secondary phases acting as
a ligament. This is consistent with the boron sud®xmatrix experiencing
transgranular fracture. Due to the limited amounthese phases present in the
composites, the amount of crack bridging which oaour is similarly limited.
Figure 5-10 gives an indication of the crack bnndgoccurring in the 8D-Y,03-

Al,O3 and BO-Y»03-Al,03-TiB> ceramics.

t Magn Det \-\-[) l Xp

] 5000x Cl :.:‘ 20 B6O - TiB2
.

Figure 5-10: Crack bridging in (a) the BO-Y,0s-Al,05s-TiB, and (b) BsO-Y,03Al,04

composites

Although bridging events are often cited as thesedor the increase in fracture
toughness in fibre and whisker reinforced cerandes to the extreme rarity of
the event in boron suboxide materials, it is natgilde that crack bridging plays a

significant role in the toughening of the ceramic.

141



5.5.4 Frictional toughening

Usually associated with crack bridging is the giasbn of energy through
friction. When a fiber or grain spanning the crdwds broken in a intergranular
fashion, it will still bridge the crack, but willonlonger be attached to the one
surface of the crack. As the crack opening increatee dissociated grain will
slide against its neighbouring grains. This frintibetween grains will dissipate

some of the energy associated with crack opening.

As in crack bridging, this frictional tougheningyteres intergranular fracture and
large grains. Hence, it is difficult for frictionabughening events in small-
grained, transgranually-fractured boron suboxidectibnal toughening is then
only associated with the secondary phases presenthe boron suboxide
materials. Additionally, when a bridge does fraetut does not always do so in a
manner which would cause it to slide against thghimuring grains. As can be
seen in Figure 5-10, when the FiBr Y,03-Al O3 bridges fracture, there would
not be much friction against the neighbouring gaiiven that frictional
bridging is a rare occurrence in the boron suboxidgerials, and that not all the
events which do occur will cause friction, frictedntoughening will not play a

significant role in toughening boron suboxide miatsr
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5.5.5 Transformation toughening

Transformation toughening is the reason behindstloeess of zirconia based and
zirconia reinforced ceramics. Stabilised zirconezamics can have a fracture
toughness of up to about 20MPah{Evan, 1990). For transformation toughening
to be a possibility, a material must possess astaibe phase of higher density
than the stable crystal structure. When the sfiieks around the crack interacts
with the metastable grain, the crystal structurd wansform into the larger,

stable crystal structure. It is this change in woduwhich will mechanically clamp

the crack tip.

In boron suboxide materials, transformation toughgms not possible. From the
work of McMillan et al (1999), boron suboxide is stable and does natgsssany
crystal structure other than trR3m packing. Additionally, the secondary phases
are either stable borides or stable borate glasggsh will also not transform.
Hence, transformation toughening is not a toughemmechanism which can be

expected in boron suboxide.

5.5.6 Crack arrest

It is possible for a crack to be arrested, eitbargorarily or permanently, in some
aspect of the microstructure. This often leads sbater overall crack length than

if the crack was running in the matrix material.
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It has been noted that cracks in thBY,03-Al,0s-TiB, systems arrest within a
TiB, grain. When a composite material is placed undad,| the deformation in

the material is inhomogeneous. This is due to difteelastic constants between
the additive and the matrix materials. This carucedthe stress in the additive

phase. A lower stress can be interpreted as a ldmeng force for crack growth.

For the other composites and pure boron suboxigecriack usually arrests within
a pore, this is shown in Figure 5-11. The maximurass perpendicular to the
crack growth directiond{y) at the tip of an elliptical crack can be given by
Equation 5-6 (Wachtmaet al (2009)), where &” is the external applied stress,

“c” is the crack length and “r” is the radius ofreature if the crack tip.

0\0° _
o, =o/1+2 — Equation 5-6
r
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Figure 5-11: Crack arrest by a pore in pure boron gboxide

If the crack tip is small, as in the case for litteramics, then there is a large
stress intensity factor, allowing for easy fractilewever, in a pore, the radius of
the crack tip becomes the radius of the pore. Tdrstically reduces the

concentration of stress, which is enough to amestack if the applied stress is

reduced as in the case of the IFT method.

