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Abstract

This research investigated the development and synthesis of modified and novel
refractory materials and compositions of &klgO3 1 ZrO, i SiO, (AZS) systems

that offer promising sustainable qualitidsoth from the manufacturing and
service end of their application in the glass industiieghe glass industry the

key challenges of production costs and glass quality arelgeféected by the
performance of refractories. Therefore there is a demand for refractbates
enhance furnace life and increase productivity whilst achieving fewer glass

defectsand downtime.

Three dense AZSefractory composites, AZ81, AZS-T1 and AZS-T2, that
contain very low apparent porositiesf 13%; 7% and 6% respectivelyere
developed and synthesized by slip cast methods through reaction sintering of

alumina and zircon ramaterials whichmetthese criteria

The AZSO01 refractoryis a high arconia refractory composition, designed with a
tailored matrix microstructure consisting of interlocked zircograins in a
mullite-zircon matrix. The material was developed utilising the evaluation of
compositional phase fields ofernary and binary plke diagrams and
thermodynamic consideration of the phases.hyborid of empirical particle
packing models and a computational modelling approachutiiesed scanned
and digitised particle shapes as voxels in ad8iital packing environment were

also utilsedto optimisethe packing fractions of the refractory formulations.

AZS-T1 and AZST2 are Sn@doped variants of the AZ81 and AZS
refractories, respectively, studied in this the$ise AZS-01, AZST1 and AZS

T2 refractories developed in this resdaroffered improved physical, thermo
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mechanical and chemical properties when compared to the standard refractories

PSR315 and PSR333;widely used in the forehearth glass industry.

PSR315 and PSR333, usedn this researclas reference refractory cawsitions,

are well known international standard refractories widely used as forehearth and
feeder glass furnace applicatiofifierefore they are a benchmark to which other
compositions that are used in similar forehearth and feeder application are
compaed to. With that being sothe dereloped compositions in this research,
AZS-01, AZST1l and AZST2, presented enhanced thermrmoschanical

properties than the benchmark refractories.

They werealso shown to perform betteaind offer improvectorrosion resisirt
properties han the standard PSR5 and PSR33in both borosilicate and soda
lime silicateglassmelts The improved thermonechanical and corrosion resistant
properties of thedZS-01, AZST1 and AZST2 provides them with long service

life propertieghan the standard benchmark refractories, BSRand PSF33.

Therefore, this research has successfully addressed the research objectives of
developing and synthesising sustainable refractories for the glass ineRestyts
from the research have alshown successfully the effect Sn&s a sintering aid

in reaction sintering of Aluminaircon starting mixtures above 1550 °C.

Of the compositios, AZST1 and AZST2 were developed busing SnQ@ as a
sintering agenwhich brought novelty to the researchhree types of mullite
crystals, MI; MIl and MIll, based on their morphology and aspect ratios; were
evolved across the matrix microstructuiihe microstructures of the reaction
sintered refractory samples warlearacterized by Scanning Electron Micrgsgo

(SEM) and Energy Dispersive-bay Spectroscopy (EDXNolatisation of Sn@
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was mitigated by the formation of a;£6n0; solid solution and a preutectic

transient A}JO3-SnQ-ZrO, and Sn@-SiO2 amorphous phase.

Liquid phase sintering from the presenaf a SnQ-SiO, amorphous phase from
the dissociated zircon grains and transigmb-eutectic Al,O3-SnG-ZrO;

amorphous phase is believed to have enhanced densification.

SEM microstructural analysis revealed coalescence and grain growth of the
matrix alumina grains and the presence of an acicular tertiary MIIl mullite which
acts as a reinforcement and bridging network of matrix to aggregate grains. An
increase irthe thermemechanical propertiesf the refractories was attributed to

the secondary MIl antertiary, interlocked, acicular MIll mullite crystal$his
addressed the research gap where the use of SnO2 was reported to have had
negligible effect on the mullitisation of the alumim@con composites and the

thermoemechanical properties of the sirgdrbodies.

The chemical compatibility of the tin oxide doped compositions, -AZSand
AZS-T2, in this research against Soda lime Silica and borosilicate glasses,
demonstrated the potential of the refractories replacing Chrome based refractories

which are ot sustainable environmentally.

This research will contribute immensely towards industry and knowledge through
increased furnace service life, a sustainable production of commercial and special

glasses.

Chapter 1 looks at the background to the resedhehscope andhe research

guestion to the Thesis.



Chapter 2 is an extensive literature survey related to the topic and research area of
interest. It draws on gaps in research that this research area will cover and

contribute towards.

Chapter 3 and 4 arie the experimental design and methodology sections which
describe the methodologies implemented in developing, synthesising and

characterising the novel composition.

Chapter 5 to 7 show and discuss the resuitsioed from the work conducted

Chapter &nd 9 presents the thesis conclusions and highlights future work of the

research.
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CHAPTE 1 General Background

1 General Background

1.1 Refractories

The term refractories or refractory materials is generally referred to a subgroup of
ceramics, specifically, the ndrechrical ceramics, and are chiefly made up of
inorganic and nometallic compounds with high melting an@iammann
temperatures [1]. The Tammann temperature represents the temperature at which
the atoms or molecules of the solid has acquired sufficient energfjoto for

their bulk mobility and reactivity, in processes such as sintering, to become
appreciable [1]. The Tammann temperature is about ¥ of the absolute melting
temperature of a crystalline compound. Above this temperature range, difusion
controlled pocesses become more dominant in a material for mechanisms such as
vacancy diffusion and plastic flow, including some corrosion processes that are
rate limited by diffusion in the host material [1]. As such, refractory materials find
common applications imigh temperature processes as furnace or process unit

liners [2].

According to the ASTMC71 definition, refractory materials are resistant to high
thermal (> 1000°C); chemical and mechanical loads at the point of application in
the exposure to various iastrial thermochemical processes that they are applied

in [2].

Therefore, refractory linings serve a twofold purpose. One, of insulation and
protection of both the process unit vessels and steel support structures, and the
other, of maintenance of the endnd or exothermic thermochemical processes

(be it glass production or iron & steel making) through the control of heat loss
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from the process [1,3,4]. Control of the heat loss helps to maintain an economic
and feasible process. As such, refractories playgnificant role as technology
enablers in their application as furnace and process unit liners in the metallurgical,

chemical and petroleum, energy and glass Industries [1,3,4].

Examples:
Acid SiOz; ZrO;, SNG
Chemical Nature Neutral Al,Os; C graphite; Chromites
Basic MgO; CaQ based refractories
Physical form at Shaped Refractay bricks
point of
appllcatlon Unshaped Monolithics
Castables; gunning mixes;
Plastic refractoriesspray
massesmortars coatingsetc.
| Unformed Monolithics
Fused AZS, AZM, BACOR,
Method of _
Manufacture
Sintered AZS, AZM, Zircon
— | Dry Pressed AZS, Magnesite; Chrome;
Alumina

Figurel-1: Classificaibn of refractories.



CHAPTE 1 General Background

Refractories are classified according to their chemical composition; method of
manufacture; and or shape at the point of application [1, 2]. This classification is
highlighted in figure 1.1. Refractories classified as acidic inckid®, ZrO, and

Cr,03 based refractories and are readily attacked by alkalis and basic slags [1, 3].
Refractories are chosen according to the conditions they face during their
application in service. Therefore, acid refractories find most application as are
where the slag and local atmosphere conditions are acidic such as in the flat and
container glass furnaces-¢}. Other areas where acid refractories find application
are Coke ovens and acid steel furnaces [4]. This wide variety in the area of
applicaton of refractories is also used as a basis of classification; where the
nomenclature for refractories under this classification can be; e.g., (i) coke ovens

refractories; (ii) steel refractories; (iii) glass furnace refractories.

For glass production suds in the container glass furnaces where the furnace is
characterised by two sections, the melting chamber and the working end
conditioning/forehearth and forming section, there exist a diversity in the
operating conditions of the melting chamber and feaeth sectionskigure 12
shows a picture of an Efgbrt Container glass Furnace and its schematic diagram
showing the different sdons of the furnace. The diagramghlights the process
conditions that prevail from the melting chamber to the workirdy €his means

that different parts of the furnace demand different refractory grades for different
areas of applicationOn an industrial scale for the container glass production,
refractories from the ADs; T ZrO, 1 SiO, (AZS) system, either fused castdaor
reaction/direct sintered, are employed in the glass furnaegls Faised cast AZS
refractories, BACOR, with zirconia contents of B141wt%, are superior and

widely used for glass contact applicationghe glass furnace tank Melter zones



CHAPTE 1 General Background

(temperatee range of 1400C - 1550°C) because of their low porosity (< 2 %) as

compared to the sintered refractories.

The sintered AZS refractories, which, by nature of their synthesis, are
characterised by a microstructure with a higher level of pordsityl5%)
compared to the fused c4st3%), find application in th&€hannel forehearth and
Feeder section of the container glass furedtemperature range 14007 1100

°C) because of their inherent excellent thermal shock properties,

Also, each productionh®p has requirements of refractories which need special
shapes as well as technical specifications necessary for meeting the process
requirements for the shop. Hence, the refractories are often named after these
shop names and for the container glass ftenaefractories may be classified as
Melter refractories; conditioning channel blocks; forehearth and feeder

expendable refractories.

Due to their nature at the point application, refractories may also be classified as
either shaped (bricks) amshapedrfionolithici e.g., gunning mixes, castables).
Refractories may be made into bricks as furnace channels and walls or into
complex shapesor the glass industrguch as the feeder expendable products

(e.g., feeder tubes, spouts, stirrers and orifice rirgsghown in figure-2 (b); or

they may be used as loosely charged grains such as the monolithic [1,3]. Feeder
expendablesd is the name given to refr
process. They are oOexpendabl ed&ingbhecause

life of the furnace depending upon the requirements of the forming operation.
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Melting Zone:

1560 — 1450 °C
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Figurel-2: Picture of an industrial container glass furnace showing the-sptand sections of the respective sewis of the section. The schematic diagram of the glass furnace highlights the
temperature process conditions in each section of the furnace [1, 14].
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— Plungers Stirrers
Plungers: | l [ J
(Sintered AZS) Rotor 1 ]-
— [e.g., PSR-315/333] » Segment .
— : N — Tube - f —
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Figure1-3: Working Feeder glass end: (a) Figure 1S8aows the setup of the feeder expendable products at the working end of the glass furnace where forming of the glass is conducted to
make container glass bottles. (b) Figure3b is the schematic of the working which details the agi of the spout, tubeplungers and orifice rings as part of the feeder glass system utilised in
glass forming for the production of container glass bottles [14].
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Examples of feeder expendable products used in the glass industry are shown in

figure 1-2 below.

Top view

PSR-3135 stirrers

in a coloured

forehearth

container glass

furnace Side view
Side view showing
the PSR-315 twin
stirrers in the
forehearth channels

= (PSR-333)

Figure 14: Topand side view of Twin stirrers in a coloured glass forehearth glass furnace. Stirrers are
examples offorehearth and feeder expendable refractory products that find use in the giassistry [14]

It is known that corrosion and erosion of refractoriesatly affects the service life

of glass melting and production which often leads to increased costs from low
quality end products and shutdowns3Jl Literature analysis indicate that high
service temperatures, glass composition (Alkali and alkalinén eamtent) and
quality of the refractory material, all determine the extent of corrosion and service
life of refractory liningg[5,6]. The service temperatures are limited by the quality of
the refractories employed, i.e., any possible low eutectic formphreges and the

increased solubility of individual refractory oxides within the glass melt at high
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temperatures. This in turn limits the end product durability and choice of possible

glass composition3].

The quality of glass contact refractories is dweieed to a large extenby the
physical properties (apparent porosity and bulk density) and chemical properties
(solubility in glass melt, formation of amorphous phase assemblages and low
melting euéctic phasesof the refractory The texture of the redctory, from
porosity effects, is dependent largely on the processing of the refractory material,
and thus effects the wettability and hence mass transfer reactions between the
refractories and the glass melt. Most studies reported that slag corros®rofrate
refractory increase linearly with percentages of apparent porosity in the rafige 12
16 %; and even greater at higher apparent porosities (> P0®]) Studies by
Manfredo and McNally 3, (2002), showed that the order of solubility in silicate glass

melts as AdO3>ZrO,>SnG>Cr,03[9].

The fused cast refractories are however characterised by an inhomogeneous
microstructure of interconnected corund@addeleyite ( 4Al1,0:-ZrO,) particles

and interstitial glassy phase-§$410,11].

