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Figure 13a is a graph of D10, D50, D90 (i.e., 10%, 50%, 90% of fotal number of fibres,
respectively) and average length as a function of heating time to 24 hours at 1500°C, as
extracted from Data Set 3 (90/10 fly ash/alumina blend 1)

Figure 13b is a graph of the number of fibres and areal distribution of fibres (%) as a
function of heating time to 24 hours at 1500°C, as extracted from Data Set 3 (blend 1).

Figure 13c is a scanning electron microscope (SEM) image of blend 1 (polished and
etched) after heat treatment for 2 hours at 1500°C. '

Figure 13d is an SEM image of blend 1 (polished and etched) after heat treatment for 4 .
hours at 1500°C. ‘

Figure 13e is an SEM image of blend 1 (polished and etched) after heat treatment for 8
hours at 1500°C.

Figure 13f is an SEM image of blend.l (polished and etched) after heat treatment for 24
hours at 1500°C. ‘

Figure 14a is a graph of D10, D50, D90 (i.e., 10%, 50%, 90% of total number of fibres,
rcSpectiveiy) and- average length as a function of heating time to 24 hours at 1500°C, as
extracted from Data Set 4 (80/20 ﬂy'aéh/alumina blend 2)

.Figure 14b is a graph of the number of fibres énd areal distribution of fibres (%) as a

function of heating time to 24 hours at 1500°C, as extracted from Data Set 4 (blend 2).

Figure 14c is a scanning' electron microscope (SEM) image of blend 2 (polished and
etched) after heat treatment for 2 hours at 1500°C.

Figure 14d is an SEM image of blend 2 (polished and etched) after heat treatment for 4
hours at 1500°C.
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Figure 14e is an SEM image of blend 2 (polished and etched) after heat treatment for 8

" hours at 1500°C.

Figure 14f is an SEM image of blend 2 (polished and etched) after heat treatment for 24

hours at 1500°C.

- Figure 15a is a graph of D10, D50, D90 (i.e., 10%, 50%, 90% of total number of fibres,

respectively) and average length as a function of heating time to 24 hours at 1500°C, as

extracted from Data Set 5 (70/30 fly ash/alumina blend 3)

Figure 15b is a graph of the number of fibres and areal distribution of fibres (%) as a
function of heating time to 24 hours at 1500°C, as extracted from Data Sg:t 5 (blend 3).

Figure 15¢ is a scanning electron microscope (SEM) image of blend 3 (polished and

: étched)-aﬁer heat treatment for 2 hours at 1500°C.

" Figure 15d is an SEM image of blend 3 (polished and e:ched) after heat treatment for 4

20

25

30

hours at 1500°C.

Figure 15¢ is an SEM image of blend 3 (polished and etched) after heat treatment for 8
hours at 1500°C. '

Figure 15f is an SEM jmage of blend 3 (polished and etched) after heat treatment for 24
hours at 1500°C. | | |

Figure 16a is a graph of D10, D50, D90 (i.e., 10%, 50%, 90% of total number of fibres,

| respectively) and average length as a function of heating time to 24 hours at 1500°C, as

extracted from Data Set 6 (60/40 fly ash/alumina blend 4)
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‘Figure 16b is a graph of the number of fibres and areal distribution of fibres (%) as a
function of heating time to 24 hours at 1500°C, as extracted from Data Set 6 (blend 4).

Figure’ 16c is a scaﬁning electron microscgpe (SEM) image of blend 4 (polished and
etched) after heat treatment for 2 hours at 1500°C.

Figure 16d is an SEM image of blend 4 (polished and »etched) after heat treatment for 4
hours at 1500°C.

Figure 16e is an SEM image of blend 4 (polished and etched) after heat treatment for 8

" hours at 1500°C.

Figure 16f is an SEM image of blend 4 (polished and etched) after heat treatment for 24
hours at 1500°C.

Figure 17a is an SEM image of fly ash 3 with-2.0 wt% iron oxide (haematite, Fe;03) added
as a flux and mullite fibre growth modifier (polished and etched) after heat treatment for 2 -

h at 1500°C.

Figure 17b is an'SEM image of fly ash/alumina blend 1 (90/10) with 2.0 wt% iron oxide

-(haematite, Fe,03) added as a flux and mullite fibre growth modifier (polished and etched)

after heat treatment for 2 hat 1500°C.

Figure 17c is an SEM imége of fly ash/alumina blend 2 (80/20) with 2.0 wt% iron oxide
(haematite, Fe;03) added as a flux and mullite fibre growth modifier (polished and etched)

. after heat treatment for 2 h at 1500°C.

Figure 17d is an SEM image of fly ash/alumina blend 3 (70/30) with 2.0 wt% iron oxide

' (haematlte, Fe,0;) added as a flux and mulhte fibre growth modnﬁer (polished and etched)

after heat treatment for 2 h at 1500°C.



10

15

25

30

-11-

- Figure 17¢ is an SEM image of fly ash/alumina blend 4 (60/40) with 2.0 wt% iron oxide

(haematite, Fe§03) added as a flux and mullite fibre growth modifier (polished and etched)
after heat treatment for 2 h at 1500°C. '

Detailed Description

The foregoing describeé only some embodiments of the present invention, and
modifications and/or changes can be made thereto without departing from the scope and
spirit of the invention, the embodiments being illustrative and not restrictive.

In the' context of this specification, the word “comprising” means “including principally
but not __necéssarily Solely” or “having” or “including” and not “consisﬁng only of”.
Variations of the word "comprising”, such as “comprise” and “comprises”, have

correspondingly varied meanings.

The methods described herein produce bulk and other forms of mullite having a
“percolated” microstructure. The term “percolated” refers to a completely or effectivcly '
completely continuous and interconnected microstructure, scaffold, or network that
extends through the entire biody,'is direct-bonded (thereby excluding glass from between
the mullite grains), and consequently is structurally stable such that it resists high-
temperature deformation up to, in prinéiple, the melting point (or decomposition

temperature) of mullite (1850°C).

‘The mullite microstructure may include glass dispersed within the interstices of the

‘percolated matrix. However, any residual glass affects the properties of the pércoiated

mullite in specific and limited ways. As the mullite fibres have grown directly together and

interconnected (without an interlayer of glass between the fibres), the percolated mullite

may behave effectively as if it were a pure crystalline material despite the presence of

“contaminants”, such as the residual glass. However, the re:sidual glass phase also may
form an independent interconnected network, Some thermomechanical properties, such as
creep, may be dominated effectively by the continuous mullite matrix and the material

shows extraordinary resistance to creep at temperatures of at least 1500°C and possibly as



10

15

20

25

30

-12-

high as 1850°C (the melting point and decomposition temperature of mullite). In contrast,
some thermomechanical properties, such as thermal shock, may be dominated effectively '
by the degree of continuity of the glass network. This type of" micmstruétu're isknown as a
3-3 composite, where _each phase is continuous in three dimensions. In such cases, this
undesired effect can be avoided or negated by modifying the composition to reduce the
amount of glaés and/or, -alternatively, heating for sufficient temperature and/or time in
order to facilitate grain growth, grain coarsening, reduction in glass content (by chemical
incorporation in tﬁe growing muliit¢), physical segregation of the residual glass, and void
formation. This type of microstructure is known as a 0-3 composite, where the glass phase
is isolated in individual regions not in mutual contact and the mullite is retained as a three-
dimensional continuous network. This microstructure has the advantage that the glass has

effectively no effect on any thermomechanical properties, including thermal shock.

This contrasts with prior art mullite formation in ceramic products, especially refractories,
wherein residual glass is relied upon to bond the mullite grains together. - Conventional
mullite refractories soften at approximately 1200°C due to the presence of this residual -

| intergranulér glass. In other products, such as porcelain, such mullite fibres are known to

form but, in such products, mullite percolation occurs only in localised regions of the

material. In the examples of the present invention, mullite percolation is intended to and

has beén shown to occur throughout the entire body.