5.5.7 Surface Energy

As shown in Section 4.8, the pure boron suboxideenas undergo transgranular
fracture. In Section 5.5.2 it was discussed thatl#itk of intergranular fracture

would limit the toughness of the pure boron subexithterial, as crack deflection
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is limited. Despite the lack of crack deflectionh,ig still possible for the grain

structure to play a role in toughening the ceramic.

Single crystals have a continuous slip plane whbee energy for fracture is
reduced. Although the slip plane still exists idypoystalline materials, it plays a
far less significant role than in the single cristAny grain within a
polycrystalline material is orientated with diffetetilt and twist angles to its
surrounding grains. This interrupts the continwifythe slip plane and randomises
its orientation to any approaching crack. Withdé &lip plane for easy fracture,

polycrystalline materials should be tougher tharsingle crystal.

However, for boron suboxide, the fracture toughnessthe polycrystalline
material is far lower than that of the single caystHe et al (2002) used the
indentation fracture toughness method to deterntiv@e fracture toughness of
single crystal boron suboxide to be 4.5MPX.nfFrom Section 4.7, the fracture
toughness of polycrystalline boron suboxide, aserdeihed by the SEVNB

method, is 1.3+0.2MPafm

One possible reason for the discrepancy in fractavghness between single
crystal and polycrystalline boron suboxide is thespnce of twin planes. Twin
planes exist in a higher energy state than theakste grain, this reduces the

energy with a crack must expend when grown aloaguwlin plane. For a material
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experiencing transgranular fracture, if the twiran@ is of significantly high
energy, then an advancing crack will tend to déf&dong the twin plane, rather

than continue through the material. This is illatd in Figure 5-12.

Grain boundary

Twin planes

Advancing crack

Figure 5-12: lllustration of a transgranular crack deflecting along a twin plane

Boron based materials have a marked tendency tensixe twinning. The
presence of twins in the polycrystalline boron sutbe has been validated
previously by the work of Shabalath al (2007) and Kleebet al (2008). To be
a true single crystal, the crystals examined byetal. (2002) would need to have
been twin-free as twins are essentially low angéngboundaries. Whether or not
twins are present in the single crystal remainsetam, as Heet al never
presented TEM images of their crystals. However dtfiort of Heet al. is similar
to the work of Huberet al (1998) and Gladkayat al (2001) who both produced
near-stoichiometric boron suboxide in aCB rich melt under high pressure.

Although the crystals they produced were smallemthhat of Heet al the
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crystals were extensively twinned. The lack of dedainformation about the
single crystal of Heet al makes any comparison of the effects of twinning

difficult.

However, for polycrystalline boron suboxide, theedtion of the twin planes will
be randomised by the grain structure. If a tramagea crack does have a
tendency to traverse along the twin planes, theneffect similar to crack
deflection should arise. This will increase thecfuae toughness of the

polycrystalline boron suboxide material. This hasleen observed.

A major difference between the polycrystal and lkeingystal boron suboxide is
the oxygen stoichiometry. As mentioned in Sectidl) fhe oxygen stoichiometry
of the polycrystalline boron suboxide examinedas fally known. However, the
stoichiometry of previously hot-pressed@has never exceeded@ o Often,
the reported stoichiometry is far lower, aboyOB;, to BsOo.s30 (Hubertet al

(1998)). Comparatively, the stoichiometry of thegie crystal is BOg os

This additional oxygen will increase the volume aidhnge the energy of the
rhombohedral unit cell. This is often seen in thelusion of interstitials into a
metallic system. As the oxygen atoms serves tngtinen the inter-icosahedra
bonds between the various icosahedra that makkeug® unit cell by donating

electrons to the icosahedra (Lowther (2002)), itc@sceivable that a higher
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oxygen stoichiometry will produce a better bonded uell, which will increase
the energy to fracture it. Additionally, from theokk of Hubertet al (1998), the
higher the oxygen stoichiometry of boron suboxitie, better the crystal structure
of boron suboxide conforms to the requirements @fckhy packing. The less
distorted this macro-crystal is, the lower its gyerThis is converted to a higher

energy to fracture the crystal.