However, fusion cast nigods do not represent an economical means of producing
refractoriesdue to the high melting temperatures of the oxide constityéhts
BaddeleyiteCorundum(ZrO,- U-Al,O3) based refractories; also known as Bacor;
with unstabilised ZrQ contents > 41wt%re difficult to produce and result micro
cracks loosening of the structure and increased porosity [Z/1iE is attributed to

the allotropic transformation of Zgdrom monoclinic (5.2g cm®) to cubic (5.31g
cmi®) [10]. Hence, production of high zionia refractories is done with the usetu t

stabilised form of zirconiagither fully or partially stabilised by CaO,®; and MgO
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additions or through the or reaction sintering of zircon. This is discussed further in

the literature review section.

1.2 Glassand GlassProduction

The word glass is taken from the Latin teglaesum which means a lustrous and
transparent materialany of the applications of glasses utilise these properties such
as windows, automobile wind screems flat glass productand be&erages and
pharmaceuticalsn container glass productdl?2]. Glasses may be organic or
inorganic, and those of commercial interest are mainly inorganoiduced through

the melting of oxide constituents with silica (QuartzSiO,) as the principal
inorganc oxide [12,13] For this research, interest and focus will be on inorganic
silica-based container glasses, specifically the soda lime silica and borosilicate
glassesas they represent the main market for container glass production for the
refractory manfactures such as Parkinson Spencer Refractories-[R§RHalifax

who are part of the major sponsor of this Industrial CASE research project.

Table 2.3 shows the typical glass composition limits of some of &tehés of

commercial interedtL3].

Tablel-1: Typical glass compositions (W¥9 of commercial interest. Acquired from [1; 7; 113]

Glasstype |SiO, Na,O K,O CaO MgO PbO Al,O; B203 Other
Container 7275 1315 0-05 1012 0.1 - 1.6 - 0.3
Flat 70-72 12-14 008 8.1 3.8 - 14 - 0.4
Borosilicate [80.1 4.5 0.3 0.1 - - 2.6 4-15 0.2
Lead crystal 54.0 0.2 12.2 - - 31.2 0.1 0.5 0.4
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Glass production is done in either discontinuously in pot/crucibiebas for mainly
optical glasses; small blown and pressed tableware-imale glass; or continuously

i n A Tuanaded fdf the container glass flat glass, fibre wool and other
speciality glass rad glassceramics production [12,]1.3 Container Glass Tank
furnaces are characterisedtiao sections, the melting chamber andwweking end
conditionindforehearthchambes [14]. These sections aseparated by a submerged
throat inthe bridge wall. Figure 12 shows a schematic of a container glass tank

furnace highlighting the various zones of the furnace.

Gl ass production in the fATank furnaces?o
and fAiBatch Meltingo in the melting chamb
Conditioning) in the distributor and foreh#es at the working end section before

leaving as a gob at the forming machinBse refining phase of the glass is done in

the distributor andforehearth channel zones of the furnace, commencing after
melting © control theviscosity, surface tension, daty differences of glass melt and
bubblesas well as the chemical stability of the glass by addition of fining agents and

homogenization of the mglt2-14].

Glass production has evolved over the last half century mainly as a result of
improvements in thenabling technalgy of refractory materials [1,12The very
potent flux nature of alkali oxides has been exploited in glass production to reduce
the viscosity and melting temperatures of silicate glasses. The fluxing action
however is detrimental to threfractory materials in service at high temperatres
1000 °C)where chemical interactions with refractory constituent parts and phases
may result in low melting liquids and hence increasadoson of the refractories

[5,6,13. Over this period, the @dustry has seen ingasing operating temperature and
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an increased throughput of molten glass due to higher meltingasatesult of the

advent of oxyfuel fired furraces from air fired ones [11 12

The temperature range in the glass melting chambgrsvaith composition and, for
silicate glasses, is between 1400°@550°C [14]. The superior corrosion resistant
fused cast AZS refractories are employed as furnace melting tank linings. As shown
earlier, in figure 12, refractories for the distributor,orfehearth and feeder
applications form the final link between the melting and the forming processes of
glass production. The temperatures from the distributor to the forming station ranges
from 1400°Ci 1100°C depending on the glass compositior]4R Ths means that

the viscosity of the glass from the melting tank to the forming machines spans a
range of 10 Pa to 13 Pas [12,13]. While the process conditions of the Distributor,
Forehearth and Forming sections are significantly lower than that of #ierM
zones, the properties of the refractories applied in these sections have immense
influence on the success or failure of the entire forming operation [118]1Z hey

must be able to resist the corrosion from molten glass at the same time as lgeing ab

to withstand the thermal shock of immersion in molten glass [1,215]12

During the service life of refractories in glass production, chemical loads play a
significant part in the lifetime and efficiency of glass melting furnaces due to
corrosion of the refractories [5,6]. Mechanical loads also attribute to failure
mechanism of refractories, while the thermal loads and subsequent increased fluidity
of the glass melts affects the corrosion rates of the refractdliesconcentrations of

the alkali hydoxides, in oxyfuel fired furnaces, produced as a product of the
reaction between combustion generated water vapour with alkali and akaithe
oxides in the glass melt is of a factor four times higher than 4firadt furnaces [5]

and leads to incread corrosion rates on the refractory [5,14].

-5-
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The limitations on the current refractory materials exerted by these chemical
mechanical and thermal loads affects the service life of the glass furnace and glass
product quality. Continuous glass furnaces hawexpected service life of about 10
years which is normally limited by the corrosion of the refractories [14]. The
corrosion of glass melting furnace refractories is an expected albeit expensive
occurrence for glass manufacturers with the cost of al@Mt($10M) being spread

over the shutown period and tearing of worn refractories, reconstruction and

subsequent loss in production downtimes involved [1].

The main material pperty requirements demandedare excellent thermal shock
resistance, glassorrosion resistance with little and uniform erosion especially at the
glass fluxline, and the elimination of the potential to stoning, seeding and colouring
of the glass [14,15,16Tolouring of glass is done by addition of small quantities, <
0.5 wt.%,of metal oxides which absorb and transmit certain wavelengths of light in
the visible spectrum. Table 2.4 list some of the oxides that are used as colorants in
SLS and BS@lassesand this demonstrates the limitations op@| SiO, SnG, and

ZrO, being ony metal oxidesappliedasraw materials foglass contact refractories

Tablel-2: List of oxide used as colorants in glasses. Taken from [115]3

Oxide colourants @pplication and coloyr

Cobalt oxide C0,03.Co0 (Strong blue) Potassium dichromate(K,Cr,0O5)

Iron Oxides: FeO, FgOs;, FeO, (flint, Selenium (Decolorizing agent for
green bottles) coloured glass)

Chromite: FeO.CpOs (Green bottles) Nickel oxide @rey-brown/green/ blue
depending on glass matrix.)

Pyrite- Iron sulphide: (Colorant in Vanadium (green or brown)

amber glass)
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1.3 Parkinson Spencer RefractoriefPSR)Ltd.

Parkinson Spencer Refractories (PSR) Ltd is one of the oldest and still leading
manufacturers and suppliers of foreheaatid distributor refractory products and
glass conditioning systems both to the UK and worldwide glass industries. The
business was established in 1800 as a partnership between the Parkinson family and
the Spencer family [14]. In 1970, the company was dadrthe Emhart Glass
licence for the manufacture of feeder expendable refractories to Emhart design spec.
The current gob forming process is dominated by the patented technology of Bucher
Emhart Glass [14]Licenced Refractory products such as PER andPSR333

have become the global benchmark of forehearth and Feeder expendable products in
container glass production [144s a licensee of Emhart Glass they are one of the
worl dos |l eading suppliers o f-Ltd,fareeatbe r e xp

specalists in refractories and glass conditioning equiprbit

The main demand placed on renowned refractory manufacturers such as RSR. Ltd
Halifax, by the glass industry are that the refractory materials for forehearth and
feeder applications meet the heical needs of the furnaces at lower costs and longer
service life while providing quality glass output that is free from defects such as
blisters, stone and cords [12,14,1Bhe current service life of PSRL5 expendable
glass Feeder products such tybphingers and Orifice rings in flint sodiane
silicate glasss about 26 months; while for the Forehearth channel blocks as in PSR

333, it is circa 10 yearstepending on the service conditions [14].

This has necessitated the need to explore for ndwactery compositions or
materials that may meet the demandoofyerservice life expendable products
from glass producers by PSRd. This requires the use of a dense refractory with a

low apparent porosity macrostructure that has oxide constituentsowitbolubility

-7-
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within the glass melts. The high porosity of stigst sintered refractories provides
them with good thermal shock properties but offers zones of the refractory surface
with an increased surface area to volume ratio (SA/V) to the moltes gha an
increased dissolution rates and corrosion attacl®y.[Most studies have found and
reported that slag corrosion rates of refractory increase linearly with percentages of
apparent porosity in the range 1126 %; but higher at higher apparentqsties (>

20%) [7,8].

This research was enabled by the support and sponsorship of Parkinson Spencer
RefractoriePSRLtd)-Ha | i f a x . The companyo6s main ra
mullite and zircon for their standard AZS refractories, such as3SRalicenced
6Buchar Emhart Glassé refractory. A rese
part of this research is tdevelop bothnew and or improved zircon/zirconia
containing dense refractories that can offer improved corrosion and erosion resistant
properties and thus provide an increased service life to the glass industries. This will

be achieved by producing AlumiMullite-Zirconia refractories with a low apparent

porosity macrostructure, (which are comparable to fused cast refractories) as well a
having oxide constituents/phases with low solubility within the glass melts and at the

interface.

The bulk of the workwhich included (batch/refractory composition preparation,
particle size distribution analysis, slip casting, sintering and matprigberty
testing) wasconducted under industrial commerciaibgesses at PSRd Halifax;
while much of the characterisation wo(8EM, XRD, XRF analysisas well as the

Particle packing modellingzas doneat the University of Leeds.
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2 Literature Review

2.1 Glass

A glass isdefined by the ASTM and DIN [J2as a solid whose structure lacks long

Literature Review

range atomic order and upon heating past its glass transition tempé@ipsaféens to

becomes a viscoelastic melt and into a liquid above its melting pginThe glas

transiton i s characteri sed

by a

continuity

physical properties such as specific heat, thermal expansion, froner@soipd liquid

state. Figure A shows a schematiicst-order thermodynamic propertipot for glass

forming substancess a function of temperature
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Crystallization

. = | =
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Figure2-1: Firstorder thermodynamic properties of enthalpy, entropy, and volume as a function of temperature

highlighting four distinct states liquid (L), supercooled liquid (SCL), glass (G), and crystal (C). Tm = melting point

or liquidus temperature, J= glass transition temperature.

of
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The glass forming viscoelastic melt is considered a scpaed liquid when quenched
below Ty to Ty, and fran the classical nucleation and growth theory, the nucleation and
growth of a crystal nuclei within the supewoled melt isthermodynamically
favourable [12 However, surface free energies and increasing melt viscosities (with
decreasing temperature towartheTgy) provide thermodynamic and kinetic barriers
respectively, beyond which it forne glass (grey area in figureld. As such, most
traditional glasses are formed by rapid quenching from the melt at some temperature
above their crystallisation temyagure and avoiding crystallisation, down past Théo

a solid glass; i.e., wheh>Tto T < Ty [12,13.

Rapid quenching will lead to a high& and less dense glass than slow quenching [17].
Therefore, glasses (G) exist below the glass transigonpérature, { They are
thermodynamically unstable and spontaneously relax toward the supercooled liquid
stateat any nonzero temperature (grarrow in Fig2-1). The glass transition takes

place at Tg, the temperature where the experimental or obsartiai®, tys iS Similar

to the average str uct urmranthe leeatiagxpath, a glass t i n
changes to a SCL at Tg. At any positive temperature, above or belowoiTg, f
sufficiently long times (tobst UR) , any SCL or glass rela

crystallizes (arrows in Fig-1).