For the presently described methodé, a rﬁnge of aluminosilicate starting materials can be

used and, advantageously, contaminants such as fluxing agents do not need to be removed.
However, the methods of the present invention are sensitive to the alumina:silica ratio and
the presence of fluxing impurities, such as oxides and/or salts of alkalies; alkaline earths;
transition metals, in particular, iron oxides; semimetals, metalloids, and/or lanthanides;
halogens also may be suitable fluxes. |

In contrast with the present invention, most prior studies using similar materials to produce
mullite aimed to achieve a mullite composition (3A103-28i0; [3:2 mullite: ~72:28 wt%
alumina:siliqa]), These studies did not attempt to prdduce 2:1 mullite (2A1,05-Si0O;,
~77:23 wit% alumina:silica), which also is-a potential compositional limit. The present
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. invention counter-mtumvely uses aluminosilicate composmons contammg silica contents

- greater than that of stoichiometric mullite 3:2, which brackets the 2:1 ratxo) Higher

propomons of silica and/or the presence of fluxes control the amount and propcmes, in

partmular the viscosity, of the glass. The properties of the glass during heating are critical

-as they facilitate three phenomena that contribute to the generation of the aforementioned

microstructures. These phenomena are (1) soﬁening of the glass, which initially facilitates
particle rearrangement and densxﬁcatlon, (2) concomitant enhanced chemical diffusion of
aluminium and silicon ions (by mass transfer) which accelerates mullite fibre growth; and

(3) later viscous deformation of the glass, (viz., being a deformable ‘medium), thereby

'allo'wing and not hindering the volumetric growth of the mullite fibres. To lower further

the glaés softening or glass transition temperature and thus encourage mullite fibre growth,
potcntialiy at lower temperatures, the composition also may include fluxes as described
previously. | 4 ‘

This approach is contrary to conventional approaches for mullite formation in refractories
and some other products, wherein the glass content often is sought to be reduced. It also is
cbntrar_y to conventional approaches to the formation of porcelain and some other products;
wherein the glass content is balanced between densification (requiring high content) and

deformation (requiring low content).

For the presently described methods, starting raw materials can include inexpensive
precursors in the form of waste products, such as coal fly ashes, bottom' ashes from
furnaces and incinerators, and municipal ashes from incinerators. The inventors have

found that coal fly ashes have variable alumina:silica ratios but that essentially all fly ashes

‘hav‘e ratios with silica contents greater than that of stoichiometric mullite (3:2 and 2:1).

This enables fly ashes alone or fly ashes with added vitrification aids and/or other types of

compositional modifiers to be used as the raw materials for production,

Other ﬁaturally occurring raw materials mziy be suitable for the production of percolated

mullite owing to their having compositions broadly similar to those of fly ashes. Such raw

_materials include kyanite, Sillimanité,'andalusite, topaz, pyrophylilite, clays, and/or other
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aluminosilicate minerals with alumina:silica ratios containing excess silica relative to

stoichiometric mullite (3:2 and 2:1).

To obtain percolated mullite from fly ash, the inventors have found that it is sufficient to
heat pure fly ashes to approximately 1500°C for some fly ashes and lower temperatures
(particularly 1400°C) for others for a period of approximately 4 hours, although this can
vary depending on the alumina:silica ratio and types and amount of fluxes present in the
fly ash. It may be ndted that the term “pure” refers to fly ashes containing intrinsic

‘ (fluxing) impurities; no fluxes have been added. The addition of some fluxes appears to

lower the time ;equired for percolation to a degree sufficient to prevent further shrinkage
to 2 hours. Further, some pure fly ashes show pércolation in only 2 hours at 1400°C or at
1500°C. Fly ashes with high intrinsic levels of fluxes and those with added vitrification

aids (viz., fluxes) are expected to produce percolated mullite at lower temperatures.

In preparing a starting composition, alumina sources may include bauxite (high-alumina
raw material), aluminium hydrates (which may comprise the majority component of
bauxite), caicined alumina, and/or red mud (waste product from altiminium processing;

this also contains high contents of iron oxide, which is a flux.

Potential aluminosilicate sources for mullite growth may include mullite, kyanite,

. sillimanite, andalusite, topaz, pyrophyllite, clays (such as kaolinite or illite [which includes

iron oxide as a flux], pyrophyllite, phyllite-schist, saprolitecléy, kyanite-staurolite,
anorthosite, syenite, emery rock, and other naturally occurred aluminosilicate raw

materials high in alumina.

The growth of mullite fibres in fly ashes during heat treatment is enhanced by the near-
universal presence of pre-existing mullite grains. To enhance further the growth of mullite
fibres, ex situ materials that contain and/or form mullite during heating may be added to
the starting composition. For example, mullite-containing and/or mullite-forming

materials could be mixed with the fly ash before heating.
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It will be appreciated that conventional prior art methods for the production of many
mullite-based products typically require either uncontaminated precursor material or the
addition of other ingredients (additional alumina or silica) in seeking to bring the starting

composition as close as possible to the starting compositions required to produce pure 3:2

mullite as recorded in the literature (72:28 wt% alumina:silica).

It also will be appreciated that conventional prior art methods for porcelain production also
typically require either highly pure precursor materials and careful control of the
composition (containing potassia, ‘alumina, and silica) in seeking to bring the starting

composition as close as possible to the starting compositions that achieve the requisite

balance between densification and deformation,

The methods. described herein allow use of a vitreous and/or partially vitreous raw
material, potentially containing fluxes and other undesirable components and in
undesirable contents, to produce a mullite product whose thermomechanical properties can

be prevented from being adversely affected by residual glass.

Furthermore, the heat treatment temperature and time (enhancing glass soﬁening, chemical
diffusion, and visc’ous deformation) and composition (by adjusting the alumina:silica ratio
and/or adding a flux or fluxes) can be adjusted to generate microstructures whose
characteristics are dominated by the continuous mullite matrix. For example, the inventors

have shown this using multiple commercially available forms of coal fly ash.

In the presently described methods, mullite fibres grow to the point of percolation, at

which point they form a rigid skeleton whereby some or-all of the thermomechanical

properties are not affected by the presence of the residual glass. Direct grain-to-grain -
bonding between the niullite fibres allows the exclusion of the glass from between the
grains (fibres) in the final product (glass normally is required to assist in conventional

mullite d.énsiﬁcation) and thus eliminates the potential deleterious high-temperature effects

of glass (i.e., through softening). '
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The presently .described methdds are applicable to both sintered shapes and fuse-cast
shapes (using a mould). Ih the former case, the process requires suitable composition-
temperature-time conditions such that the mullite network is able to be established
(partially. or completely) and thus resist viscous deformation and consequent loss of shape.
The principal determinator of this behaviour is the glass viscosity, which must be
sufficiently high to retain the shape Eut sufficiently low to enhance chemical diffusion (to -

increase the mullite content).

The presently described methods provide a microstrixc_turally stable mullite material that is
resistant to high-temperature shrinkage and deformation, to which effectively all
conventional ‘aluminosilicate products are subject and sb consequently deteriorate during
prolonged heating. The produced percolated mpllite can be a highly dense or porous

product capable of achieving uniquely superior thermomechanical properties.

In addition to its most apparent use as a refractory shape, the percoiated mulltie produced
may be used as a refractory castable, refractory ramming mix, refractory crucible,
refractory setter, refractory tube, refractory plate, refractory giain, refractory aggregaté,
kiln shelving, kiln post, heat shield, fibre blanket, fibre board, fibre shape, fuse-cast shape,

corrosion-resistant shape, coéting, whiteware, sanitaryware, dinnerware, wear-resistant |
tile, military aririour, proppant, corrosion-resistant shape, glass-ceramic (crystallised glass),
filter, electrical insulator, electronic substrate, - catalyst, and/or, inter alia, infrared-

transmitting window.

As would be. appreciated from the above the .inventors have obtained the conditions
(materials, composition, temperature, and time) that result in the formation of a ceramic
body consisting of percolated and direct-bonded (grain-to-grain) mullite that may extend
throughout an entire body of material, with residual glass (and possibly crystallme phases) .