However, a change in crystallinity and oxygen cohtannot be the only reasons
behind the increase in fracture toughness. The cpgtalline pure boron
suboxide materials produced by Itehal (2000) were found to possess a very
low fracture toughness (<1 MP&m despite a reported high crystallinity and
oxygen stoichiometry. Additionally, the conditiopsoposed for Mackay packing
are not seen in the boron suboxide materials wditit@e phases. This can be
observed when assigning the lattice parametersdashexagonal unit cell) to the

XRD traces for the various boron suboxide materials

In Figure 5-13, the height of the hexagonal célliggplotted against the length of
one of the basal sides (a) for the boron suboxidtenals examined and various
materials from literature. To clarify the centragion of the graph, it was redrawn
to exclude the alpha boron and boron carbide nadgefiFigure 5-14). The -
Y ,03-Al,03-TiB, composite is excluded from these graphs due tolithied

number of BO peaks detected during x-ray diffraction.
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As can be observed from Figures 5-13 and 5-14ptine BO sample produced at
the IKTS lies in the BO region of the plot. Additionally, from its posn, it is
obvious that the material is substoichiometric. ldger, the exact oxygen content

is unknown.

As is to be expected, the lattice parameters ottmposites are much closer to
that of boron suboxide rather than that of pureobar boron carbide. However,
in Figure 5-14, it is evident that the composites @ot very closely linked to the
BsO cluster. Additionally, there is not any systemairogression in the a-c ratio
which is what would be expected if the additive s@a directly affected the

oxygen stoichiometry of thes® matrix.

Additionally, the additives change the c/a ratiodny significant degree (Figure
5-15). It was proposed by Hubett al. (1998) that with higher stoichiometry, the
c/a ratio changes and that, as the ratio approd&RBés Mackay packing becomes
possible. No such trend is observed for the adsktivt is thus unlikely that the

presence or absence of Mackay packing is affecte¢debadditive phases.
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Although the additives have been shown to affeetlditice parameters of the

host BO, there does not seem to be any logical connebibreen the additives

and how they change the lattice constants. An iaddit, more detailed study into

the affect of additives on the lattice parameteirsBgO is necessary. When

considering the increase in fracture toughnessrebdan the BO materials with

additives, as opposed to the pure boron suboxide the limited physical

toughening mechanisms present, the additives nimastge the defect structure of

the BO phase. A change in the defect structure woulth@hdhe surface energy

of the material and hence change its fracture toegh The exact manner in
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which the additives change the fracture toughnésiseomaterials will need to be

subject to a more detailed analysis.
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6.0 Conclusions and Recommendations

This body of work was primarily directed at detemng the reasons behind the
previously observed increase in fracture toughmédsoron suboxide materials
with sintering aids as compared to pure boron sigdgoxTo this end, the fracture
toughness of Spark Plasma Sintered pure boron gildand various boron
suboxide materials with sintering aids were deteediusing the SEVNB, IFT

and the recently developed COD technique.

Additionally, the indentation size effect of boreaboxide was examined. It was
found that pure boron suboxide has a significadiemtation size effect. This
makes any comparison of hardness measurements) teder different loads,

prone to error.

Compared to the SEVNB method, the IFT method wamsdoto significantly
over-estimate the fracture toughness of the corgmsThe reasons for this were
related to deficiencies in the method itself an@ tmicrostructure of the
composite, especially porosity. The deviation foe COD method was found to
depend upon the microstructure. If crack arresuwed in a pore, the fracture
toughness of the ceramic was significantly ovemested. When the crack tip

was visible, the method was found to be accurate.
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The toughness of the composites determined by EMNB validated the large
increase in fracture toughness previously observdte crack propagation
through the materials was examined in order to arpthis phenomenon. The
failure of the boron suboxide materials was foumd¢e intragranular, regardless
of which additive was present in the composite.sTluoupled with a limited
degree of crack deflection and isolated incideftsrack bridging, branching and
frictional events is not sufficient to explain tlodserved increase in fracture

toughness.

It was found that the additions of secondary phas&s the boron suboxide
materials change the lattice parameters of therbsuboxide crystals. However,
no correlation between the additive present andchange in lattice parameters

was established.

A more detailed investigation into the effect of@edary phases upon the fracture
toughness of boron suboxide is recommended, fogusmthe change of lattice
parameters induced by the introduction of secongdises. This would aid in
understanding the role of the sintering aids in tiheghness of boron suboxide
materials. In turn, this may produce a mechanicallperior class of boron

suboxide materials.
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Appendix A

A-1: Calculation of B,O3 glass densities

Due to a lack of published data, the exact demdithe yttra-alumina borate glass
present in the g — 1.54vol% ¥Os3; — 1.45vo0l% A}O3 composite is unknown.