2.1.1 Commercial glasses (Soda Lime Silicate glasses)

Silica sand is the main glass forming constituent of all commercial glasses but melting it
on its own requires high temperatufe4710°C) for fusion due to it€lose linkedSi-O-

Si networkstructure which results ihigh Tq and viscosity at the fusion temperature

d (myof 10’ P. Alkali (Na,O) and alkali earth (CaO; MgO) glass modifiers are added to

10
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the silica glass forming network in the form of soda ash@dg); lime (CaCQ) and
dolomite (MgCQ). The NaO aids in increasinghe relative fractions of nehridging
oxygen atoms within the silicate glass netw¢iR,13] Addition of the alkali ions
reduces the crodsk density and the oxygen density netwatkucture as shown in
figure 22 and this results in a decreasing Trgd anelt viscosity and hence melting

temperatures of the silicate glass

e si't O o @ na*

Figure2-2: Schematic 2D representation of thtructure of crystalline silica and as an amorphous glass.
(a) Crystalline Silica3iQ) showing crosslinked $)-Si network in the structure which results in high
bond energies; Jand melting temperatures (b) Random network of alkali silicates. [13].

The alkali earth (B ions) from CaO and MgO are located between two-lrigige
oxygen ions, promoting structural ordering of the network, stability to the glass and
reduces its solubility in water []3Addition of " ions also has the effect of increasing
the glass transition temperature (Tg); while the dilatometric softening poird () i

decreased on addition of CaO, SrO, and Had)

11
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The soddime silicate glasses are the most common commercial glasses and their
compositions in container and flat glass applications is somewhat similar, as shown in
table 5.2, with the exception of arcreased MgO concentrations for the flat glass [15
18]. The presence of alkali cations’(&1d R* ions) within the silicate glass network
increases the thermal expansion coefficient of the glass due to the decreased cross

linked density and resulting opeetwork.

Common features of all oxide glasses are their ease of mobility of cations within the
open glass structure but since th& Rre bound tightly within the framework, their
mobility is less than that of the*Rons. The activation energy for diffies increases

with increasing silicoroxygen network density in the glass and increasing size of the
diffusing ion. According to Ray [12the diffusion coefficient in soda lime silicate
glasses of calcium ions is 100 times smaller than that of sodiunmnidine same glass

at the same temperatures. This means that sodium ions have more effect on the
corrosion of refractories in soda lime silicate glagbes alkaline earth ions [12,]17

This is agreement with our observation on the studies of staticszmrof refractories

in this research which are highlighted in chapter 7 of the thesis.

2.1.2 Borosilicate glasses.

Pyrextype Borosilicate glasses contain up to ~15 foIB,0O3 those with BO; > 12

mol % have very low thermal expansion coefficiéh0i 4.8 x10° m/(m K) [18,19]

As highlighted earlier, few systematic studies have been recorded on the solubility of
zirconia in glasses or mixtures close to the composition of glasdesnamels. King

and Andrews, 20] conducted and reported experimental stsicha the solubility of

zirconia in borosilicate glasses with various amounts of alkal(Nand the effects

12
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other various oxides (ADs;; ZnO; MgO; BaO; CaO; BDs) had on the solubility of
zirconia in these glasse3heir findings established that the ammat of zirconia
dissolved in glasses containing & Al,O3, B,O3, and SiQ; or NgO, ZnO, BO;, and
SiO, depends mainly on the sodium oxide content up to about 30wt. %. Beyond this
soda content, complete devitrification of the glasses occurs with rediicEthia
solubility [18]. Fig 2-3 shows the solubility data of zirconia in soda borosilicate glasses

without any other oxide additions.

Si0,

Highly viscous
at 1200°C

| 8
19\ AN
i1 X
(YO |
\ 20 \
\ \

25 25 20 15 10 5 \

RN

Naz0 B,03

Figure2-3: Ternary phase diagram of the N&-B,0s-SiQ glass compogion system. Glass compositions by wt%,
Na,O + BO;+ Si@= 100% and the system highlights the parts of Z{@t %) soluble > 900°C in the glasses.
Adapted from [23] and digitised using the AceN8ST PED editor
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While about 2 wt% Zr@is always soluble in frit [1§ King and Andrews reported
that ALOsz; ZnO and MgO decreased the solubility of zirconia in the glass. A

summary of their findings is as follows;

A Alkali and alkaline earths

U Solubility of ZrO, up to 16 wt% when AD; contentwas <6 wt.%.

A Al,Os, ZnOandMgO

U All decreased the solubility of ZrQvith Al,O3; having the most effect.
Absence ofAl;,03 andZnGO;, increased solubility oZrO, to ~ 17 wt%.
About > 20 wi% was required to keep solubility afO, to ~ 2 wt% in
the absence &ZnO and MgO.
A By0xs:

0 Flux; and with a constant ratio of Si®,0s; the solubility of ZrQ
increases, as a generally rule from the solubility curves; proportionally to
the NaO content up to about 30% of ja

U Variations in the ratio of boric oxide tolisa cause relatively small

changes in solubility, except for glasses higllisOs (> 20 wt. %)

2.2 Refractories Materials used in glass tank furnaces

The sintered refractories are produced from a green packed powder compact of a broad
particle size distribtion of premixed dry particulate formulation systems. These consist

of aggregates (> 100 um); matrix components (< 100um) and binders. Table 2.1 list
some of the aggregate and matrix material used that make up the mix formulation in

refractory castable sfems and their fumtions [45].

14
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Various techniques or processes, such as compaction and slip casting are utilised in pre
consolidating the mix formulation into a green ceramic before sintering or firing. The

resultant structure consists of the aggregatteral bound by the fine matrix.

Table2-1: Aggregate and matrix material commonly used in aluminosilicate refractories. Taken from [5]

Chemical composition

Aggregates Maximum Service Temperature
Al,O3 SiO;
Tabular Alumina 99 0 1870
Mullite 55¢ 78 > 22 1760
Andalusite 381 40 1760
Matrix Function
_ _ Chemistry /mineralogy adjustments/ bond
Calcined UAI20; modification/ development
_ _ Slip/cast Flow/ rheology control/ bond modiition/
Reactive U-AI,O4 development
Quartz Sio, Shrinkage control
_ Flow, rheology control/ bond modification/
Fume SIG, development/ mullite formation
Zircon ZrSioy Reduce metal/slag/alkali attack
. _ Optimize packing and therrmeedanical
Nanoadditives Various properties/ bond modification/ development
] Various _
Clay (Ball, fire) Filler / flow/ rheology control
Zircon ZrSioy Reduce metal/slag/alkali attack
2.2.1 Alumina

Alumina is one of the most important ceramic materials widely used due to its

properties which include high melting temperature, 2054 °C; chemical
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stability/inertness; electrical resistivity both as a pure material, a ceramic/refractory
component and glass compone. [Alumina exist in eight polymorphs seven
metastabld o, o,, U pachdd a t h e r-A gk With thesconamoh aand U
most I mportant crystalline phases being |
The U phase of alumina is known as coru
mi ner al whi ¢ h -At,© nosessfrom{1&f It igralativeely Hihly ionic
compound, with+2.63e and -1.75ecalculated valences for &land & respectively

and tre ionic nature of the chemical bonds between the i@aosounts forits
thermodynamically stable at all temperatures up to its fusionesnpe of 2054 °C.
Corundum has ehombohedral structure, space groufdwith ABAB hexagonal close

packed (hcp) stacking of oxygen planes along thdirection with AF* ions, or

aluminium atoms occupying two thirds of the octahedral interstices.

Thed a n dphass of aluminaare metastable Wi t h i ncrease 1in te
transforms intaid  a t-8507 0AOC, twrhd n =f odr mal,0i phaseat dbbue U
1050 °C[1-5]. The transformations intt+ Al,Oz is irreversibles i Alumina is cubic

with space group F@m and the A" ions occupy both octahedral and tetrahedral
positions as shown in figure2(b).De n s i tAlO; (3600 ldy/m) is less than tit of

U Al,Os (3800 kg/nT).
Due t o t he -A,0xrits prapertiesaredlifferettdm the other phases, and

hence, provide alumina phases a wide range for applicationsatdhmec structure of

t h él,@ta n dAlJD; are shown in figure-2 below
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Figure2-4: Schematic crystal structure of the Alumina polymorphs‘(@ f dzY A y | T-alkmih& (a)ood the* b
alumina monoclinic unit cellexamples of tetra and octahedral Al positions highlighted. The largélue spheres
represent Qatoms and the small gren, AF*

Bot h -A,@andttlhe o phases ar -esisiantdoatings due so¢hdir a s
hardness and thermal stability, while, e.
surface area and low surface energies find applications dgstatar catalyst supports
[1,5].

Slip casting is commonly used to fabricate alumina and alubasad refractories [47]

and can be cast in both acidic and basic slips but mould deterioration is normally
accompanied with use of acidic slips. Darvam ®dium polymethacrylate dispersant,
which is a polyelectrolyte of the Naalt of poly(methacrylic acidhverage molecular
weight of 15 00@vith T COOH- functional groups of the carboxylic acid groups that can
dissociatao COG.with an.Together with otheanionic polyelectrolytes amommonly

used in basic slips of alumimsed refractorigd 9].
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2.2.2 Zirconia

ZrO, is a refractory compound thakhibits threeemperature dependealtotropes and
melts at 2670 °C but has limited use in high temperature capiplns is due to its
polymorphic monoclinici tetragonali cubic phase transformatign5,6,2]. When

cooled from a high temperature there as4.5% volumdric expansion from the
tetragonalphase to the monoclinic that would decrease the thestaaility of the

refractory [5,921]; T

1160-1190°C

5 2300°C
U-ZrO, (monoclinic) B-ZrOx(tetragonal)— Y-ZrOx(cubic)

The high temperature usef ZrO, has been accomplished by thebsdtsation of the
cubic phase through treeldition of oxides likeMgO, CaO and rarearth oxides suchs

Y03 and NdOsz; which form fluorite type cubic solid solutions with Zr@5,9]
However, for thermal shock properties, the tetragoiial monoclinic phase
transformation is accompanied by a volume expansion which arrest crack propagation
and as such a fiyl stabilised zirconia compound is not truly desirable in refractories
[5,9,21]

Yemberger [2Rreported that cubic solid solutions of the (G&@,)-(ZrO,-Y ,03) and

the (ZrQ-Y ,03)(MgO-SiO,) systems are predominangyablethermodynamicallyand

as sucttan be expected to be highly compatible to oxide silicate melts. From his study,
the degree of stability of the loic solid solution decreased with MgO and CaO
substitution for ¥Os Table 2.1summarises the degree of stability of cubic solid
solution in xide systems. for theinteraction in SiQ melts, no decomposition of the
cubic solid solution was observed except redistribution gD;¥Mn ZrO, and lesser

amountsn SiO..
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Table2-2: Degree of stabilizaon of in oxide systems at 1873&dapted from [22,2528]

Component Content, mol % Degree of stability
Y,03 CaO MgO Sio, for 11ZrO, mol.%
7.4 - - 7.4 100
- 10.7 - 10.7 0
- - 10.7 10.7 100
5.7 1.9 - 6.8 60
3.7 3.7 - 5.7 55
1.9 5.7 - 6.6 100
19 - 5.7 6.6 40

*Restis ZrO,

For this studyCastabilised zirconia will not be used as previous studies on corrosion
tests of Cestabilised zirconia found SiOinfiltration as the chief reason for the
destabilization of zirconia, forming low mely point liquids, from which
pseudowollastonitic crystals precipitate (during slow cooling to room temperature) next
to CaO depleted Zr{grains [22. This is also in agreement with static corrosion results
of 10 wt% Castabilised zirconia refractories®hing pitting in soddime silicate glass

above 1300 °@n our preliminary studies

The use of zirconia in the glass industry has been comparatively small as compared to
that in vitreous or porcelain enamels, and has been considered as an opacifidsieinsol

within the melt [21.23]. However, at the temperatures and melting periods employed in
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the glass industries, about 20% Zr€an easily be dissolved with the resultant glass
having an improved chemical resistivity, viscosity and melting temperatures.

Turner et al, [22] demonstrated improved chemical resistivity of soda lime glasses
towards water, acid (HCI), NaOH, and alkali ions, when alkali was replaced with the
incorporation of ZrQ@ in the glass, which could not be obtained by additions of any
otheroxides such as AD3, TiO,, MgO, ZnO etc. Applications of such glasses include
gauge tubes for boilers. It was also noted that in enamels, when the zirconia
compounds are dissolved in the vitreous component of the enamel or glaze, there was
an increasedhemical resistivity towards alkalis, water and acids in the sameas

noted by Turner et al, [22n glasses.