. in the volume between the mullite.

This method includes the step of heating a body of material having a composition that

incorporates the chemical system consisting of aluminium oxide (alumina) and silicon
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the formation of the percolated mullite. Fluxes may include, for ekample, oxides and/salts
of 'alkalies, alkaline earths, transitidn metals, semimetals, mqtalloids, and/or lanthanides.;

halogens also may be suitable fluxes.

. The composition_ is heated to a te_mpér_ature for a period of time sufficient to soften the

glass component (typically above the glass transition tempéramre), _éncourage 'rapid

‘ chemical diffusion through the softened glass, and allow physical expansion of the mullite

fibres into the yielding residual glass.

The inventors have found that particularly suitable starting compostions may include or be
compn'séd principally of fly ash. Other particul@rly suitable compositions include a
mixture of fly ash and aluminous raw materials (for example, alumina, bauxite, and/or
aluminium hydratés) or, alternatively include fly ash, aluminous raw xhaterial(s) and a flux
or fluxes (for example oxides and/or salts of alkélies, alkaline earths, transition metals,

semimetals, metalloids, and/or lanthanides); halogens also may be suitable fluxes.

As would be appreciated the method is not limited to starting compositions including fly
ash. The composition of the béd){ of material to be heated may include one or more

" materials that form mullite on heating.. Such materials may be naturally occurring raw

materials, naturally occurring crystalline raw materials, and/or synthetic raw materials.

For example, the composition may include one or more of kyanite, sillimanite, andalusite,

- topaz, pyrophyllite, clay, and/or other aluminosilicate minerals. Other particular examp!e

compositions may include a mixture of bauxite and quartz (sand, sandstone, quartzite,

ganister, efc.); mixtures of aluminium oxide (alumina) and silicon dioxide (silica); and

- mixtures of mullite, bauxite and quartz.

The method may include sintering without a mould in which case, the composition is

‘typically heated to a temperature of a minimum of ~1400°C and a maximum ~1600°C,

preferably at least ~1500°C. For fly ashes and other compositions that are silica-rich

relative to the mullite composition (viz., compositions containing >23 wt% SiOz), the-



10

15

25

-19-

appropriate heating temperature is dictated principally by the following interdependent

variables: (a) flux content,(b) alumina:silica wt% ratio, (c) pre-existing mullite:glass ratio,

~ and (d) pre-existing quartz content.

It would be appreciated by a person skilled in the art that tlie time condition commensurate

with the temperature being used must be sufficient to achieve nucleation and/or grain '

k growth of the mullite in order the achieve percolation such that the mullite network is

continuous throughout the body. For sintering without a mould, the composition is heated

to a temperature of a minimum of ~1400°C and a maximum of ~1600°C, preferably at

least ~1500°C for a minimal time of ~1 h, preferably ~4 h, and more prefera_bly ~8 h.

The microstructural network may be formed principally of what is known as a 3-3

* composite, whcfe both the mullite and residual glass form mutually intexpenetratin'g 3-

dimensional networks. The mullite is direct-bonded and so there is no glass between the -

mullite grains. This microstructure consists of a mullite volume content (relative to the

total mullite + glass content)‘ of <90-95%. When sintering without a mould to achieve

such a microstructure, the composition is heated to a temperature preferably of at least
~1500°C for a maximal time of ~8 h. |

The microstructure netWork alternatively may be formed principally of what is known as a
0-3 composite, where the mullite forms a 3-dirriensional network and the residual glass is
isolated in individual regions not in mutual contact. The mullite is direct-bonded and so
there is no glass between the mullite grains. This microstructure consists of a-mullite
volumé content (relative to the total mullite + glass content) of >90-95%. For sintering
without a mould to achieve such a microstructure, the composition is heated toa
temperature preferably of at least ~1500°C for a minimal time of ~8 h.” This may result in
grain growth, grain coarsening, reduction in glass content, physical segregation of the

residual glass, and void formation.
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Residual glass may be removed from the fully percolated microstructure by leaching with a
suitable solvent, such as hydrofluoric acid (HF), thereby resulting in a porous and rigid

scaffold of'mullité whiskers, fibres, and/or equiaxed muilite. -

The method also may include fuse-casting in a mould, wherein the composition is heated

to temperature sufficient to allow rapid liquid flow. As would be appreciated, the minimal

‘temperature depends on the composition but the maximal temperafure is 1850°C.

It will be appreciated that, in contrast to prior art mullite formétion, the present method
provides percolated and direct-bonded mullite throughout the entire body produced in

accordance with any one of the methods described above.

It alsc; will be appreciated that the starting composition may be modified in order to avoid
the intention of forming of mullite directly but to lead to the formation of other
aluminosilicate products. For example, suitable: addition levels of a material based on
magnesium oxide (peric‘léisc, MgO) -may be added such that the formation of magnesium
aluminosilicate (cordierite, 2Mg0-2A1203~SSi02) is favoured; similarly, a form of sodium
oxide (soda, Na;O) may be added to form sodium aluminosilicate (nepheline,
‘Na20-A120‘3'28i02). Many other aluminosilicates can be produced by this method.

Optional embodiments of the present invention also may be said to consist broadly in the

- parts, elements, and features refe_rred to or indicated herein, individually or collectively, in

any or all combinations of two or more of the parts, elements, and/or features, and wherein
sj)epiﬁc integers are mentioned herein that have Kknown equivalents in the art to which the
invention relates, such known equivalents ‘are deemed to be incorporated herein as if
individually set forth. '

Although a preferred embodiment has been described in detail, it should be understood that
various changes, substitutions, and/or alterations can be made by one of ordinary skill in

the art without departing from the scope of the present invention.



15

20

-21-

It will be appreciated that various forms of the invention may be used individually or in

combination.

EXAMPLES

The inventors have shown that a highly dense and thermomechanically stable mullite can
recrystallise and/or form from fly ash (a waste product of coal combustion) by heat

- treatment at >1500°C for >4 hours. In other cases, with fly ashes of lower alumina:silica

ratios and/or the presence of fluxes (instrinsic or extrinsic), the temperature and/or time
can be reduced (e.g., 21400°C and >2 hours). The inventors also have shown that fower
temperatures and shorter times are possible, depending on the nature of the ﬂy ash and
additions, if any. The resultant microstructures are unique in that (1) the fibrous mullite
grains form a continﬁous skeleton (percolate) throughout the body and (2) the grains bond
directly to one another in the absence of intergranular glass. Owing to the unique
completely percolated microstructure of direct mullite-to-mullite bonding (derived
counter-intuitively since the raw materials from which the product is made are vitreous or
partially vitreous), this material exhibits high-temperature thermomechanical stability at

“temperatures >1500°C (possibly as high as 1850°C, the melting point or decomposition

temperature of mullite).