Additionally, the exact composition of the glassiso not certain. However, as
stated in Section 3.7, the final sintered composias assumed to have 1.5wt%

B.O3 present.

Based upon the work of Ru&t al (1990), it can be shown that there is only a
small difference between calculating the densitytled composite using the
density of the glass and approximating the denstgg the density of the oxides.
The data collected by Ru& al. on the densities of various glasses are presented

in Table A2.

In calculating the density of the glass phase,gufive density of the oxides, the
densities and molecular weights of the oxides aesgnted in Table A2. The
densities of the alumina and yttria additions & of the crystalline solids. The

density of the BOs addition is of its amorphous phase.
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Table Al: Density and molecular weight of

the oxids

Oxide density | Molecular weight
(g/cnt) (g/mol)
B.O3 1.84 69.66
Al,O3 3.99 101.96
Y203 5.03 225.82

The density of the glass was calculated using Eou#tl, wherepy is the density

of the glass, Xs the mass fraction of phase “i” apds the density of phase “i".

In Table A2, the densities measured by Rutz andiémsities calculated through

Equation Al are compared.

Equation A1l



Table A2: Comparative of the calculated and measuckdensities of yttria-alumina-borate

glasses
Glass Composition (mol%) MeasuredCalculated Difference
density density
number | g . AlLOs Y05 | (o) | (glend) (%)
1 65 20 15 3.06 2.73 10.76
2 65 25 10 2.86 2.63 8.02
3 60 25 15 3.08 2.82 8.35
4 55 20 25 3.70 3.10 16.24
5 55 25 20 3.30 3.01 8.76
6 55 30 15 3.12 2.92 6.48
7 55 35 10 2.95 2.82 4.43
8 50 25 25 3.55 3.20 9.98
9 50 35 15 3.16 3.02 4.55

The glass in the # — 1.54vo0l% Y03 — 1.45v0l% A}O; composite would have a

molar composition of 23.3mol % 03 — 38.6mol% AJO; — 38.1mol% BOs.

Since none of the glasses in Table A3 have a cotiposiear the expected

composition, a direct adaptation of the work of Ristnot possible. However, as

can be seen in Table A2, the difference betweersaned and calculated densities

is always less than 17%, and usually less than ¥¥4he differences between

the measured and calculated densities are quitdl,sihais a reasonable
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approximation to use the calculated densities wdealing with the YOs-Al ,05-

B,Os glasses within the g composites.

A-2: Calculation of B,O3 content of Y,03-Al,03-B,0O3 glasses

Based upon the work of Chakrabodlal. (1986) the BOs; content of the ¥Os-
Al,03-B,03 glasses found in thegB-Y,03-Al,03 and BO-Y,05-Al,Os-TiB, can

be estimated.

Assuming that, during sintering, there is no valaion of either the Y03 or
Al, O3 additions; and that there is not segregation a& tvo oxides, the
Y 203:Al 03 ratio in the final composites is 0.6. This is fuyth the BO-Y,0s-

Al 203 and &O-YzOg-A' 203-TiBz Composites.

This ratio of 0.6 can be plotted on the phase diagdeveloped by Chakrabory
al.. The points of intercepts of this line and thabt glass region give the upper
and lower compositions for a stable,04-Al,03-B,0O; glass. On the phase
diagram by Chakrabortgt al (Figure A-1), the stable glass region is denated
“clear glass”. From the phase diagram, the uppmait Ifor glass stability is
19mol%Y,03-32%AL03-51%B,05, while the lower limit is 13mol%XOs-

22%AL03z-65%B,03.

170



8,05 — — Y,0,/AL0,=0.6

IMMISCIBLE LIQUIDS

[C] CLEAR GLASS

60 Y,04 10 20 30 40 50 B0AIL0,
AL,

Figure A-1: Y,03-Al,0s-B,0O; phase diagram from Chakraboetyal (1986)

The region of stability can be extended under gertrcumstances. Firstly,
magnesium is a known contaminant in the amorphousnbused to produce;B.
The presence of MgO will stabilise any glass presailowing for lower BO3
content. Secondly, thin films of glass, such as¢him small triple junctions, do

not always crystallise (Clarke (1987).
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Appendix B

B-1: Hardness measurements

In this appendix, all of the hardness measuremeotglucted on the various

samples is presented.