2.2.3 Zircon

Elemental zirconiumdoes not exisin natureas a free element, mainly due to its
reactivity with water, butn mineral form It is mined mainly as zircon (ZrSi¢) and
baddeleyite (Zr@m) but less so as zirconium bearing minerals of chemical compounds
of sodium, alcium and thorium [Z4 ZrSiO, is athermodynamically stable compound
51400k = -1489.1 kJ/molnd has found wide spread use as a refractory material [39].
This stability isdue to the high coordination number ofdiphenoid Zr@ in a
tetragonal structure with the SjQetrahedra Aggressive reaction conditions are

therefae required to breakdowré strong bonds between Zrénd SiQ.

Zircon is not readily attacked by aqueous alkalis and only hydrofluoric acid from the
mineral acids caneadily attack zircon. Figure-2 shows the binary phase diagram of
ZrO, and SiQ andshows the thermodynamic stability of zircon at high temperatures

making it a suitable refractory material.
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Figure2-5: Phase equilibrium diagram of th&rO2SiO

2 system. Taken from [48

From the phase diagm, it shows that zircon does not melt but dissociates into zirconia

and silica as expressed by the equation.

ZrSio4 (s) = ZrO2 (s) + Sif)s

(1)

Studies have shown that the dissociatioZi&iO; is influenced by the particle size of

zircon powder [12] and its purity [8,12] with decom

position temperature as low as 1285

°C reported in impure systems especially containing more concentrations of trace oxide

elements such as Ti, Al, Na, .Fklg, and free

21
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temperatures of 900 °C were reported by Daher et al. [49] using 40% more than

stoichiometry of fused NaOH; N@aO; and or KOH.

The excellent thermaechanical and chemical properties of zirb@sed ceramics has
seen their wide spread use such as refractory materials, grinding media as well as kiln
linings for high temperature application because of the low wetting nature ef @rO
siliceous and metallic melts [25, 26]. The term wetting or wettability of a sglid b
liquid refers to the ability of the liquid phase forming a sdighid interface when
coming into contact with the solid substrate [26, 27]. It is traditionally defined in terms

of the contact angle formed at the gjgsiid-solid interface as shown figure 2-6.

L
IS »
& %
S 2
~ <

AR 7. T2

contact angle: 180°  contact angle > 90° contact angle< 90 contact angle: 0°

Non- Wetting Low Wetting high Wetting Perfect Wetting

Figure 2-6: Schematic diagram characterising the contact angle and how it correspond to the wettability of a
liquid on a solid substrate [25]

Active sessile drop technique tests have beeplarad to evaluate and quantify the
contact angles and hence the tendency of a liquid phase spreading over the surface of a
solid substrate5-28].The boundary between wetting and nwetting in liquidsolid
interfaces is defined to be 9@Ath contact agles aboveWork by [26] on the wetting

behaviour of feldspathic glass ¢8ls-SiO,-K,0) on the ZrQ substrates with time (up
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to 2hr) showed high contact angles; >;98 shown in figure-Z; that revealed the lack

of wetting tendencies between the zir@sibstrate and liquid glass melt [26

: ~—®—ZrO, substrate |
. "
r

\ ——
1304 | >
& %
Q 120- r——
Ly e
g) 1 u- —
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Figure2-7: Changes in the wetting angles of molten veneer on ZeDbstrate blocks within a period of 120 min.
Figure shows the low wetting nature of ZrO2 to séious glass. Taken from [P6

As highlighted earlier, zircon is cheap and readily available from beach sand and is
widely used as a sourcef zirconia in aluminosilicatdased refractories for the

production of mullitezirconia composites

For the standar@luminosilicate forehearth refractories, fabrication is normally done
with small proportions of zircon content which has been known to improve their
performance 15]. Askel et al,[1§ investigated the influence of zircon in the standard
slip cast forehe#h refractory composition by first partially and then completely

substituting the zircon with other oxide materials (alumina, silica and zirconia). From
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their study, 17wt% of submicron zircon powder to relatively coegrasmed
aluminosilicate refractorygave a fivefold increase in strength to room temperature,
improved bonding of the matrix and reduced porosity by ~10%. The transformation
toughening mechanism of zirconia from the decomposed zircon provided the increased

strength. No corrosion tests wexnducted on these refractorié$].

The use of zircon as a refractory requires low interstitial water content which can be
influenced by the amount of deflocculants or dispersants utilised. The effects of high
dispersant concentrations in the casting bEhat of zircon and zircomlumina
commercial refractory powders was investigated and found to cause deleterious cast

properties by Moreno et al, [R&nd they proposed the use of organic surfactants.

Gerrido L, [27 investigated effect of pH, dispersamintent and solid loading slip cast
parameters on alumir@rcon suspensions. Viscosity curves of 49%%0% solid
loadings in various polyacrylate based dispersant contents revealed a low viscosity
stable slip at pH 9 A 0.24 wt% of dispersanisedresulied in high green densities of

cast samples and consequently a much denser refractory. Incremspedsaiht
concentration was seen to exhidit increase in viscosity (unstable slgf)the slip as

well asthe number and sizef agglomerates and pores whicesulted inow density

fired refractorieg27].

2.2.4 Mullite

Mullite is the only stable intermediate solid solution phase gfOAland SiQ at
standard pressure and rarely occurs in nature. It is characterised by excellent
temperature stability, chemical imeess and low chemical attackrosion by siliceous

melts [2830]. Mullite has a defect crystal structure that consist of distorted chains of
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chains of AfO octahedra which run parallel to thexis and linked by discontinuous
double chains of AD andSi-O tetrahedra with randomly distributed *Aland St*

atoms. Movement of some of #Aland Si* ions into normally unfilled tetrahedral
positions causes the discontinuities because of insufficient oxygen atoms unavailable to
bond tothem in the normal mitions BO]. This results in an increase in the coordination

of the remaining oxygen atoms and forces them into new positions that are slightly
different from their original locations. This defect structure then accommodates no

stoichiometry.

Mullite (Al 4+2:Si-2xO102¢ With X = 0.21 0.5) where x denotes the netoichiometric
range, is the only stable crystalline retoichiometric solid solution composition in the
Al,O3 1 SIO; binary system under standard conditions [7]. Mullite compositions with x
=0.25 and 0.4 have been described as 3:2 mullite(3ASi0,) and 2:1 mullite
(2Al,05-SIO,) respectively. For x=0; the above formula represents the composition of
the three polymorphic modifications: sillimanite, andalusite, and kyanit&Si@y),

which ae partially related to mullite in terms of their structure.

Figure 28 shows the atomic structure of mullite, which is orthorhombic, with unit cell
dimensions of dimensions a = 7.540 [A], b =7.680 [A] and ¢ = 2.885 [A] for the
stoichiometric compositiorprojected along the [001] direction [30] and highlights the
compositional variations in mullite [30,31]. An increase in thé* Aolubility is
achieved through substitution of thé"*Sand removal of an ©(3) ion resulting in an
oxygen vacancy. A change the positions of cations results in partially filled columns

as shown in figure 1 by moving T to T*.
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Al(1)

Figure2-8: Projection of the orthorhombic mullite unit cell along the [001] direction showing Ttdaransition of
the cations (indicated by an arrow) which is associated with the formation of an oxygen vacancy and
readjustment of oxygen in the O(3) positions.[31].)

At room temperature, mullite suffers from low fracture toughness and relatively low
strength, compared to the other ceramic compounds [29]. Improvements or increase in
the K¢ and strength property values have been shown to be realised through
incorporation of ZrQ into the ceramic composites, thereby reinforcing the matrix

[5,29].
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2.2.4.1 Sourcesof Mullite

Reaction Sintering: (Alumina and Zircon)
Reaction sintering of zircon and alumina is a vesitablished more economical method
for the synthesis of mullite matrix with zirconia dispersed in it according to the

following reaction.

Previous studies by [223] showed that reaction sintering of zircon and reactive
alumina matrix mixtures provides a better distribution of Zwdthin the product
mullite matrix phase and thereby enhancing fracture toughness svalle
microstructural evolution of the crystallised fraction, composition and morphology of
mullite from the conventional reaction sintering of micro to maized zircon and
alumina mix formulations is reported to be depemnaenthe firing conditiongand firing

cycles employed29,30]

Koyama et al [3]Lreported increased mullite phase evolution whenrssep (sintering

and annealing) optimised firing cycles were employed on reaction sintering of-zircon
alumina. The microstructure of Mullite, eitheu$ed cast or formed in the presence of a
liquid phase always exhitsi an acicular morphology [32,B@ hat formed by solid state
sintering and in the absence of a liquid phase is normally granular and varies depending
on the nature and purity of the stagiraw materials [8,11,13]. In the absence of
impurities, sintering above 1400 °C, only some detectable amounts of mullite are
formed, with complete mullite conversion requiring sintering at tempegatar¢he

proximity of 1700 °C [5,30, 33

27



CHAPTER Literature Review

Work by Igkal and Lee [43,44led to their proposed nomenclature (based upon the
morphology and relative aspect ratios) of the different types of mullite that they
observed to have evolved from porcelain fired products. They named the cuboidal,
granular low aspectta (1-3: 1) grains as primary mul | i
mul | ite, AType 2 (MI1LI0):dAd)f amdhifigly pas Be d tMI |

aspect rat (3040:1) acicular mullite [4315)].

Figure 28 showedhe models of the atomic structui@smullite andthe compositional
variation characterised by the different forms of mullite is associated with a change in
the lattice constants as shown in figur8.2From figure 29, a compositional change
from 3/2 mullite to 2/1 mullite is characterisé&y an increase in the-axis lattice
parameter and reduction in theakis lattice constants. This explains the change in
morphologyand aspect ratiosf the microstructures in forming/1 mullite from 3/2

mullite.

The microstructures dhe three diffeent forms of mulliteare shown in figure -B(b).
Another form of acicular mullite, formed in the presence of an alumina rich liquid phase
and or from the edges of alumina grains into the glassy phase, was observed and named

A Tpg 3 (MIII) tertiary mullite[45].
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Figure2-9: Schematic showing Lattice constarasb and ¢ of mullite dependent from the AD content dissolved

into the solid solutioncommon phases such as sillimanite (50 mol%O = ok HTYdzZf t AGS dcn Y2z
mullite (67 mol% AIO;) are indicated by the red frames, with red circles representing the lattice parameters a

and b (left ordinate), and c (right ordinate) [30].

Reaction sintering of stoichiometric 3:2 mulliteaiscording to the following reaction
3Al,05(s) + 2ZrSiQ(s) +(Ca0/Ti0/MgO)/heat= AlgSi,O13 + 2Zr0, 3

Where, CaO [3]{ TiO, [38-40], MgO [41,42 La,Os [43] are additiveghat have been
usedin the aluminazircon starting formulation mitures, as sintering agents, which
have been reported in literatut@ enhance densification and or mullitisation through the
liquid phase from the dissociated zircofhe formation of low melting liquid phase
and dissolution of corundum was attributed te tbwering of the mullitisation

temperaturg¢51-57].

Among these reported additives, Fi@as been extensively studied and reported to
enhance mullisation at lower temperatures [54]. Addition of 4wt% TiGQ was

reported to improve densification and titidation at lower temperatures through the
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formation of ZrTiQ solid solution and solid solution solubility in the evolved mullite.
However, addition of the 4wf6 TiO, was reported to affect the hot properties of the
sintered bodies at higher temperagjrwith the high flexural stretigdeteriorated by

about 25% [54

2.2.4.1.1 Sillimanite Minerals: Decomposition of Andulusite, Kynite & Sillimanite

The three anhydrous aluminosilicates, andulusite, kyanite and sillimanite are the
Sillimanite polymorph mineraldhat are widely used as refractory materials a source of
mullite. Their chemistry and structures are related to that of mullite, and they all have
the same 1:1 molar ratio of alumina to silica with a maximup®Atontent of about

62.92 wt % B0A44]. The diimanite minerals do not form equilibrium phases at standard
pressure of 1 atm, and hence are not found in the phase diagrams of the binary alumina

silica, unlike mullite, at the standard pressure.