Several fly ashes were examined having varying alumina/silica wt% ratios:

S-thfect on Decrease Increase Decrease Decrease Increase
rinkage —
Fly Ash} A‘E‘?:ﬁzi)o‘ z:::;:; Mullite/Glass Quartz (vlv‘t?/: )

i 48/52 5.0 High Low 25.0
2 24/76 1.5 Low High 2.1
3 24/76 2.1 Medium Medium 2.4
4 30/70 7.0 Medium Medium 0.9
5 28/72 4.5 Medium Medium 2.9
6 40/60 7.8 High Low 5.5
7 40/60 10.7 High Low 1.0
R 48/52 6.9 High Low 17.2
9 34/66 12.5 Medium Medium 6.3
10 37/63 11.6 High Low 4.9
11 26/74 4.7 Medium ‘Medium 2.7
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38/62

l

9.9

l

High

Low
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DATA SET1

Microstructural area considered = 160 ym-x 120 um
Sintering Time (h) ] 2 4 24 96
Number of Fibres 1833 1355 684 631 492
% of Fibres Fibre Length in pm (Number of Fibres) '
Do 0.61 079 1.78 2.26 1.78
DIo 1.67 (183.3) | 1.99(135.5) 2.66 (68.4) 3.55(63.1) 3.55 (49.2)
D20 2.17(366.7) | 2.44 (271.0) | 324(136.8) | 4.38(1262) 438 (98.4)
D30 2.47(549.9) | 2.83(406.5) | 3.69(205.2) | 5.11(189.3) 5.09 (147.6)
D40 2.78(733.2) | 3.23(542.0) | 4.16(273.6) | 5.82(252.4) 5.82 (196.8)
D50 3.11(916.5) | 3.62{(671.5) 4.71(342.0) 6.71 (315.5) 6.71 (246.0)
D60 3.50 (1099.8) | 3.99(813.0) | 5.30(410.4) | 7.80 (378.6) 7.80(295.2)
D70 3.90 (1283.1) | 4.78 (948.5) 5.94 (478.8) 9.23 (441.7) - 9.25 (344.4)
D80 4.59 (1466.4) | 5.72 (1084.0) | 6.96(547.2) | 11.18 (504.8) 11.20 (393.6)
D90 5.66 (1649.7) { 7.23(1219.5) | 8.91 (615.6) 14.81 (567.9) 15.07-(442.8)
D100 .23.59 46.49 40.01 32.40 78.85
Average Length (um) 3.94 4.32 "5.98 7.45 9.03
Areal Distribution
. (Fibre % of Matrix) 60.60 68.15 84.55 92.70 96.10

Heating rate 150°C/hour

Heating the fly ash for 4 h at 1500°C led to: ~85% mullite + ~15% glass + pores -

Heating the fly ash for 96 h at 1500°C led to: ~95% mullite + ~5% glass + pores




DATA SET 2

Microstructure Area Considered = 100 pmx 75 pm

Soak Time () 2 4 8 12 24

Number of Fibres - 3644 1951 , 1663 1279 1112
% of Fibres . Fibre Length in um . ,

DO 0.17 0.24 - 068 0.68 0.85

D10 0.55 1.18 ° . 0.74 , 1.55° 1.72

D20 o070 ' 1.39 1.05 1.78 2.05

D30 080 1.52 121 2.03 2.37

D40 0.93 1.67 1.36 2.24 2.6}

D50 1.05 ' 1.79 '_ T 144 C 242 2.98

D60 1.18 1.94 L7 2.69 3.30

D70 1.30 2.17 ) 2.02 3.03 ‘ 3.82

D80 1.40 ‘ 259 2.33 3.59 - 4.63

D90 L.71 , 3.30 "3.08 4.51 5.76

D100 . 11.91 12.44 13.74 1525 ) 23.01

- Average Length : , ;
A. ‘Ig”")b : 116 2.10 233 2.86 3.49
real Distribution .

(Fibre % of Matrix) . 24.82 .. 60.10 : 83.74 77.17 65.24
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The present invention relates to percolated mullite and a method of forming same.

{

Background

The reference in this specification to any prior publication (or informatiow/derived from it),

or to any matter which is known, is not, and should not be taken as an acknowledgment or

admission or any form of suggestion that the prior publication ‘(or information derived
_from it) or known matter forms-part of the common general knowledge in the field of

endeavour to which this specification relates.

 Pure mullite has a melting point (and decomposition temperature) of ~1850°C and as such,
mullite often is used as a refractory material. In practice, however, c}mmercial mullite
refractory products always contain glass as a residual product of the raw materials and
pmceésing. The glass coniponcht typically resides between the mullite grains and assists in
bonding the grains together. Accordingly, as the glass softens (at ~1200°C), the mullite
refractory material begins to deform by viscous flow when heated at or above this
temperature (approximating the glass transition temperature). In seeking to address the
issue of glass softening, conventional approaches to the formation of mullite tend to focus
on the minimisation of the glass-forming components and fluxes in the starting material for

commercial mullite formation.
Summary of the Invention -

In one broad from the present invention provides, a method of producing pcrcolafcd .
mullite in a body of material, the method including the step of heating the body of
material, wherein the body of material has a composition that includes alumina and silica,

‘and the weight ratio of alumina:silica is from approximately 10:90 to approximately 77:23.



DATA SET 3

Microstructure Area Considered = 100 pm x 75 um

Soak Time (h) 2 , 4 8 12 . 24
Number of Fibres 1374 1150 - 926 .. 710 551
% of Fibres _ _ ) Fibre Lengthinym ' :
Do ' - 0.54 0.87 1.20 . 1.37 . 1.20
D10 117 1.29 1.84 , 1.53 . 1.65
D20 ) 1.34 165 219 2.04 2.15°
- D30 1.56 : . 1.96 2.35 224 ] 240
D40 . 1.76 2.29 2.54 2.46 271
D50 192 2.51 2.74 2.68. 2.99
D60 2.29 279 2.93 | 2.38 3.37
D70 . 2.62 ) 3.10 ) 3.27 7316 3.77
D80 3.24 3.52 3.66 3.57 432
D90 1- 4,14 - 3.94 4.16 3.88 5.36
D160 13.62 - 124 783 - 6.74 11.94
Average Length ] . '
_ I D([‘m)b 2.39 A 2.94 2.81 339
real Distribution : : '
(Fibre % of Matrix) 60.90 | 75.12 | 72.61 . 5'8.99 ' 55.67




 DATASET 4

*Microstructure Area Considered = 100 pm x 75 p.rﬁ

24

Soak Time (h) 2 4 . 8 12
Number of Fibres 1248 1017 _ 849 766 - 508
% of Fibres Fibre Length in pm '
Do 0.34 0.54 0.85 1.03 1.07
Dio 1.07 0.72 1.72 - 1.72 2.16
D29 1.29 1.34 2.06 2.09 248
D30 1.51 . 1.62 222 2.29 2.78
D40 1.69 1.79 243 2.46 3.06
_ D50 1.86 1.99 2.5 2.66 3.28
D60. 2.05 2.19 2.76 2.82 31.36
D70 2.38 2.37 2,93 2.99 - 3.8l
D86 2.77 2.65 3.19 3.33 4.3)
Do 339 3.42 3.69 3.89 5.64
D100 12.62 7.62 - 10.99 12.01 14.14
Average Length 216 ‘
. 2.53 2.70 2.83 3.60
yrry e — '
real Disiribution ' :
(Fibre % of Matrix) 44.95 73.93 78.23 74.59 67.67




DATA SET 5

Microstructure Area Considered = 100 pm x 75 prri

Soak Time (h) -2 4 8 . 12 24
Number of Fibres 1178 - 602 . . 462 . 319 i 424
. % of Fibres o o Fibre Length in ym '
] Do ' 0.41 1.04 1.04 1.24 1.24
DI 0.47 139 - 1.5] : - 1.67 2.29
D20 - 0.98 1.76 -~ 2.01 , 2.09 2.65
D30 ‘1.18 2.07 2.18 - 229 2.99
D40 131 : 2.29 . ~ 235 L 2.49 333
D350 1.45 '2.46 . 249 2.69 3.66
D60 1.65 265 . 2.65 2.79 3.99
D70 178 . 2.85 2.85 2.99 4.64
D80 . 1.98 3.13 3.02 - 341 5.61
D90 - 2.85 3.67 3.55 3.83 6.68
D100 10.06 7.24 5.24 ~ 549 . 14.18
" Average Length ‘
__ (‘”m)b 2.61' 2.54. 2.51 2.67 42}
real Distribution '
(Fibre % of Matrix) 62.57 58.99 ‘ 52.94 80.58 78.62




' DATA SET 6 - .