B-1.1: Indentation size effect

Hardness measurements were performed on three régdgal pure boron

suboxide samples. The three hot pressed sampldatamied “Pure BO (hot-P)

17, “Pure BO (hot-P) 2” and “Pure & (hot-P) 1”. The recorded hardness (Hv)
and average diagonal lengths,@dare tabulated in Tables B1 to B6. All of the

data are for a load applied for ten seconds.

Table B1: Hardness vales and diagonal lengthsdbphessed pure boron suboxide under a 100g

load
Pure BO (hot-P) 1 Pure BO (hot-P) 2 Pure BO (hot-P) 3
dave (um) HVO.lkg dave (I-Lm) HVO.lkg dave (um) HVO.lkg
(GPa) (GPa) (GPa)

Individual measurements 6.89 38.38 6.39 44,55 6.62 41.57
6.38 44.69 7.44 32.86 6.96 37.55
6.67 40.95 7.00 37.13 6.57 42.14
7.24 34.75 6.34 45.26 6.85 38.77
6.75 39.93 6.12 48.65 6.83 39.05

Average 6.8+0.3 | 39.7+3.6/6.7+05 |41.7+6.5/6.8+0.2 |39.8+2.0

Combined diagonal 6.7 £ 0.3

length 1m)

Combined hardnegs40.1 + 4.2

(GPa)
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Table B2: Hardness vales and diagonal lengthsdbphessed pure boron suboxide under a 200g

load
Pure BO (hot-P) 1 Pure BO (hot-P) 2 Pure BO (hot-P) 3
dave (M) | HVp 2g Qave (M) | HVp.2g Jave (LmM) | HVg 2kg
(GPa) (GPa) (GPa)
Individual measurements 9.71 38.59 9.85 37.50 9.75 38.31
9.47 40.61 10.57 32.60 9.76 38.19
10.01 36.31 10.61 32.35 10.22 34.83
10.54 32.78 10.39 33.70 9.84 37.61
10.48 33.16 10.39 33.74 9.39 41.26
Average 10.0+0.5| 36.7+£3.5/10.1+£0.5|35.7+3.7/10.1£0.3| 35.9+23

Combined diagonal lengt

(nm)

h10.1+0.4

Combined hardness (GP

Ap6.1 + 3.0

Table B3: Hardness vales and diagonal lengthsdbphessed pure boron suboxide under a 300g

load

Pure BO (hot-P) 1

Pure BO (hot-P) 2

Pure BO (hot-P) 3

Qave (M) | HVp 3kg Oave (LM) | HVo.3ig Jave (WmM) | HVo 3ig
(GPa) (GPa) (GPa)
Individual measurements 12.21 36.64 12.67 34.02 12.89 32.85
12.18 36.79 12.23 36.52 12.18 36.79
12.50 34.96 12.08 37.43 12.29 36.13
12.24 36.43 12.67 34.00 12.66 34.08
12.21 36.64 12.71 33.78 12.29 36.16
Average 12.3+0.1/36.3+£0.8/ 125+0.3| 35.2+1.7| 125+0.3| 35.2+1.7

Combined diagonal length12.4 £ 0.3

(um)

Combined hardness (GP

8p5.6 £ 1.5
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Table B4: Hardness vales and diagonal lengthsdbphessed pure boron suboxide under a 500g
load

Pure BO (hot-P) 1 Pure BO (hot-P) 2 Pure BO (hot-P) 3
Jave (lvlm) HVO.Skg Jave (pm) HVO.Skg Jave (lvlm) HVO.Skg
(GPa) (GPa) (GPa)

Individual measurements 16.52 33.33 16.09 35.16 16.51 33.39
16.04 35.38 16.08 35.20 15.90 36.00
16.66 32.77 16.23 34.55 16.69 32.65
16.41 33.80 15.93 35.87 16.37 33.96
16.84 32.09 16.59 33.05 16.28 34.32

Average 16.5+0.3|335+1.2/16.2+0.3|358+1.1|16.4+0.3|34.1+1.3
Combined diagonal length16.3 £ 0.3
(um)

Combined hardness (GPgB4.1 £ 1.2

Table B5: Hardness vales and diagonal lengthsdbphessed pure boron suboxide under a 1kg
load