This is because they are naturally formed at high presand temperates within the

earth. Of the polymorphs, Kyanite is the high pressure structure with the highest density
of (~3.5 < J); and sifliBani, thel digh remperature structure with a
density of ( ~ 3. 27). Andulusite<exist &t .lo8ver prgsesnand
temperature as shown by theTRdiagramin figure 210 below and has a density of
(~3.1 < }3B3B.2 Mg m

Due to the nature of their formation under high pressure, all three sillimanite
polymorphic materials will decompose when heatedelsvated temperatures at
standard pressure and their formation densities can be regarded as thefale@rigr

the decompositions [5,80
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Their decomposition results in the reaction products of the 3:2 stoichiometric mullite

and silica according to the following reaction:
3Al,0z SiO, = 3 AlLSiOs = 3Al,0z SiO; + SIO, (4)

The order of their decomposition temperature, which are time dependent starts at ~
1.150 °C in the order Kyanite < andulusite < sillimanite at intervals. The silica phase
form produced diers for the three polymorphs with kyanite producing cristobalite and
amorphous for the other two. However, when the silimanite polymorphs are in
submicron size, their decomposition temperature range is reduced by several hundred
degrees together with tlmevolume expansion and the amorphoukicaiforms as

cristobalite [5,3]
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2.2.5 Tin IV Oxide

Tin IV oxide (SnQ); also known astannicoxide is the most thermodynamically stable
oxide in the SfO sygem in air at high temperaturp47-49,59]. SnG melts at 1630C

andis known by its mineral form as cassitefd€]. It is rutile structured under ambient
conditions andexist in the 2+ or 4+ oxide state @#o polymorphs of SnO (Stannous
oxide) andSnG (Stannic oxidg Its use in the glass industry is limited tbat of
immersed heating electrodestire glass furnaces due to the volatisation of Satfove
1300 °C and ease of reduction by metallic elements according to the Ellingham

diagramsThereforejts use in this study adds to the novelty of the study.

Literature on binary phase diagrams of Sradd ALO3/SiO/ZrO, systems, albeit
limited, reveals no chemical reactivity in the solid state betweery/8h0; and or
SnQ/SIO, binary systems; but only the formation of; ZBikO, T Sn.«ZrkO, solid
solutions f17,48]. These studies on the Sp@\,04/SiO,/ZrO, systems are summarised

below.

2.25.1 SnO,T ZrO, system

Work on the phase equilibria between Ze@dd SnQwas investigated by Allemande et

al, (2002) by preparing pure equimolar mixtures of Z&d SnQ@ and heanhg,
annealing the mixtures in the temperature range of 12350 °C before fast
quenching[59]. From their work, the results, presented as phase diagram showed a
wide immiscibility gap between the Zg@nd SnQ phases leading to a limited solid
solutionof tin oxide in zirconia, ZrSnO,. and zirconia in tin oxide SRZrO,. Their

results were supported and in agreement with limited SnG-ZrO, solid solution
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over the temperature range 10001°@600 °C, also observed logher research groups

[59].

The ZrGQ and SnQ@ binary gstem is presented in figure-1A1. From the binary
equilibrium phase diagram, it can be seen that solubility ob &r@&nG and that Sn®
in ZrO, increases with increasing temperature range 120°50°C. The maximum
solid sdubility of SnG, in ZrO, within the temperature range is 7.64wt. % (6.34 mol.

%) to 14.43 wt. % (17.10 mol. %) respectively.

1800 T T T T
(sn,zr)o,, ss
(zr,sn)o,, ss
1600 - =
&7
s
(Zr,sn)o,, ss + (Sn,Zr)Q,, ss
1400 -
1200 ' 1 L 1 L | L 1 s
0 20 40 60 80 100
zZro, Mol % Sno,

Figure2-11: Binary phase diagram of the Zp@Q SnQ system [59]
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2.2.5.2 SnG, T SIO, System

Despite the relative use of SpOased electrodes in glass furnace tanks an8rh
melts in flat glass production, there have been limited investigations in the equilibrium
phase diagram of the Sp@SiO;, binary system in air [47, 48]. Yin, (2017)pmducted a
critical evaluation and optimization of the S1I8DQ-SiO, system by heating and
guenching techniques of Sp@nd SiQ mixed powders in a Rhenium crucible covered

in a platinum outer crucible [48]. Rhenium has negligible solubility in liquid ri&his

not contaminated by Sn@t high temperature and pressure [48].

In their phase diagram experimental studies, Yin et al, observed no mutual solid
solubility between solid Si©and solid Sn@with the two oxide components existing as
the only stable Ipases below 1500 °C. Above 1500 °C, a liquid phase formation was
observed in SnESiO, compositions rich in Si@while a solid and a liquid phase was

observed to cexist at equilibrium above 1510 C1625 °C.

From the results, although limited in thange of experimental data, Yin et al
determined eutectics of Sp@nd SiQ in the SiQ rich regions at eutectic temperatures
of 1500 °C- 1510 °C and a liquid miscibility gap in the Sn@h regions at monotectic
temperatures of 1625 °C1650 °C. Theirihdings are highlighted in FigureIZ2 which

shows the calculated binary phase equilibrium diagram for the IS8, system.
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Figure2-12: Equilibrium phase diagem for the SnOZ; SiO2 system [48

Fromthe data points of their critical evaluation work presented on the phase diagram in

figure 212, it can be seen that there was no variation in the compositional range for the

experiment work conducted by Yin et al, 2017; and hence validation of thdisrasd

data of the phase equilibrium diagram should be taken with caution.

However, this was the only available SR8IO, phase diagram from the literature

survey conducted and as such was used in this research as a source of data.
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2.2.5.3 SnO, T Al,O3 System

Figure 213 shows the equilibrium phase diagram for the Sn@l,03; system.
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Figure2-13: Binary phase diagram of the AD; ¢ SnQ system[50]

From the Sn@AIl,O3 binary system, Snihas no solid solubtly in Al,O3, similarly to
the SnQ@- SiO, system; and forms a eutectic at 98 wt. % $(B20°C £ 5 °C); and in
the presence of impurities such as in a quagdABIO,-ZrO,-Sn(G, system, this can be

lowered to below 1828K (1555 °C) [50].

The use of Sn@in reaction sintering of mullite has not been extensively reported. Few

publications have reported on the formation of a.2nO, and Sa,ZrO, solid
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solution in the Zr@SnQ binary system reactions [46J59Kong et al, (2003)
investigated the mullitisain effects of some main oxideSnG, SkO; and BpO3 on
quartz and AJO;, oxide mixtures [6]L In their studies, ey reported increased
mullitisation from SbOz; and BpO3; additions, but negligible effect on mullite formation

in the presence of SpQp t01500°C[61].

In the present study, the effect of Sn@s a sintering aidind mineraliserpn the
reaction sintering of slip cast zircon and alumina mixtures to produce zirconia
toughened mullite composites wawestigated on the AZ81 and AZS02 refiactory

compositionsn the temperature range 1380 155C°C.

SnQ has the same rutile structure as Fi@nd as such; from the materials science
Astryaotopreg t yo paradi gm; was expected it
effect on the reaction sinmtag of zircon and alumina raw materials akin to rutile @)iO

In addition, it is also known that Sa@as a lower solubility potential in sotleme and
borosilicate glasses with the order of solubility reported as; Si@I,0; < ZrO, <

SnG, < CrOs [23]. Therefore, any incorporation of SpOnto the AZS/AZM
microstructure and matrix would be expected to enhance the chemical compatibility of

the refractory composites in glass melts.

2.3 Slip Cast Consolidation Methods of Refractory Manufacture

2.3.1 PSD Analysis& Particle Packing modelling
Major improvements in the properties of refractories has been achieved through studies

on attempts of controlling the packing densities of refractories as a result of growing
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demands for refractory products with enhanced perdnce during service as well as
efficient mixing and casting of these products [4,6As bonded refractories are
generally made up of large aggregate grains and fine matrix grain material, the
interfacial zone between the matrix and aggregatmnsideed an area of weakness
both in terms of particle packing and bonding. This assumption is largely due to the
nontorganised packing of fine matrix particles near the larger aggregates grains to
exhibit what is known as the Waffects [45,69. Wall effectsare characterised by
uneven packing and pores andlnding after sintering. This is highlighted figure

2-14.

#1\ Voids at the
oL matrix/aggregate
interface

200 pm

Figure 2-14: (a). Schematic representation of wall effects. (b). SEM image highlightak lof fine particles at
matrix-aggregate grain interface. Taken from [5]

A lot of research has been conducted and reported on monolithic refractories, especially
the refractory castables (cement containing, CaO), to produc#oseélig refractory
castales (SFRC) with optimised particle packing, reduced water content and high
flowability index (FI) using particle size drsbution analysis models [4,62,pBut none

has been reported on mix formulations used to produce brick refractories by slip casting
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consolidation methods. It has also been demonstrated by numerous studies that other
physicemechanical prperties; mechanical strength [4], creep resistanck pgosity,

bulk density #,12,63; and physicochemical properties; caian [6212,63 of
refractory castables are significantly improved with optimum powder packing of

selected refractory raw materials (mix formulations) wifitable sizes and fractions.

2.3.2 Slip-cast preConsolidation Methods

Slip casting offers a cheap ceramic forming methodsarig colloidal suspensions with

a high solid loading to help to improve green microstructures, by minimising
agglomeration through use of dispersions and increasing packing uniformity and hence
lowering average pore size. The sti@sting method is used tpreconsolidate
powdered ceramic formulations to a high green density of intricate near net shaped
refractories and components that needs minimum machining that are not possible with
the other processes such as pressing. Either a solid cast or draamtickest can be
produced by this process and larger solid cast refractories dfot®ftore are normally

slip cast for glass contact,b,11]. The lack of expensive tooling and equipment
required for the process makes slip casting a relatively inexgemsethod and in
general the process proceeds with the following steps;

1. A colloidal mix or slurry known as a slip is prepared from ceramic
powder formulation mixed in a suspending liquid which is normally water. The
particle size range of the formulatisanges from (< 100um) for the matrix

material and (<100urh 10mm) for the grog material.

2. Deflocculants are added to the colloidal mixture to form an electrostatic
double layer by cation exchange or steric repulsion of functional groups on each

surroundng particle for stability.
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3. Binders(e.qg., clays; colloidal silica/aluminaye added to give the green
cast added strength for handling prior to drying and firing

4, The slip is thoroughly mixed, cast into gypsum moulds (plaster of Paris

CaSQ:2H,0); dried and fired to sinter at high temperatures.

2.3.3 Rheologicaland Dispersion properties of Slips

As highlighted earlier, typical ceramic bodies can include both low and high solid
content particle/fluid suspensions which are known as slips and sliBhgges are
suspensions of single components, while slips are mixtures of material particulate
components [4,5,11]. Ceramic slips are dispersions, and the dispersion and rheological
properties of the slip are vital to the grensolidation processes suaf mixing; green

forming by slip casting as well as to the final properties of the sintered refractories [35].

The raw material particulate components are characterised by mineralogical, chemical
and morphological parameters and their dispersions, seditibentendency, specific
surface and cation exchange depend on the state of the particles [4,5,11]. With
increasing particle size and density, the sedimentation tendency of the slip increases,
while if the specific surface increases, this give rise teetiergy of the whole system
resulting in smaller particles agglomerating [4,5]. The surfaces of solids are interfaces
in an unsaturated boning state, and those of ceramic oxide raw materials are composed
of O% ions (from the crystal structure itself) [4,5h their synthesis, during milling

processes, unsaturated surface bond structures are formed as well. These free bonds
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have a great tendency to saturate by hydration in aqueous systems as when forming slip

bodies in fluid suspension [4].

2.3.3.1 Rheology

Rheoloy is concerned with the deformation and flow characteristics of fluids,
suspensions and forming bodies that occur over the full body of applied shear
conditions. The rheology of a fluid defines its viscous behaviour as a function of
applied shear and hentee viscosity of a ceramic slip measures the internal friction
between particles, molecules of the dispersion. Stability of the suspensions, the absence
of aggregation processes and high fluidity is vital for producing ceramics of complex
geometrical shap with a defecfree microstructure after sintering [35]. Rheological
measurements are of fundamental interest because of the information that can be
derived from them about the structure of the colloid suspension and the specific
interaction among parties [4,5,11,35]. Refractory castables/igs and particulate

dispersiongan exhibit eitheadilatant or pseudoplastic flow behaviodtq, 11].
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Figure2-15: Schematic characterising the rheological cldgstion behaviour of collailal and suspension
systems

Under dilatancy, the viscosity of the slip increases with increasing shear force; while for
pseudoplastic flow, viscosity decreases with increasing shear. In thixotropic behaviour,
the viscosity de®ases with time under constant stress, returning to its original value

once the flow is stopped or the when stress is removed.