‘Microstructure Area Considered =100 um x 75 ym

Soak Time (h) 2 4 8 12 24
- Number of Fibres |94 669 489 434 531
| % of Fibres Fibre Length in pym :
Do 0.70 0.17 0.76 1.04 0.38
DI0 1.31 0.64 1.34 1.48 - 0.87
D20 1.65 1.17 | 1.73 1.96 1.36
D30 1.98 1.56 2.09 2.15 1.73
‘D40 2.18 1.96 2.23 2.32 2.12
D50 2.35 2.21 2.38 2.51 2.38
D60 2.51 2.40 2.51° 2.68 L 262 -
- D70 2.68 2.57 2.68 2.87 2.90
D80 2.85 2.76 2.85 3.10 3.46
D90 3.13 2.99 296 3.71 430
D100 7.83 5.44 11.74 5.78 9.86
Average Length : ' -
G 229 1.98 2.26 2.54 2.49
Areal Distribution ' : '
(Fibre % of Matrix) 49.77 57.13. 50.48 30.86 71.29
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2.

In one form, the percolated mullite produced extends c'ontinuously and/or substantially
throughout the entire body of material.

In another form, the composition iricludes an alumina:silica weight percent ratio of from

approximately 24:76 to approximately 48:52.

_ In one form, the body includes pre-existing mullite.

In ahothcr. form, the body does not include pre-exisiting mullite, but mullite forms on

heating of the body.
In one form, the body includes a pre-existing glass component.

In another form, the body does not include a pre-existing glass cdmponent, but glass forms

on heating of the body. -

In a further form, the body does not include a pre-existing glass component, but glass is
added.

In another form, the composition includes at least one flux. -

In another form, the at least one flux is an oxide and/or salt of an alkali, alkaline earth,

transition metal or lanthanide, or a semimetal oxide, metalloid oxide, or a halogen.
In one form, the body is heated to a temperature sufficient to soften the glass component.

In another form, the body is heated at a temperatufe sufficient to facilitate chemical
diffusion through the softened glass. '

In a further form, the body is heated at a temperature above the glass transition temperature

of the glass component.



10

15

‘20

25

30

In another form, the body is heated at a tefnperature such that the glass is deformable and
growth of the mullite fibres is not hindered physically or volumetrically by the glass.

In another form, the composition of the body includes a naturally occurring raw material

and/or a synthetic raw material capable of forming mullite when heated.

In a further form, the composition of the body includes one or more materials selected
from the group including kyanite, sillimanite, andalusite, topaz, pyrophyllite, clay, bauxite,
quartz, or red mud.

In one form, the body is comprised principally of fly ash.

In one form, the composition further includes at least one aluminous raw material.

“In one form, the at least one aluminous raw material is bauxite, alumina, an aluminium

- hydrate, or red mud.

In another form, the composition further includes at least one flux added extrinsically in

addition to those present intrinsically.

In one form, the at least one flux is an oxide apd/or salt of an alkali, alkaline earth,

transition metal or lanthanide, or a semimetal oxide, metalloid oxide, or a halogen.

In another form, the body is heated at a temperature of between approxiihately 1400°C and

approximatély 1600°C for a period of time.
In one form, the body is heated at a tet'nperatme of at least 1500°C. -

In one form, the period of time is greater than or equal to 2 hours.
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-4-
In another form, the perioii of time is greater than or equal to 4 hours.

In another form, the period of time is greater than or equal to 8 hours.

In one form, the rrrethod includes sintering the body of material without a mould.

In another form, the method includes fuse-casting the ’b'ody of material in a mould.

In one form, the body of material is heated at a temperature sufficient to allow rapid

(liquid, notviscous) flow into the mould but no higher than 1850°C.

In one form, the percolated mullite is produced in the body such that a 3-3 composite

material is formed.

In another form, the percolated mullrte is produced in the body such that a 0-3 composite |

material is formed.

In a further form, the method further includes the step of leaching with a solvent to remove

- residual glass.

£

In one form, the present invention provides percolated mullite produced in accordance with

the methods as described above. |

In another form, the present invention provrdes use of the percolated mullite as described
above in a refractory shape, refractory castable, refractory ramming mix, refractory
crucible, refractory setter, refractory tube, refractory plate, refractory grain, refractory
aggregate, kiln shelving, kiln post, heat shield, fibre blanket, fibre board, fibre shape, fuse-
cast shape, corrosion resistant shape, coatmg, whnteware samtaryware dinnerware, wear-

resistant - tile, military armour, proppant, corr051on-res1stant shape, glass-ceramic

(crystallised glass), filter, electrical insulator, electronic substrate, catalyst arrd/or infrared-

. transmitting window.
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In a further broad from, the present invention provides a body of material including a

percolated mullite microstructure extending continuously and/or substantially throughout

the entire body.
In one foim, the material is a 3-3 composite.

In another form, the material is a 0-3 composite.

Brief Description of the Figures

Examples of the present invention will now be described with reference to the

accompanying drawings, in which: -

Figure 1 is a schematic illustration of the effects of temperature and time on the
deformation (viz., shrinkage) of typical ceramic materials that contain a vitreous (glassy)

sintering (densification) aid.

Figure 2 is graph of complete data for diametral shrinkage of three fly ashes (sole
component) as a function of heating time to 96 hours or 24 hours at 1500°C;4

supplementary tabulated information also is includ{:d. :

Figure 3a is a graph of data for diametral shrinkage of an additional five fly ashes (sole
éomponent) as a function of heating time to 12 hours at 1500°C.

Figure 3b is a graph of data for diametral shrinkage of an additional four fly ashes (sole
component), which melted at 1500°C, as a function of heating time to 12 hoqrs at 1400°C.

Figure 4 is a graph of complete data for diametral shﬁnkage of one set of fly ash/alumina

blends as a function of heating time to 24 hours at 1500°C. y
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Figure § is a graph of complete data for diametral shrinkage of one set of fly ash/alumina
blends with 1.0 wt% magnesium oxide (periclase, MgO) added as a flux and mullite fibre
growth modifier as a function of heating time to 12 hours at 1500°C. |

Figure 6 is a graph of complete data for diametral shrinkage of one set of fly ash/alumina
blends with 0.5 wt% calcium oxide (line, Ca0O) added as a flux and mullite fibre growth

" modifier as a function of heating time to 24 hours at 1500°C.

Figure 7 is a graph of complete data for diametral shrinkage of one set of fly ash/alumina

“blends with 1.0 wt% titanium dioxide (rutile, TiO,) added as a flux and mullite fibre

growth modifier as a function of heating time to 12 hours at 1500°C.

!

Figure's is a graph of complete data for diametral shrinkage of one set of fly ash/alumina
blends with 1.0 wt% chromium oxide (eskolaite, Cr,03) added as a flux and mullite fibre
growth modifier as a function of heating time to 12 hours at 1500°C.

Figure 9 is a graph of complete data for diametral shrinkage of one set of fly ash/alumina
blends with 2.0 wt% iron oxide (haematite, Fe;0s) added as a flux and mullite fibre growth

modifier as a function of heating time to 24 hours at 1500°C.

Figure 10 is a graph of complete data for diametral shrinkage of one set of fly ash/alumina

~ blends with 1.0 wt% cerium oxide (cerianite, CeO,) added as a flux and mullite fibre

25

30

growth modifier as a function of heating time to 12 hours at 1500°C.

Figure 11a is a graph of D10, D50, D90 (i.e., 10%, 50%, 90% of total number of fibres,
respectively) and average length as a function of heating time to 96 hours at 1500°C, as
extracted from Data Set 1 (fly ash 1). | '

Figﬁre 11b is a graph of the number of fibres and areal distribution of fibres (%) as a
function of heating time to 96 hours at 1500°C,, as extracted from Data Set 1 (fly ash 1).



10

15

‘ 20

25

-7-

Figure 11c is a scanning electron microscope (SEM) image of fly ash 1 (polished and
~ etched) after heat treatment for 1 hour at 1500°C.

Figure 11d is an SEM imagé of fly ash 1 (polished and etched) after heat treatment for 4

-hours at 15‘00°C.

~ Figure 1le is an SEM image of fly ash 1 (polished and etched) after heat treatment for 24

hours at 1500°C,
Figﬁre 11f iS an SEM image of fly ash 1 (polished and etched) after heat treatment for 96

hours at 1500°C.

respectively) and average length as a function of heating time to 24 hours at 1500°C, as
extracted from Data Set 2 (fly ash 3
function of heating time to 24 hours at 1500°C, as extracted from Data Set 2 (fly ash 3).