Pure BO (hot-P) 1 Pure BO (hot-P) 2 Pure BO (hot-P) 3
Qave (0mM) | Hvig Qave (0M) | HVikg Qave (0mM) | Hvig

(GPa) (GPa) (GPa)
Individual measurements 25.97 26.97 23.17 33.89 23.54 32.83
24.66 29.91 22.85 34.84 24.08 31.39
23.05 34.25 24.10 31.32 24.52 30.27
24.94 29.26 25.99 26.93 23.81 32.10
25.67 27.62 22.91 34.67 24.55 30.20

Average 249+1.1|29.6+29(23.8+1.3|/32.3+3.3/241+04|314+1.2
Combined diagonal length24.3 £ 1.1
(um)

Combined hardness (GPaB1.1 £ 2.7
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Table B6: Hardness vales and diagonal lengthsdbphessed pure boron suboxide under a 2kg

load

Pure BO (hot-P) 1

Pure BO (hot-P) 2

Pure BO (hot-P) 3

Qave (HM) | HVag Cave (M) | HVag ave (M) | HVag
(GPa) (GPa) (GPa)
Individual measurements | 37.51 25.86 37.55 25.81 35.55 28.80
36.52 27.29 35.95 28.16 37.30 26.15
37.63 25.69 33.51 32.40 33.84 31.78
35.38 29.07 37.13 26.40 36.70 27.02
34.00 31.48 36.83 26.83 36.72 26.98
Average 36.2+15/279+2.4|36.2+1.6(279+2.7|36.0+1.4/282+23
Combined diagonal length36.1 +1.4
(nm)
Combined hardness (GPa) 28.0 £ 2.2

B-2 Hardness and IFT results

In Tables B-7 to B-11, the measurements made duesking the composites for

hardness and indentation fracture toughness apedett. The method used for the

measurements is described in Sections 3.11 and 3.12
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Table B7: Hardness measurements for pure bororxgléo

dy (um) dz (um) a (um) & (um) Hvi (GPa) | K
(MPa.n??)
25.36 26.23 27.34
25.12 23.97 30.20
24.57 23.75 31.17
26.42 25.69 26.80
23.96 24.83 30.57
Average 29.2
Std. dev. 20
Table B8: Hardness and IFT measurements §& B1.16NiO
dy (um) G (um) a (um) & (um) Hvi (GPa) | K
(MPa.n??)
67.02 67.13 187 191 20.22 4.32
67.41 66.22 191 184 20.37 4.36
67.47 68.11 217 224 19.79 3.46
60.67 60.80 181 206 24.66 3.78
61.22 61.88 212 204 24.01 3.43
Average 21.8 3.9
Std. dev. 23 05
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Table B9: Hardness and IFT measurements §& B81.13Ca0O

d (um) & (um) a (um) & (um) Hv, (GPa) | K
(MPa.n??)
58.76 59.36 178 198 26.08 3.87
66.67 62.08 185 172 21.95 4.56
59.73 60.35 188 194 25.23 3.84
65.4 66.9 208 199 20.79 3.85
64.32 64.22 189 159 22.02 4.73
Average 23.2 4.2
Std. dev. 23 0.4
Table B10: Hardness and IFT measurements §6r -B1.54Y%,0; — 1.45Ab0;
dy (um) & (um) a (um) & (um) Hv; (GPa) | K
(MPa.n??)

69.2 68.86 199 179 19.09 4.47
69.39 68.92 203 194 19.02 4.16
65.02 64.85 193 181 21.57 4.27
66.78 66.05 205 186 20.62 4.09
64.43 64.98 230 205 21.73 3.40
67.52 67.75 215 179 19.88 4.12
Average 20.3 4.1
Std. dev. 1.2 0.4

177




Table B11: Hardness and IFT measurements §&r-B1.57¥%0; — 1.49AL0; — 18.69TiB

dy (nm) & (um) a (um) & (um) Hv; (GPa) | Kc
(MPa.n??)