The rheological properties of slips are determined to a large extent by the water content
as a dispersing media; solid loadingf the mix formulation and the deflocculant
system of the slip [4,5]. Ata pH of 7, it is known that electrolyte free water dissociates

according to the following equilibrium;

2H,0 = HO" + OH (5
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pH =-log [H30+] ) (6

However, the wier that is used as a dispersing media usuwahtains dissolved salts
(CI'; Mg*"; C&") as natural amponents, and this affects tHissociation equilibrium

The dissociation equilibrium becomes defined by fkkeof the systemas well as the
concentratiorof the solute ions and they all contribute and influemcahe dispersion

of the ceramic oxide soligarticles[5]. In acidic pH range, the hydrated oxide ceramic
raw materials form a positive surface charge when the hydroxyl surface groups are
protonated by the excess jBf] ions [4,5,11 On the other hand, aegative surface

charge is inducenh the akaline pH range alsighlighted in figure 28.

Acid pH Basic pH
M+OH  H:0 M+OH;* OH /M +OH 'OH' o /M 0 H0
L : / E : E
0 N - g | o 3
s »; \ 3 e\ INOR 3
Z MiOH HO'ES/Z MIiOH* OHE| [2 M{OH OH ;@& MiO HO E
E v | I 3 Hi/ v 3IMlE / s
~ 0 § 0 5 MO §|" |~ 0 :
g \ - \ = \ 3
MiOH  Hi0'é M+ OHy* OH M4OH OH < MO HOZ
\ / /
(@) (b)

Figure2-16: Simplified schematic drawing showing the mechanism of how (a) positive and (b) negative electric
charges are generated on the oxide particle fage inaqueous medium. Adapted from [4
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2.3.4 Dispersion

2.3.4.1 Zeta Potential

The surface charges developed on the particles give rise to electrical potentials that
attract oppositely charged ions (counter ions) present in solution that surround the
charged partie and create a screening effect on the surface potential. An electrical

double layer (a cloud of counter ions that surround the charged particle and extend into
the solution) is formed which through electrostatic repulsion with neighbouring

particles cretes a barrier to agglomeration and ttebgity of the slip[4,5,66]

The bivalent cationnteractswith the water and ceramic oxide solids particles by
adhering to the solid particle surfaces leading to the formation of thin electrical double
layers withcorresponding zeta potentials and hence interferes with deflocculation at pH

O 7. However, at pH O 6, the bivalent ¢

deflocculation 4,5, 64.

As highlighted earlier, the solid particles in the slip tend to setirmed agglomerate
due to gravity and electrostatic forces respectively. Studies have shown that
sedimentation tendencies increase with particle size and density while agglomeration or
flocculation of the small matrix particles will tend to shift the mdetisize distribution
(PSD) towards the larger sizes thereby reducing theicfe packing efficiency

[5,62,63.

2.3.4.2 Watersolid deflocculation system
As described, sedimentation and agglomeration which has an effect on the optimal

rheological function ofdispersiors is brought about by attractive electrostatic forces.
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As such, a homogenous dispersion of the mix formulation is desirable to avoid
agglomeration of mainly the matrix particles. This is normally achieved by addition of
dispersants or deflocculaniato the wateisolid particulate system through either
electrostatic, steric and electrosteric mechanisms. Deflocculating using electrostatic
methods is done by cation exchange of the bivalent cations (from the water) on the
particle surface with monovaileions to provide a thicker electrical double layer and

thereby increase the repulsioifieet between particles [5, 11)62

For each slip, there is an optimal range of double layer thickness and corresponding zeta
potential that will create a repulsiveergy greater than attractive forces to produces a
barrier to flocculation. In steric methods, organic polymeric compounds with functional
groups act as spacers between the ceramic oxide particles providing agglomeration
barriers while for electrostatic raes, polyelectrolytes will impart both electrostatic and
steric stabilisation to the slip. This helps in attaining a highly fluid slip with low water
content and better mechanical properties before and after firing which translate to a

denser cast with imrpved corrosion resistance properties

2.4 Experimental Studies on Corrosion of Refractories by glass melt

2.4.1 SLS Contact glass refractories

Studies by [6469] evaluated and compared the compatibility and corrosion rates of
single crystal corundum (sapphire) witho | y c r y s t a-AlLOs mellitedardn s e |
vitreous silica in soda lime silicate glasses. From their findings, at temperatures < 1425
AC, t he hi@Wwas porradédtugt slighlyl faster than single crystal sapphire,
beyond which the polycrystalinbecame noticeably more easily corroded. Mullite was

corroded more rapidly than silica or vitreous silica at most temperatures > 1380 °C, but
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below 1380 °C, the formation of corundum at the interface provided protection against

further attack64-69].

However, the modern glass contact refractories consist of complex multiphase
refractory oxide materials, not single phases and as such an accurate behavioural
analysis of refractories through the use of phase diagrams is limited and not entirely
predictable [1,5,12,8l-76]. Since fused cast AZS refractories (from mixtures of
alumina, zirconia and silica) are widely used for glass contact applications, corrosion
tests of fused cast refractories have been widely reported but not much work has been
reported on t@ corrosion of ceramic bonded AZS, alummiaon (AZS), mullite

zircon (AZM) refractories in sodiéme silicate and other glasses. Manfredo and
McNally, [34], looked at the microstructures and corrosion resistance of high zirconia
fusion cast AZS refract@s in SLS glass at 1500 °C for 84 h.kak[11,14, conducted

static glass corrosion of a slip cast alummallite zirconia refractory at 1370 C under
ASTM (C-621) standard test guidelines for 72 h in commercial soda lime silicate glass.
Zircon contenbf 20 wt% was used a source of zirconia to give a phase composition of
~ 57 wt% alumina, ~ 20 wt% mullite and 20 wt% zircon of the refractory. The
refractory had a bulk density and apparent porosity of 2.9 § and ~ 19 %

respectively.

Kato andAraki, [68] conducted and reported a static corrosion study on the corrosion
behaviour of zirconia containing refractories in contact with molten-bodasilicate
glasses with different compositions of varying amounts of alumina, magnesium, borate,
alkdi and alkali earth oxides. In their study a slip cast sintered 100 % zircon refractory

(64 wt% ZrQ and 36 wt% SiQ and a fused cast Zp@efractory (95 wt% Zr@and 5%
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aluminosilicate glassy phase) made into 1 x 1 x 2cm rectangular prism samples. The
zircon refractories were fired in a platinum crucible containing crushed glass cullet and
held in an electric arc furnace at different temperatures ranging from 1300 °C to 1500
°C for 24hrs before aicooling to room temperature. The test for the fused cast
refractory was similar but conducted at 1500 °C and held for 72 hours. For analysis, the
pieces were sectioned at the centre and the corrosion loss measured by the percent loss
of crosssectional area while the glassfractory interface was examined usiag

electronprobe micreanalyser.

In most of these studi¢$1,12,61,68-76] the SEM microstructural features of the glass
refractory interface reveal zirconia crystals within an alursitieate glassy matrix of
alumina crystals that have been dissolvedthe soddime silica glass, to form a

passivating reaction layer as shown in figwEr2

tank glass

Figure2-17: SEM electron micrograph of corroded AZS refractory. The micrograph shows therglaastory
interface and ZrO2 crystal (white) within the passivating layer. [54]
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The authors cited the presence of these zirconia crystals within the glass matrix at the
refractoryglass interface as evidence of corrosion resistance improvements from zircon

and zircona additions to the refractof$1,6876]

The corrosion mechanism of the zircon refractory was attributed to the high temperature
decomposition of zircon into zirconia crystals and silica. That of the zirconia refractory
was attributed to dissolution andatisport of zirconia into the bulk melt. Pure zircon
decomposition occurs above 1600 °C however presence of impurities is known to lower
the decomposition temperatures [3hich is in agreement with the results obtained in
this study, from SEM and XRD anais, with the calculated decomposition
temperatures significantly affected by glass composition and ranging from 1350 °C to

1550 °C

Increased alkali contents of fawere noted to have the most effects on decomposition

of zircon, but for the fused casirconia refractory, both CaO and Xahad the same

effect on the corrosion rate of the refract¢dy,6876]. Though the study provided
information on the effects of glass composition on corrosion rates, no useful
comparison analysis could be made betwtbertwo refractories because of varying test
parameters of time and temperature. No density or porosity tests were conducted on the
samples and the geometry of the test pieces offered areas of increased surface area to
volume ratio to the corroding mediuat the edges and corners of the test samples

[64,69.

The useof cylindrical specimens would offer at any one point an equal surface area to

volume ratio exposure of the refractory hot face to the corroding media than the
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rectangular prismrherefore, fo this study, cylindrical finger samples were used in the
evaluation of the corrosion and chemical compatibility of the developed refractory

compositions to soda lime silica glass and borosilicate glass compositions.

For glassrefractory dynamic corrosiotests, the corrosion behaviour of fused cast
zirconia containing refractories in setime silicate has been repged by many
researchers; [5,686] but nothing has been reported on sintered zirconia containing
refractories. The experiments were conduceda function of temperature, rotation

speed, contact time and duration.

Baudin et al, [7Preported on the dynamic corrosion of fused cast AZS angrisssed

sintered chromiunbased refractories in frits, (a silica based composition with varying
amourns of CaO, PbO, O, NaO, ZnO and BO; as fluxing agenis using the rotary
furnace or fAmerry go r o ux@gbasederafraciorieawerel 50 C
characterised by high open porosity values ~ 18 %. In their investigation, the finger
samples wre rotated at 6 rpm in the glass melt for 24h. Temperature of the molten frit
glass was established through use of an optical pyrometer. The test samples were
immersed in an index fluid with similar refractive index as the molten frit for evaluation

of the remaining volume of the corred refractory by image analysis | n A Part |
study, macroscopic analysis, mkfte cut or corrosion was evaluated after the test to

quantify and compare the relative performance of the different refractory materials.

Before and after profile measurements were taken of the test refractory samples and in
line with glass industry practice, the sample exhibiting the highest corrosion was
selected as a reference R, (with a corrosion index = 1). The corrosion indegsdf a t

sample was defined as;
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(Sr/Si)A

Corrosion index for test sample &r/Si)R (7)

Where;

S and$ are initial and remaining refractory surface areas, respectively.

Part 1l of the study was on microsttural evaluation of the corroded regions. Their
study revealed no new crystalline products demonstrating congruent dissolution
mechanism and the penetration depths and widths of the corroded areas was smaller in
refractories containing the highest amoumtzoconia. The alkali and alkali earths
penetrated through the whole reaction layers but of interest was the ZnO, which was
confined to outer regions of the reaction layer. The saturation limits for the solubility of
Al,O3 and ZrQ determinedhe dissolubn process [70The authors cited the presence

of almost insoluble zirconia dispersed in a glassy phase of dissolved alumina close to
the fritrefractory interface as evidence of corrosion resistance improvements from

increased zirconia contents.

Corroson of CrOj3 containing refractories was controlled by ingress of molten frit into
the open pores of the refractories by capillary action. Dissolution 43;@n the frit

was followed by the precipitation of a protective spinel (ZQg) layer, which stoped
further penetration of the melt frit, once saturation concentration of the spinel in the

resulting glass was reached [26].

2.4.2 Non-contact glass refractories
The superstructures and crown refractories make up thglass contact zones of the

glass furace and during the melting of glass batch components vapour species are
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produced which condensate on the refractory hot face, attach and corrode the
refractories. The alkali vapours are very reactive and limit the service time of the
refractories. In soddme silicate glassedNaOH, KOH, NaSQ,, KCI are the main
vapour species, Wille for borosilicate glasses, sodiurtetraborate and BOs;

predominate.

Beiler [73 evaluated the vapour corrosion tesefsfive types of refractoriesSilica,

mullite, bondedAZS, zircon and fused cast AZ%yy suspending the refractory
specimen over 7 molten salts that represent the vapours produced by the subsequent
melted glasses, N@Os;. Na-borate; NaSQy; NaSi-Fluoride; HBOs; Pb monosilicate

and a Nacarbonate and Pb mosilicate mixture. In the study, the specimen was

exposed for 24 h at 1371 °C.

Baspinar and Kara [J®valuated the corrosion behaviour of mullite refractories against
alkali vapour at 1370 °C with 16 wt% zircaudditionsto the binder matrix of the
refractories. Six different series of mullite refractories from three fused and three
sintered aggregate (stage) grains were produced, with each from the fused and sintered
grains having one of three different types of binder (matrix) to obtanullitic matix.