Figure 12¢ is a scanning electron microscope (SEM) image of fly ash 3 (polished and
etched) after heat treatment for 2 hours at 1500°C. '

Figure 12d is an SEM image of fly ash 3 (polishéd and etched) after heat treatment for 4
hours at 1500°C. | |

Figure 12e is an SEM image of 'ﬂy ash 3 (polished and etched) after heat treatment for 8

- hours at 1500°C.

30

' Figuré 12f is an SEM image of fly ash 3 (polished aﬁd etched) after heat treatment for 24

hours at 1500°C.

Figure 12a is a graph of D10, D30, D90 (i.e., 10%, 50%, 90% of total number of ﬁbrgs, '

-Fi_gure 12b is a*graph of the number of fibres and areal distribution Qf fibres (%) as a
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The claims defining the invention are as follows: < ‘f“:z,’f‘:«, ey,
S0 \

R
1. A method of producing percolated mullite in a body of material, the” 'S

method including the step of heating the body of material at a temperature i

the range of from 1400°C to 1600°C for at least 2 hours, wherein the body of

material has a composition that includes alumina and silica, and the eight
percent ratio of alumina:silica is from 10:90 to 60:40 when normalized to

exclude non-alumina and non-silica impurities.

2. A method as claimed in claim 1, wherein the body includes pre-existing

mullite, and/or a pre-existing glass component.

3. A method as claimed in claim 1, wherein the composition includes at

least one flux.

4. A method as claimed in claim 3, wherein the at least one flux is an
oxide and/or salt of an alkali, alkaline earth, transition metal or lanthanide, or

a semimetal oxide, metalloid oxide, or a halogen.

5. A method as claimed in claim 1, wherein the composition of the body
includes a naturally occurring raw material and/or a synthetic raw material

capable of forming mullite when heated.

6. A method as claimed in claim 1, wherein the body is comprised
principally of fly ash, bottom ash, municipal ash, bagasse ash or rise husk ash,

or mixtures thereof.

7. A method as claimed in claim 1, wherein the composition of the body

includes one or more materials selected from the group consisting of fly ash,
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bottom ash, municipal ash, bagasse ash, rise hush ash, mullite, kyanite,
sillimanite, andalusite, topaz, pyrophyllite, clays, phyllite-schist, saprolite clay,
kyanite-staurolite, anorthosite, syenite, emery rock, other aluminosilicates,

bauxite, alumina, aluminium hydrates, and red mud.

8. A method as claimed in claim 1, wherein the body is heated at a

temperature in the range of from 1400°C and to 1600°C for at least 8 hours.

9. A method as claimed in claim 1, wherein the body is heated at a

temperature of at least 1500°C.
10. Percolated mullite obtainable by the method of claim 1.

11. A method as claimed in claim 1, wherein the weight percent ratio of

alumina:silica is from 10:90 to 55:45.

12. A method as claimed in claim 1, wherein the weight percent ratio of

alumina:silica is from 10:90 to 35:65.

13. A method as claimed in claim 1, wherein the weight percent ratio of

alumina:silica is from 10:90 to 30:70.

14. A body of material including a percolated mullite microstructure
formed of a continuous or effectively continuous interconnected scaffold or
network of direct-bonded mullite grains, the direct bonded mullite grains
being such that glass is excluded from between the grains, wherein the
percolated mullite microstructure extends continuously and substantially

throughout the entire body.
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15. A body of material as claimed in claim 14, wherein the material is a
principally 3-3 composite, with mullite and glass forming mutually

interpenetrating 3-dimensional networks.

16. A body of material as claimed in claim 14, wherein the material is a
principally 0-3 composite, wherein the mullite forms a 3-dimensional network

and residual glass is isolated in individual regions not in mutual contact.

17. A body of material as claimed in claim 15, wherein the microstructure
consists of a mullite volume content relative to the total mullite and glass

content of less than 95%.

18. A body of material as claimed in claim 17, wherein the microstructure
consists of a mullite volume content relative to the total mullite and glass

content of less than 90%.

19. A body of material as claimed in claim 16, wherein the microstructure
consists of a mullite volume content, relative to the total mullite and glass

content of greater than or equal to 90%.

20. A body of material as claimed in claim 19, wherein the microstructure
consists of a mullite volume content, relative to the total mullite and glass

content of greater than or equal to 95%.

21. A method of producing percolated mullite in a body of material, the
method including the step of heating the body of material, wherein the body
of material has a composition that includes alumina and silica, and the weight
percent ratio of alumina:silica is from 24:76 to 48:52 when normalized to

exclude non-alumina and non-silica impurities.
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22. A method of producing percolated mullite in a body of material, the
method including the step of heating the body of material, wherein the body
of material has a composition that includes alumina and silica, and the weight
percent ratio of alumina:silica is from 10:90 to 65:35 when normalized to
exclude non-alumina and non-silica impurities, and wherein the body includes

pre-existing mullite.

23. A method of producing percolated mullite in a body of material, the
method including the step of heating the body of material, wherein the body
of material has a composition that includes alumina and silica, and the weight
percent ratio of alumina:silica is from 10:90 to 65:35 when normalized to
exclude non-alumina and non-silica impurities, and wherein the body includes

a pre-existing glass component.

24. A method of producing percolated mullite in a body of material, the
method including the step of heating the body of material, wherein the body
of material has a composition that includes alumina and silica, and the weight
percent ratio of alumina:silica is from 10:90 to 65:35 when normalized to
exclude non-alumina and non-silica impurities, and wherein the body is
comprised principally of fly ash, bottom ash, municipal ash, bagasse ash, rice

husk ash, or mixtures thereof.



Shrinkage (%) =

7]
©
8
x
=1
:
A 3 @ \
5 g \
l 2 £ » ‘gb%
e o 3| Lok
g g 8 \ %%
@ @ o V%%
e )
- ] o \ %/
o g < \ [
2 Y =3 \ 9/%
a a g 2
2 ______________________________________________ -~

FIG. 1

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR [P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

RN

Vida M. Panganibg¢




Diametral Shrinkage (%)

& VECOR IP HOLDINGS LIMITED
Applicants
SyCip Salazar Hernandez & Gatmaitan

NEWSOUTH INNOVATIONS PYT LIMITED

FLYASH3
el e e e e maamssmmemeeeamm——eemes e —m————————
Pane
.l-.\\_.
FLY ASH 1 .
N
. R —e O
FLY ASH 2 L
Effect on Decrease fncrease Decr: D ase [
Shrinkage e ecrease ecre ncrease
Fly Ash Al,O,,lSiO, Fluxes [Mullite/Glass] Quartz LOI
1 48/52 wt% 5.0 wt% High Low 25.0 wt%
2 24/76 wt% 1.5 wt% Low High 2.1 wt%
J 2476wtk | 21wt | Medium | Medium

0 20 40 60 80 100
Time (h)



Diametral Shrinkage (%)

e o 3 @w 8 B 8 8§

&~ l n [ X | >

=i

3 o

g m M )
R | n
SIRER|R 2

- w0

® z 1292 §
-4 & Jjjo s

3...