56.32 55.83 204 184 28.93 3.49

58.9 58.65 227 199 26.33 3.19

63.42 64.32 212 207 22.30 3.56
64.27 63.41 221 201 22.32 3.52
56.11 56.26 194 207 28.81 3.34
Average 25.7 3.4

Std. dev. 33 0.2

B-3 SEVNB results

In Tables B-12 through to B-17, the results for 8#/NB tests are recorded. The

method of testing is described in Section 3.16. fasitions quoted are in volume

percent. The Equations used for calculating thghoass of the boron suboxide

based ceramics are:

_F5
© OBWY 2

K =

aY*

Y =1.964-2.837. +13.71n* - 23.2%° +24.1%*
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Two sets of sample made of pureg(Bwere tested. The two sets differed in the
pressure that was applied during sintering. Onth@fsamples was sintered under
a load of 50MPa and the other 70MPa. In Table l@vethey are marked as
BsOP5 and BOP7 respectively.

Table B12: SEVNB data for pure;8

'Z‘ g_\
= = = £ S
: | E T L |E T L §
a o) o = 3 m > 3 v =
BLOPS |1 1078 4.35 0.248 3.00 1.840 34.76 111
2 975 4.29 0.227 3.05 1.819 50.35 1.52
3 913 4.20 0.217 3.12 1.810 53.16 1.58
4 1058 |418 |0253 |309 |1.846 |39.20 |1.30
5 964 4.22 0.228 3.10 1.820 40.41 1.24
Average | 1.4
Std dev. | 0.2
BOP7 11 966 4.24 0.228 | 3.08 1.819 |50.41 1.55
2 1004 4.35 0.231 3.01 1.822 34.95 1.06
3 983 4.02 0.245 3.08 1.837 39.85 1.38
4 1010 3.96 0.255 3.00 1.849 34.76 1.30
Average | 1.32
Std dev. | 0.2
Overall
average | 1.3
Overall
std. dev | 0.2
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Table B13:

SEVNB data ford® — 1.54%,0; — 1.45AL0;

= g
- “c — £ =
) © = 3 m > a Y =
1 1125 3.86 0.291 |3.11 1.900 |51.67 3.20
2 1116 | 3.86 0.289 |3.02 1.897 |5351 3.39
3 1078 3.93 0.274 |3.11 1.874 | 58.38 3.37
4 1081 3.84 0.281 |3.10 1.884 | 62.47 3.80
5 1123 3.88 0.289 |3.13 1.897 | 63.84 3.87
6 1082 3.95 0.274 | 297 1.874 | 57.08 3.42
7 1209 4.01 0.302 |2.95 1.917 | 58.07 3.67
8 1035 4.08 0.254 | 2.89 1.847 | 60.54 3.36
9 1192 3.94 0.303 |3.03 1.919 |6258 3.97
10 996 3.84 0.260 | 2.89 1.854 | 59.69 3.70
Average | 3.6
Std dev. | 0.3
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Table B14:

SEVNB data ford® — 1.57%0; — 1.49AL0; — 18.69TiB

- =
= = — < =
- g |, g
o < = 3 o > 3 v 2
1 1129 4.05 0.279 3.12 1.881 51.34 2.86
2 1064 4.01 0.265 3.11 1.862 49.71 2.71
3 959 3.99 0.240 3.05 1.832 49.69 2.61
4 959 4.04 0.238 3.04 1.829 63.17 3.25
5 1154 412 0.280 3.09 1.883 58.73 3.23
6 1158 4.03 0.287 3.12 1.893 49.61 2.83
7 1026 4.08 0.251 3.14 1.844 51.78 2.63
8 1043 4.04 0.258 3.05 1.852 55.63 3.01
9 870 3.97 0.219 3.05 1.812 56.56 2.83
10 1129 4.05 0.279 3.12 1.881 51.34 2.86
Average | 2.9
Std dev. | 0.2
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Table B15:

SEVNB data forg® — 1.13Ca0O

- &
= =3 = £ =
2 | |t |, £ g |, £
o < = 3 m > 3 v 2
1 1398 3.93 0.356 3.13 2.030 37.38 2.65
2 1438 3.89 0.370 3.07 2.065 31.10 2.36
3 1149 4.22 0.272 3.16 1.871 46.04 2.34
4 1127 4.11 0.274 3.11 1.874 54.36 2.93
5 1133 4.01 0.283 3.17 1.887 47.71 2.68
6 1351 412 0.328 3.06 1.967 46.95 2.95
7 1161 3.89 0.298 3.10 1.912 46.00 2.87
8 1260 3.99 0.316 3.06 1.944 35.16 2.24
Average | 2.6
Std dev. | 0.3
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Table B5: SEVNB data for g — 1.16NiO
- 2
- = — Z =
5 (£ 2 |E L |E T |.é
a o) o = 3 0 > 3 v =2
1 1 874 |4.05 |0216 |3.04 |1.809 [47.92 |[231
2 836 4.10 0.204 | 3.13 1.800 | 49.81 2.22
3 1287 | 4.15 0.310 | 3.03 1.932 | 49.57 2.96
4 1002 4.19 0.239 | 3.02 1.831 | 48.23 2.37
> 952 4.18 0.228 | 3.03 1.819 | 61.68 2.94
6 833 4.06 0.205 |2.94 1.801 | 49.60 2.39
7 967 4.06 0.238 | 3.03 1.829 |52.11 2.67
8 1029 | 4.05 0.254 |3.12 1.847 |52.61 2.73
° 1096 4.01 0.273 | 3.15 1.873 | 47.39 2.60
Average | 2.6
Std dev. | 0.3
2 1 970 4.18 0.232 | 3.18 1.824 | 61.47 2.84
2 1142 | 4.24 0.269 |3.18 1.867 | 49.60 2.46
3 992 4.16 0.238 | 3.15 1.830 | 49.54 2.35
4 1087 |4.21 0.258 |3.18 1.852 | 55.03 2.69
> 1437 4.22 0.340 | 3.17 1.994 | 46.47 2.79
6 1133 4.21 0.269 | 3.20 1.867 | 47.96 2.39
7 941 4.19 0.224 |3.18 1.816 |48.21 2.16
Average | 2.5
Std dev. | 0.3
Overall average | 2.6
Overall std. dev | 0.3
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B-4. Crack opening displacement

Analysis of the crack opening displacement (COD)bofon suboxide based
materials was performed in accordance to Secti@b.3The formulae used to

calculate the intended fracture toughness are:

E:@[ 8x +A1£§j% +A2£§j 2}
K E|(Vrnd d d

0.898
A, [011.7expf2.0636/d -1)°%%] - ———
1 pt &/ )] ad-1

1
A [044.5expf3.7126/d -1 -——
2 pt gd-1)""] @d-1)?

For the Y:;03-Al,03-BsgO composite, the calculated fracture toughness is
4.3MPa.M®, with a R fit of 76.5%. Figure B1 shows the COD analysisthw

composite. Each of the colours represents a diffeneack.
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Figure B1: COD analysis forg®-Y,03-Al,03

Figure B2 is the COD analysis for thg@@NiO composite. The fitted fracture
toughness is 4.1MPa’m The R value for the fit is 89.5%. Each of the colours

represents a different crack.

185




0.12

20 (calc, K=1) (um)

0.1 * <
g A
Eo08- :
? A,
© 0.06 - o B o =
E ° o
& 0.04 - ) o

0.02 - %
n ®A
O T T T T T 1
0 0.005 0.01 0.015 0.02 0.025

0.03

Figure B2: COD analysis forg®-NiO

The COD analysis for #-CaO is shown in Figure B3. The calculated fragtur
toughness for this material is 3.6MP&Inwith a R fit of 88.5%. Each of the

colours represents a different crack.
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Figure B3: COD analysis forg®-CaO

Figure B4 is the COD analysis for the@ Y,03-Al ,Os-TiB,composite. From the

gradient of the curve the fracture toughness ofdbmposite, measured by the
COD analysis is 2.9MPa' The fit of the curve (B was calculated to be
69.8%. Each of the colours represents a differeatke
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Figure B4: COD analysis for the TifY ;05-Al ;05 —BgO composite. i cop = 2.8MPa.r®
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Appendix C:

C-1: Lattice parameters:

From the XRD traces of the boron suboxide materifis lattice constants were

calculated using linear regression. Due to a lidhitember of boron suboxide

peaks available in the ¢B-Y,03-Al,05-TiB, sample, it was not possible to

determine the lattice constants for this mateNal.angular correction was done.

Table C1: Lattice constants for the boron suboxidgerials.

a(A) error a (A) c ) error ¢ (A) cla
BsO 5.380 0.005 12.333 0.009 2.292
BsO-CaO 5.398 0.007 12.351 0.006 2.288
BsO-Y,03-
5.344 0.004 12.279 0.006 2.298
Al,03
BsO-NiO 5.413 0.012 12.332 0.015 2.278
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