The binder matrix combinationgsed were; quartz/alumina (QA), kaolin/alumina (KA)

and kaolin/alumina/zircon (KA16Z). In their observation, they noted that zircon
addition improved the corrosion resistance of the refract(eiasl0%)and reduced
apparent porosity. The quadumina (QA) binder exhibited poor mullitisation and
densification behaviour and hence had poor corrosion resistance than the KA binder

which had good mullitisation and densification.
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2.5 Corrosion Mechanism of Refractories fo Glass Industries

The knowledge of the corrosion mechanism of refractory material and the subsequent
formation of glass defects during glass production is essential as an assumption in the
development of new and or improved refractory materials and catigns. The
corrosion of ceramic materials has beeparted by various author§,$,5168-79 to
occur through any one or a combination of the following mechanism;
A Chemical interaction or dissolution of refractory oxide components with
the glass melt.
A Penetration or ingress of the glass melts into the refractory through pores
causing breakdown of the microstructure and hence mechanical integrity of the
refractory microstructure.
A Surface and Transport effects; where slag/glass melt movements, caused
by free convection (density and surface tension driven) and forced convection,

influence the corrosion rate of the refractory.

2.5.1 Chemical Interaction

The chemical interaction (reaction) of refractory materials with glass melts may occur
by direct or congrent dissolution of the refractory components in the glass melt and or
the incongruent dissolution through interaction of atealith and alkali ions with the
refractory oxide components to form an interface or reaction product. The chemical
solution whichmay form a glaze on the refractory face or the interface produced from
the congruent and incongruent dissolution, respectively, of the oxide components of the

refractory, and the potential for corrosion of refractories can be estimated through
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referencesof phase equilibrium diagrams from the $i8l,03-Na,0O3z-Ca0GZrO,
systems [57-12]. Dissolution of a refractory in liquid slag is usually expressed in terms
of dissolution rate and is governed by the diffusion of solved solute ions and,
predominantly, thalkali ions from the glass melts into the refractory material through

the interface and vieeersa. The dissolution rate can be expressed by Equation 8:

J = K(CCy) )

Where: J is the rate of dissolutiork mass transfer coefficienCs and C, are the
saturation concentrations (g.€8h of refractory at interface and in bulk melt,

respectively.

The saturation solution concentrations of the refractory oxide species glass melt

or at the interface, and the diffusion coefficients of alkali/alkali earth and of the
refractory oxide components, all determine the corrosion behaviour of the refractory.
According to Kingery et al, [286] and Dunkl, [7# pure diffusion inthe glass melt
Irefractory system without any chemical reaction or melt convection involved is not
possible. It follows then that when the chemical reaction rate is quicker than the mass
diffusion of reaction products; a moving solute rich phase bouriddoymed through

which the refractornglass melt reactants/product species will diffuse to and from the
interface. The equation that represents this rate of dissolution is expressed by the

NoyesNernst equation:

J = RI@) (C (9)
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Wher e: J: Di ssolution rate D: Di ffusi on
thickness Cs, saturation concentration (g3mChb: Concentrations of reactant (g-cm

3) in the bulk melt

From te ALOs-SIiO;. ZrO,-Si0y; SNGQ-SIO;,. ZrO,-NaO; binary phase diagrams, the
solubility of individual ceramic oxide components in liquid silicate glass melts can be
determined from the saturation compositions at given temperatures. The liquidus lines
give the mol or wt fractions at saturation as a function of temperature [66] and by
multiplying the molar density of the binary phase constituents, the saturation
concentrations can be obtained [6 From equations, 8 and B;/ dan be defined as the
mass transfer coefficient and when this is constant, the dissolution rate is dependent
upon(CsT1 Cyp). This means that as the saturation concentration decreases; the lower will
be the dissolution rate. Hence, by comparing therpiphase diagrams of the A&si

SiO, and the Zr@i SiO, systems, it is clear that zirconia (Z)Qby virtue of the
position of the liquidus is thermodynamically stable than alumina and does not go into

solution readily with silica melts at high temperagu¢e 1400 °C).

2.5.2 Porosity and Ingress of glass melt into refractory macrostructure.

The thickness of the boundary layer depends on the viscosity and fluid flow, whether
free or forced convection, of the glass melt. Viscous fluids form thicker bourajems|

and retard the mass transfer while high glass melt velocities will form thinner
bourdaries. Siebring and Franken [1&sed the Laplace equation to describe the ingress
of slag into the refractory wall. Their equation shows that reducing the refractor

apparent porosity and increasing the boundary layer melt viscosity plays an important

54



CHAPTER Literature Review

factor in reducing the penetration of glass within the refractory macrostructure,

according to the equation 10 below;

L>=t(dcosU) / 2e (10)

Where;
L: Horizontal penetration depth (m)

surface tension of liquid slag/glass melts

Co

o

. pore diameter (m)
U: wetting angle;
e: viscosity of slag/glass melt (Pa,s);

t: time (S)

For prediction of vertical penetration of slag/glass melt into the upward facing

horizontal refractory, Wanibe et al recommended the following equation;

L2=28 cosU)/ Ry g (12)

Where;

L = Vertical penetration depth (m)
0 = surface tension of liquid slag/glass melts
R =pore radius (m)

)= slag density (kg/f);
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g = gravitational constant (9, and

U wetting angle

2.5.3 Surface and Transport effects

As highlighed in the previous section, the flow properties (viscosity and velocity) of
the glass melt influence the boundary layer thickness. The flow may be of forced
convection from process flow or fre®nvection. Thompson, 1855, [65] and later on,
Marangoni [66, recognised and described strong radial surface movements of the bulk
melt in contact with another liquid surface at the point of contact. This was due to
density and interfacial tension gradients between the melts, a phenomenon termed the
Marangoni effed. When the saturated melt is denser than the bulk glass melt, it sinks
to the bottom and induces free convection of the bulk melt. Likewise, surface tension
gradient between the bulk glass melt and saturated melt at the refgletssyinterface

will generate surface convection due to Marangoni efié&s5]

Furnace side walls which are vertical side facing sections further away from mechanical
stirrers exhibit a glass mdlhe corrosion or cut at the refractegjassair interface due
to the free dnsity induced convection or surface tension gradient induced convection
corrosion from the refractory enriched glass melt [7, 12, Bfis is shown in figure 2

18.
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Figure2-18: Schematic diagram of met-line corrosion from Marangoni effects.
The diagram shows the sequence of events leading to métad dissolution of refractories.
Taken from [25]

Methods of determining the surface tension and density induced free convection effects
is through sttic glass corrosion tests, while for forced convection, it is through dynamic
corrosion tests. Forced convection on the other hand is influenced by process flow of
the glass melt from the melting rates and mechanical stirrers. According to several
authors[7, 12,26, 64 the rate in such conditions was dependent upon the velocity of

the forced convectio(v), and more importantly to the angular velogity)
This would be replicated in odiynamic corrosion tests; according to Equation 7.

J=0.6107% Yoy lc (12)

Table 25 summarises the glass melt properties that inaehe corrosion rate of

refractories under the different convection conditions discussed.
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Table 25: Glass melt properties that influence corrosion in refractori@saken from [7, 8, 2b

Stagnant melt Free Metal line Forced
Glass melt property : , , .

convection convection  corrosion convection
solubility C.-GCy C.-C, C.-C, C.- G,
Diffusion coefficient D Dsia Dasa D23
Density difference m 14
Kinematic viscosity V-1/4 V-1/3 V-1/6
Surface tension s

2.6 Phase Diagrams and Alkali Oxide Corrosion of Ceramics

2.6.1 High alumina refractory compositions

High Alumina refractorie$> 70 wt%)normally contain AIOs; AlgSi,O13and a vitreous
phase with the amount of the phases depending on ithg ¢iycles [49, 27].Figure 2

19 shows the N® 7 95% ALO; vertical section of the high alumina refractories of the

NaO-Al ,03-SiO, system as reaction with Ma proceeds.

T h eAl,05 AlgSibOisand vitreous phase are -reduced
Alumina, nepheline (N#Al 4Si;O;6). and NaO.Al, Oz respectively. Nepheline will

transform to carnegiete (AINaSjDat temperatures above 1250 °C [67].
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Corundum +
Na + B-AlOg + L— m Mullite + L
Na + j-Al, 04 + Carnegioite ~——__

B-Al,05 + Carnegieite + Corundum —

Carnegieite + Corundum + Nepheline -\.\Q
Corundum + Mullite + Albite ——

Carnegieite +
_H Corundum + L
11000
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600
Na,0 20 10 95 Al, 04
5 SiO;

Figure2-19: The NaG-high alumina vertical section of the Na2@I203SiO2 system;g7].

2.6.2 Mullite refractory compositions:
Fig 2.0 showstheN®-mul | i t e vertical sect-iAlkGy, and t
b-Al,03, and nepheline. The rite phase decreases in amount as thgONaoceeds

wi t hyOspaAd nepheline only forming at higher alkali concentrations.
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NaA10,+8 -Al,044Camegleite

6»—

——— Na® - Mullite

Figure2-20: The Na2@nullite vertical section of the Na2@I203SiO2 system[67]

This may mean that deeper within the refractory, with decreasing alkali content, there is
l ess | i kel i ho o-4l,0pformimgélson with inaneasedaalurinafrontent

in the refractory composition from the decomposing mullite, the amounigif |
formed decreases sharply and upon cooling this liquid crystallises than forming a glass.
The findings from the work conducted by {53]; reviewed in the section 2.4.4re in

line or in agreement with the above phase equilibrium relatevaguatiors in the

NaO-SiO,.Al 03 system.
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2.6.3 The N&O-SiO,-ZrO , system
Fig 221 below shows the metasilicatezirconia phase equilibrium relationship and
stability of zirconia in glass systems with high alkali content in th#®N&aSiO, T ZrO;

system.

Aea 2500°

Nay 5% Oy ~Nay 27 S G -2,
880° —

Zr,

7500°—

900°

7300°

Nay Zr SEGy +2rly
7200°
Nay Zr Si0;

7100°

Nas Zr S5 0s + My St G,
1 | | [ | { I |

v w
2r0,

a 74 a a0

47 &0 14
Hasio, Mol % 20,

%Lﬂ

Figure2-21: Metasilicate-zirconia phase equilibrium diagram. Adapted from [15].

Wor k by doéAns ] amarconiaocbntainiegr opafifi@r8 looked at the
equilibrium conditions in the ternary phase diagranthefNaO 1 SiO, T ZrO, system.

A summary of their findings shows high melting compounds and prove the stability of
zirconia and zircon in alkaBilicate glasses and hence the low solubility of zirconia in

sodalime silicate glass systems.
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Three ternary compounds; N&rSiOs which melts incongruently at 1477C;
NayZr,SizO12 that melts congruently at 1540 °C and,RI&i,O; (parakeldyshite) exist

in the NaO T SiO, T ZrO,system. There exists also a binary compoungZN2 which
melts incongruently at 1500 These compounds exist at high alkali contents that are

not observed in commercial silicate glasses.

Other studies [1412] on the physicathemical models in the form of Ma i ZrO, i

SiO; and NaOT Al,O31 SiOternary systems revealed that for AZ8aetory systems

in sodalime silicate glasses, sodium zirconium silicates and alkali aluminosilicates
(N&Or Al, Oz nSiO,) such as nepheline and carnegiete;(M&\l ,0z 2Si0;) may form
according the reactions (8) and (9) respectively. Thermodynamic cadculatithe
reactions shows that Zp@ffers the most resistance to molten glass and the possibility

of existing for long periods in melts of commercial silicate glasses.

ZrO; + NgO + SIGQ, ° UINaO ZrOy SiO;: (13)
&G =-2257.38 kd/mol (14)

Al,O3+ NgO + SIQ " UNagO Al,Oz nSiO, (15)
&G ( nep h2809.B klepl = (16)
&G (Carnegiete) =3666.5 kJ/mol a7)
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3 Experimental Design

As highlighted earlier in chapter 1, densé&actories, when classified according to their
compactness, contain porosity in the rangé& 28 % [2]. In the literature survey and in
tandem with observations from this rese
(discussed in section 7), mostidies state a linear increase of refractory slag corrosion
rates for a refractory material with an apparent porosity in the ran{el82%. [15,

16]. Therefore to answer the researchueption set up in section 1, this chapter
highlights thescope and obgtivesfor this research projeaind the experimental design

taken to accomplisbf the research goal of developirsynthesising impneed and new
sustainable AZSefractories that can offer improved corrosion and erosion resistant

service life to the glas industries.