R;— ‘ » »

FIG. 3a

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



Diametral Shrinkage (%)

s S
P PREEEPE |
A g7 q‘
=i
3 oA
E>
co - o om§ |m i
< 4 <
' AR R 7
= o X =
3- 3 ® F
'-:,“ » 4
FIG. 3b

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED

Applicants
SyCip Salazar Hernandez & Gatmaitan

A gy



Diametral Shrinkage (%)

- - N (2]
(<1} o n 8 N (=]

hedadedndoa g A o 2 2 2 4 4 ¢ 2 2 4 4 24221 422241

!——
€ HSV A4

ov/09
0/004 01/06
0C/0L v 0%/08

FIG. 4

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan




(u) swL

1] 9 14 c
NN PP B

A2

o (2] o = (=] 5
[

Diametral Shrinkage (%)

- - N [ ]
Q
hebebenkecdcddet ddba o b oa s a2 bt o4 2 2, aaaad

OBW %m0’}
€ HSV A4

0/001

FIG. 5

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

b

Vida M. Panggn gan



Diametral Shrinkage (%)

o] e
= <
g L L J « ég
5 ] gw
o~
]
8-
‘ 2 g8 3|8
’ lS “8 §. -3
i ]
5 S
FIG. 6

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR P HOLDINGS LIMITED
Applicants
SyCip Salazar Hernandez & Gatmaitan
By:




(u) swyy

Diametral Shrinkage (%)

- -t
o dedadedeadedadodoad 4 2 2 24 8 4 2 40 2§ 4 2 0 28 2 2202
N -
& - ne
-t - T
8IS oL
o - si8 g
¥
=’I
d oo
l N
& - -
-
-
°-J
N |
N

FIG. 7

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By: \\
Viga M.%\gan a gan



{u) swn

Diametral Shrinkage (%)

o o ) & 8 o -]
o DI ISP AT OTO U B WrarE YUY UrNrsE Srarararw |
4
N - [ ] -
ﬁ
& - -
o
= T
o °L
1 L
e
m1 on
"
3-
B
;3- on

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR 1P HOLDINGS LIMITED
Applicants
SyCip Salazar Hernandez & Gatmaitan

By:

\%@}M\M&ga n-Ajndogan



(u) sy

o}
L.

St

Diametral Shrinkage (%)

3 o S & 8

P | bevheadordordmdodod b 2 2 2 & 2 2 2 0

0/00}
z——
/
‘0’4 %m0z
€ HSV A4

0vi09
OLIOGT 02/08

~ 0£/0L

FIG.9

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



(u) owy

Diametral Shrinkage (%)

o ™ e o 8 > 8
o kbt a o b o 4 2 2 0 2 2 2 2 0 2 2 23 208 22332 d
N - ]
& - -
§ :‘:
(=]
<
m-
] w
K-
00 - -
d-
o
) Slla
5|3
R -
FIG. 10

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR [P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

%&%%ﬂ?qwm



(y) s

D10, D50, DSO (um)

o /] o (2} 8
o - PP PSP P ST ]
A
N
od
£ 4
-n
] >
&
34 > <
©®©
| :
l.
=] B g g
- ] ® < »
o aed 2 o 2 2 & 4 | Y Y A |
ce o 3 & 8
Average Length (um)
FIG. 11a

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez &.Gatmaitan



(u) awnt

Number of Mullite Fibres
_ -] ) S
o 8 g 8 2
e * : ﬂ‘_‘_____:___..'._‘z:-o-.(:—:“-‘ !
S 1 /
Tz T
-
§
8 Q g ,.;L'
g 8l 3
g ®) I
8- 3
o
7]
® 4
é- a . ' ®
°© 23888883883

Areal % (Mullite/Matrix)

FIG. 11b

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

g



£0/€0/1L02

N 901

FIG. 11c

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

", W’W



-,-wte ";_"‘";‘!.."’,‘»'-.‘“}:f‘!}f; ; A f

A e

R e
s By X O Y s

BRI
. W%’:j%‘;?

N

Ay
g

SR

) "’"“”,"'

; s Y
S
Bt !.';‘N

\. A ot
Rl y{kﬁu L]

- SOIEOILLOT

Cs SRVl ‘,*g b
3 &h‘*ﬁ‘iﬁf%} I
e

PRy RONE
g‘;‘&’iqg; '.‘;-{:;; ]‘gﬁ%&; .

BRI Ry
iﬁ%@ 3 43235'? .,;i‘}f ’v&r‘ 9
e 'Jf!il.,, ‘@.“?y‘z‘,h ?:f Ay

JJ\"ﬁ‘?aﬂb‘&{- 1; ;%-‘"fi A
RO D
T
7

N

N €0:€L
o5

T
e

ST £

Ded
X

i

grd
fo;.
PN

3

e
—

s;/

NO'LX 0'6d
"”fiz

{ pre
slz e
§ (AR
c ?rﬁ’“@ﬁ
b B £:4.4
3 2 , ".""E\% b

FIG. 11d

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

G Db



DOOEW.L

£0/€0/11L0C

N Gl:vlL

n> 73
¢\

i

N0'LXSZLa

J Spe 3 ‘- 4 l.
F Q? b
.@ % 1 "'l. S5 3 Py ML
» PRI KT §-~1 |1 X 4
B, ’H'{: XN (e

f b a
o A 3 5
e YV.rr s AN A +
'f" iy L2 Y 5
SR LA e 3
<

FIG. 11e

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



N vEvL. €0/20/L102

O XPELD

FIG. 11f

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By:
&Q%\Méngéniba%-Alindogan



(y) swnt

D10, D50, D90 (um)

o -‘A N w ) [ ] <N ~
o A i A i [] i ]
: ¢ ko
1NN
E \
9 »
s \ \ n
; » , >
1 5
1 X
e »
' Z
N
] B BE B
1 L g » g L
g ] v v v 1
[~ N £-N N
Average Length (um)
FIG. 12a

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

W T,



(y) auny

(=]

ol

Si

(174

sC

Number of Mullite Fibres

'l a I}

A A A PR N

] >
- @,
Z .
] n
] Y <
) >
] £ @
- 3 P
- g
] e
- :
) 3 R
] n
: g
: > 3 .
v T rT Ty v vy ooy
°3888_88388§
Areal % (Mullite/Matrix)
FIG. 12b

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

T



O00ENL

£vQ

AGTL X

FIG. 12c

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR [P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By:
i\@r}f\lﬁ\éanéan‘% indogan



FIG. 12d

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



000ENL

H

ASLX €60

un 05

FIG. 12e

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR 1P HOLDINGS LIMITED
Applicants
SyCip Salazar Hernandez & Gatmaitan

By:

Vida M. Pangamiban-Alin n



.- S :

000SINL
4

-
Al

*
v
.
o

R L

“.
~ oy
Fhae v
- A AN
LG S -
. PN
»
I . _
) R .7 “, .
O o
Q s Lo
: S L
[ , e “ v s
(= - PRGN P .
- P g NN
x G
4 (A
1%
-~

~ AN
g
-
”

o
wn og

FIG. 12f

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants
SyCip Salazar Hernandez & Gatmaitan
By:

ida M. Panganiban-Alfdogan



(y) swng

D10, D50, D90 (um)

e R I W S S APy
» ]
NN/
AL
- =<
g | ;
: 1 J» [ ] 5
. 1)
& - )
) z 2
S T
| kB BE %
4 <L > =
g ¥ d ) v | |
(-] [N H» [- ]
Average Length (um)
FIG. 13a

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By:
mmﬂw



(y) swty.

Number of Mullite Fibres
o & a 8B B ® 8
NENRRERERRR

PO DU\

[ =]
: / N
. [ o
S :
], 5
2 o
5 g ¥
J S -
] |E g
51 |® 2
mn
] ..
g'l'_l*l'l'l'!‘l*"l'l
° 3 ¥ 8888388 3

Areal % (Mullite/Matrix)

FIG. 13b

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By:



000ENL

AGLx 1ed  H

FIG. 13c

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicant
SyCip Salazar Hernandez & Gatmaitan

By:

&Mg Alindogan



ASIX 260 H
t
;
t
H
{
]

wn 0g
l
i
i
i
k

FIG. 13d

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By: ™



000ENL

FIG. 13e

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By:
‘ﬁ,@a‘m\hgga MG



H

AGLX 0'sq

wn Qg

FIG. 13f

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

U B



D10, D50, D90 (um)

Zhpudlg g HSV A'ld

oia

0sa
a1

050

T Y 1) v
N o

Average Length (um)

9-

FIG. 143

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



Number of Mullite Fibres

/T~
I
.’i_\i 3 o
Chy § 3
4 8 b
o |E g
S g .,\T’
1 g !
g —— ¥

Areal % (Mullite/Matrix)

FIG. 14b

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



000ENL

FIG. 14c

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By;i;&* WV

ida M. Panganibap-lindogan



FIG. 14d

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

o Tengda



FIG. 14e

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By:
\@&M.\knga iba




~N ¥

s

FIG. 14f

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED

Applicants
SyCip Salazar Hernandez & Gatmaitan

By:

\X@*M.\{\,;g %\4&@3

FOGITENNY AR EN oD
SN LY S

g T 3
re M.w .".ﬂ

1%/ “,_...N. ,

TM3000 H D42 x15k 50 um

MF. A% ey




(u) owy.

ot

Si

0z

T4

D10, D50, D90 (um)

- N W A o o N
[ RS MU REEPUNN TUONPI SHNU S |

2 2 4 4 4 4

PN T W 3

N

|

/
g pudjg ‘€ HSY A4

2 B

T v T v ¥
N P [-;]

Average Length (um)

FIG. 15a

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR 1P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



Number of Mullite Fibres
- —h 8 (2]

[} A i A i 1 A [ ]

/

j

A

(W) sung

¢ pudig € HSVY A4

0z

% lealy

rea 2t a4 2 4

.

sc
0

-

._é.. aasasas Ay .
Areal % (Mullite/Matrix)

Sl
F s a2
0l *Saiqid oMM 10 JOUNN " ——___

4

001 -

FIG. 15b

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR I[P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



000EANL

NGLX 0'sQ

wh g6

FIG. 15c

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR [P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

“\mmw



FIG. 15d

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR |P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

BBy



000EWL

H

AG'LX 0'ed

wn gg

‘ ;
.
N
- !"
. : -
e
T 4 - ’ t
ﬁ_ . R
"V"Q.. N v
. .“’-:-"-. N )
R . N
“:’7 N - T
. ST LN -
L LB .:\\ﬁ“}.'
: fe T . AR 1
- e S I ——— . e . g e
.- L = N
v ’ Y e
: L
" . -
v'. Ry
£ . he ) S
* ~ v -
T 3 »
. 8 . ~ = -
“o s.:_} . “ ‘
LTRSS N
. ) .
T & 0
e * -
. - - 8

L‘r 3 I,
h N
. L5

ORI
P 'fg

‘~'~\

i ;w;i}f’“t*“'é ‘:..:L.ﬁ‘?i. 5y o

FIG. 15e

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

i gy




TM3000 . . H D53 x15k 50um

FIG. 15f

NEWSOUTH INNOVATIONS PYT LIMITED

& VECOR IP HOLDINGS LIMITED

Applicants
SyCip Salazar Hernandez & Gatmaitan

-

ga

RN



(W) aunp

D10, D50, D90 (y:m)

o -.-l N (7] » N N -~
o 2 § Y A o ! 2 1 2 ' PO |
. ] e B
S ]
\\l mn
N %
=% >
: o
1 2
] >
<
k )
8 H
7 ®
S BE B
N- » L J -
o S T s
Average Length (um)
FIG. 16a

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



(u) awy

§ N

Number of Mullite Fibres
'§‘ a 8 B 8 8 g
= 8 8 8 B 8 ¢

S,

74

/

4 N JO JBGUINN

saiq!

m
<
5
o =X
(24
w
[+
-
a
F S
XA
&

-]

-

(4

o

¥

)
-3
o

R 8 8 8 28 I 8

rT i vl yyrmmvyYrrTTYay Y v 1 8

¥
o
o

001 -

Areal % (Mullite/Matrix)

FIG. 16b

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR 1P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



FIG. 16¢C

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

e W g



000EN.L

H

wn Q¢

AG X G'6a

*’E—i’\ . A 5 i £ i

e T

<

£

FIG. 16d

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



FIG. 16e

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

R Tyl



N

F LB

[l re
TP

3

7

D5.8 x1.5k

FIG. 16f

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED

Applicants
SyCip Salazar Hernandez & Gatmaitan

By:

&mﬁm



000EN.L

N

ASLX L0

wn 0¢

P8 i Mg
T s X L % "1"'!";¢@‘
s W t’\ xaé"}ﬁ, Yyt G

AL,

2 <

a “. if-d m!'-; .?k-'~)z'&v4‘,;::: 2 LY
N "l: ﬁi;{_:yfﬂ.r Vo gl [2F ot

DAtal
B,

"y

Ty .
& !
PR

Ny
_;::Véig."yf

ok
- S A
- Sy

LI XA

12
g.' % ‘7‘5‘{ i
Ed

LAl i ARG oY j 4
(i By TR T i DN
*&‘ v“‘f .)! 14‘1&3., 1;37, v
T a2 ,’! .:/‘ 3 L& S
NEEY ] S el X n . ot S
'i:‘ i ‘\.‘.#‘t’.*"‘; 3“’ ~.".
; Phtbekir A

o
1 X d
\
o
)

FIG. 17a

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By: -
WV Ty
ida M. Panganiban- dogan



TM3000

FIG. 17b

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR 1P HOLDINGS LIMITED

Applicants
SyCip Salazar Hernandez & Gatmaitan

By:

ng

Y,



D51 x1.5k

50 um

FIG. 17c

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED

Applicants
SyCip Salazar Hernandez & Gatmaitan

")

\

V




FIG. 17d

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan



“Ne

—r

.

FIG. 17d

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR IP HOLDINGS LIMITED

Applicants
SyCip Salazar Hernandez & Gatmaitan

K

ogan

ga Al

\




AGLX 160

wn g6

FIG. 17e

NEWSOUTH INNOVATIONS PYT LIMITED
& VECOR 1P HOLDINGS LIMITED
Applicants

SyCip Salazar Hernandez & Gatmaitan

By: -



	Page 1 - BIBLIOGRAPHY
	Page 2 - DESCRIPTION
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - CLAIMS
	Page 30 - CLAIMS
	Page 31 - CLAIMS
	Page 32 - CLAIMS
	Page 33 - DRAWINGS
	Page 34 - DRAWINGS
	Page 35 - DRAWINGS
	Page 36 - DRAWINGS
	Page 37 - DRAWINGS
	Page 38 - DRAWINGS
	Page 39 - DRAWINGS
	Page 40 - DRAWINGS
	Page 41 - DRAWINGS
	Page 42 - DRAWINGS
	Page 43 - DRAWINGS
	Page 44 - DRAWINGS
	Page 45 - DRAWINGS
	Page 46 - DRAWINGS
	Page 47 - DRAWINGS
	Page 48 - DRAWINGS
	Page 49 - DRAWINGS
	Page 50 - DRAWINGS
	Page 51 - DRAWINGS
	Page 52 - DRAWINGS
	Page 53 - DRAWINGS
	Page 54 - DRAWINGS
	Page 55 - DRAWINGS
	Page 56 - DRAWINGS
	Page 57 - DRAWINGS
	Page 58 - DRAWINGS
	Page 59 - DRAWINGS
	Page 60 - DRAWINGS
	Page 61 - DRAWINGS
	Page 62 - DRAWINGS
	Page 63 - DRAWINGS
	Page 64 - DRAWINGS
	Page 65 - DRAWINGS
	Page 66 - DRAWINGS
	Page 67 - DRAWINGS
	Page 68 - DRAWINGS
	Page 69 - DRAWINGS
	Page 70 - DRAWINGS
	Page 71 - DRAWINGS
	Page 72 - DRAWINGS
	Page 73 - DRAWINGS
	Page 74 - DRAWINGS
	Page 75 - DRAWINGS
	Page 76 - DRAWINGS
	Page 77 - DRAWINGS
	Page 78 - DRAWINGS
	Page 79 - DRAWINGS
	Page 80 - DRAWINGS
	Page 81 - DRAWINGS
	Page 82 - DRAWINGS
	Page 83 - DRAWINGS
	Page 84 - DRAWINGS
	Page 85 - DRAWINGS