3.1 Scope and Objectives of Research

The corrosion and dissolution of refractories has been widely investigated and reported
in literature to occur through the following mechanisms of;

A Capillarityi wettability of refractory by molten glas

U Ingress of molten glass within refractoryore

macrostructure.

A Chemical interaction:
U solubility of refractory oxide in the glass melt and at

interface
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A Surface phenomena
0 Surface tension gradients (Marangoni effects)

A Transport phenomena

0 Mobility of dissolved refractory in the glass melt

boundary phase
U Mobility of reacting species in the glass melt

For the glass contact refractories, corrosion effects differ on the different sections of the
refractory blocks but the main chemical interactiorhvglass melts is the interaction of
alkali-earth and alkali ions with the refractory structure. As highlighted earlier in the
literature review, alkali ions are the most active due to their high diffusion coefficient in
glass melts as compared to the afl@learth ions. The glass phase assemblages and
open pores within the refractory macrostructure offer the weakest sites where
penetration of these ions occur first, fluxing the glass phase and reducing its viscosity
followed by the chemical interacting ardissolution of the mineral phases of the

refractory [49].

The main demand placed on renowned refractory manufacturers such as PSR. Ltd
Halifax, by the glass industry are that the refractory materials meet the technical needs
of the furnaces at lower sts and longer service life while providing quality glass
output that is free from defects such as blisters, stone and ceffisT[Ris requires the

use of a dense refractory with a low apparent porosity macrostructure that has oxide
constituents with lowsolubility within the glass melts. The high porosity of sigst
sintered refractories provides them with good thermal shock properties but offers zones

of the refractory surface with an increased surface area to volume ratio (SA/V) to the
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molten glassdr an increased dissolution rates and corrosion attae@F Most studies
have found and reported that slag corrosion rates of refractory increase linearly with
percentages of apparent porosity in the range 18 %; but higher at higher apparent

porosties (> 20%) [@].

A research area of interest which forms the main part of this research is to reduce the
apparent porosity of the slip cast sintered refractories and counteract the reduced
thermal shock and spalling properties withsitu reaction sitered mullite and the
transformation toughening mechanism of dispersed zirconia within the composite
matrix. Alumina has high hardness with good corrosion resistance but low fracture
toughness properties while zirconia has high stre(@@ief 1470MPa) and bughness

(91 10MPam Y%);excellent corrosion resistance to several aggressive environments but
low hardness properti€d01 12 GPa / Vickers Hardness HV9.80TN5]. Mullite has

low thermal expansion, low conductivity, excellent chemical stability, credphagh
temperature resistance. The presence of,dg0known to provide the increased

corrosion resistance due to its low solubility within glass met&][5

The main purpose of this research is to develop new/improved zircon/zirconia
containing denseustainable slip cast reaction bonded/sintered, refractory materials and
compositions that offer an improved corrosion resistance to commercial glass melts
The new improved compositions will be expected to offer sustainable furnace service

life of more ttan 10 years especially for the forehearth zones of the glass furnace.
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3.1.1 Objectives:
In order to achieve this, the following research objectives were agreed upon in the
pursuit of identifying a sustainable and more compatible refractory with-lsneda

silicate and borosilicate glasses.

Using astandard AZS drehearth commercial refractory, PSR5; an aluminazircon
Bucher Emhart Glass Licenced Refractory product that is widely accepted as the
benchmark of the Feeder expendable product ratigeeffectsof increasing Zr@
content through zircon additions in the Alumid@con starting mix formulation from
35.wt% to 50 wt. % will be investigate@he composition of the PSBL5 in wt % is;

68 % ALOs. 13% SiQ. 18% ZrQ; 0.3% NaO; 0.16% FgO; and is alsdighlighted in

the Materials and Methods section.

This would include determining optimised packing of refractory mix formulations for

the above compositions and reduced water content using Andreassen/Dinger and Funk
packing models.The Andreassen/Dingeand Funk packing models are continuous
approach models based empirical theories of particle packing that are used to select
proper sizes and proportions of small particles to fill larger vaits assume that all
possible sizes are present in the pbatdistribution system, and no gaps exist between

size classes.

Andreassen worked on the size distribution for particle packing with a continuous
approach and proposed the MAAndreassen e
approach is more theoreticdlpartly represents an empirical theory of particle packing

Andreassen assumed that the smallest particles would be infinitesimally small. Dinger
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and Funk recognised that tli@est particles in real materials are finite in size and
modified the Andreasse equation considering the minimum partideze in the
distribution. The EMMA (Elkem Materials Mix Analyser) software is widely used to
determine optimal packing structures of monolithic castables and for this study, EMMA
v.3.5.1, was used to design thetimised batch formulation of the above compositions.
DigiPac, a Structur®/isions packing model software from the University of Leeds was
used to complement the Andreassen/Dinger and Funk empirical packing model study in
modelling packed structures. TheagiPac software was used to evaluate the trend
analysis of packing structures as a function of particle size distribution and shape,
adding novelty to the study.

a. Testing slip rheological properties of the optimised formulations from the
particle packing radel studies for stable refractory castable slip that exhibits
improved flowability, mixing and casting properties.

b. Synthesising, by slip cast po@nsolidation methods, of low porosity (<
12%) and dense refractory body with a tailored microstructures-situ
reaction sintered zirconia reinforced mullite matrix. The use of;&sCGn
sintering additive was to levaluated.

c. Evaluate the material properties of the developed compositions by
conduction physical and therrmechanical tests. The following teswere
identified as critical and requisite to potential factory scgleand
commercialisation of the developed and promising compositions.

1 Porosity, Bulk Density,
9 Thermal shock

1 Linear thermal expansion,
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1 Hot modulus of rupture (HMOR) and
1 Refractorinessnder Load (RUL),
d. ldentify the optimum composition compatible with soda lime glass melts up

to 1500C by conducting static corrosion tests and dynamic corrosion tests on
the above cast refractory compositions to simulate service conditions of free
conventiom (surface tension) induced corrosion and forced convection
induced corrosion of the refractories respectively.

e. Use of SEM, XRD characterisation techniques for gtagsctory interface

phase analysis, refractory microstructural evolution.

3.2 Design of theResearch

To accomplish the scope and objectives identified in section 3.1, the experimental
method or design for this research was split into three sections, namely ségt®ns
andC. A summary of each section is briefly described below.

3.2.1 Section A Development & Synthesis of SelFlow Slip Cast
Refractory Compositions

Work in this part of the researdbcussed on the development and synthesis of dense
refractory compositionshat would be sustainable from both the production side to
service end. Litexture review in chapter 2, showed that such refractories should possess
a low apparent porosity micro and macrostructure < 10% (comparable to fused cast
refractories, < 4%) as well as having oxide constituents and or phases with low
solubility potential toalkali and alkaline earth siliceous glass melts. Therefore, the
synthesized refractories would contaligher zirconia content than the standard

AZS/AZM forehearth refractories widely used in the glass industries, such a8ISR

68



CHAPTER Experimental Design

and 333. Any loss in theral shock properties for the refractories, as a result of the
reduction in porosity, was expected to be mitigated by the evolution and enhancement

of the reaction sintered mullite phase in the microstructure.

Briefly, this work initially encompassed idefying and selecting composition fields on

the binary and ternary phase diagrams of th®©AI SiO, T ZrO,1 Sn(Q, systems that
would potentially provide crystalline phases that meet the required refractory properties
highlighted in section 3.21 abav&hiswas based largely on existing knowledge of the
material and thermodynamic properties of the various crystalline phases found in the
Al, O3 1 SIO, T ZrO, 1 SnQ, systems and demonstrated by a range of compositions of
sintered AZS/AZM refractories. In the A3 T SiO, T ZrO, system, zircon (and
critically) zirconia offer the optimum physical, thermmechanical and chemical
properties against glass melts in the production of -fpuassilicate and borosilicate
glass compositions while mullite prioes thermal Isock propertiesFor this research,
zirconiumsilicate, ZrSiQ (zircon) was used as it is a cheap source of,4n0the
production of reaction sintered AZS composites with enhanced zirconia reinforced

mullite.

The next step involved slip preparation, swsis and consolidation of slip cast
AZIAZS refractory compositions identified above. This was achieved by design of
experiment (DOE) methodology, customising and optimising the Aludirt®n mix
formulations using the particigacking numerical concept$ Dinger and Funk particle
models as well as computational modelling concepts (DigiPAC) to give an optimised
mix formulation that can achieve optimum particle packing with good-flself

properties. Stable and workable refractory slips made from the sptimmix
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formulations were evaluated using various slip testing/characterisation methods such as
deflocculation tests and rheology tests to determine the most suitable stable refractory
castable slip. The refractory slips were cast, dried and sintered e befiar
characterisation of their microstructures as well as evaluations of their physical,-thermo
mechanical and chemical properties.

3.2.2  Section B Physical & Thermo-Mechanical Property Test

This section comprised of ASTM / BS standard tests for refragarducts that were
identified and conducted to evaluate the essential physical, thesolanical and

chemical properties of the synthesized slip cast novel refractory compositions.

3.2.2.1 Physical and Thermeamechanical tests
Figure 3.1 shows the list of testentified and the order of priority in which they were

conducted during preliminary and development work of designing and developing the

novel refractory materials.

Physical Tests > Thermo-mechanical Tests
_ ) 2. Thermal Shock Tests
1. Density & Porosity s. Refractoriness
5. Refractoriness Under Load (RUL)
6. Cold Crushing Strength (CCS)
7. Hot Modulus of Rupture (HMOR)
Chemical Tests > Microstructural Evolution
Static Corrosion Test XRD
Dynamic Corrosion Test SEM

Figure3-1: List of refractory materiaproperty tests identified and conducted in this study on the synthesised
refractory products. The figure also highlights the order of testing and priority given to the testing of novel new
refractory products.
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The evaluated material properties of thevaleped compositions of terest were
compared against PSRI5 and PSR333 which are Emhart Glass Licenced
compositions an®® S R Lgtaddard sommercial AZ&fractories widely used in the

glass industries.

3.2.3 Section C:Corrosion and Erosion of Refractoles.

3.2.3.1 Corrosion of Refractories
For this study, static isothermal refractory corrosion tests were condootetie

developed AZS)1, AZST1 and AZST2 and standard PSifractoriesin borosilicate
glass and SLS glasselts for 72hrs according to the ASTM621-84 (2009) standard

to evaluate refractory corrosion performance.

The static method covers the determination of corrosion resistance of refractories in
contact with molten glass under static isothermal conditions that provide the most
severe static covsion environment possible at the specified test temperature. From this
test, fluxline and half down corrosion calculations would constitute a measure of
corrosion and the following information was obtained;
a A research and development comparison of detya of refractory
compositions could be made on their corrosion resistance to glass melts.

a The stoning potential of a refractorgresence of insoluble refractory
crystals within the glass and or loosely bound at the -g&dsactory interface
was assewd as well as which particular refractory may provide cords and
blister glass defects.

a The flux-line corrosion results provide useful indications of the relative
resistance of both the upward and downward drilling corrosion of refractories.

a Service temprature use limits can be determined from the different test
temperatures.
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3.2.3.2 Erosion of Refractories

Refractory materials in their service life are continuously exposed to slag and glass
melts and the test that best simulate the conditions the refrachneesubject to in
industries are those of the dynamic corrosion tests, unlike the static corrosion tests.
Dynamic corrosion test simulates the forced convection in glass furnaces from

mechanical stirrers and process flow.

The rotary slag test (ASTM C874)as been conducted and reported to simulate
corrosion forsteetmaking refractories. For glags refractory corrosion tests, some
researchers have adapted the ASTM621 finger sample static corrosion test into a
rotating cylindrical furnace (Rotary furnace)l s o known as the fAme

conduct dynamic corrosion tests [16].

For this research, an adapted fAmerry go
on the novel developed and modified ABS, AZST1 and AZST2 refractories.
Before and afte profile measurements for mac@nd microscopic analysis were
conducted on the test samples of developedmpo#ions and standard PSR

refractories

Flux-line corrosionand a comparative evaluation of thefpanance of the refractories

wasreported and¢onducted in line with the glass industry practic® [@.6].
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3.3 Characterisation

The demical and mineralogical analysis diet sintered refractory productsas

characterisedy XRF and the XRD Bruker D8-Xay diffractometer (Oxford UNITS).

For micrcstructuralewolution of the developed refractory compositioasCarl Zeiss
EVO MA15 variable pressure W. SEM (Oxford Instruments) together with the Aztec
Energy EDX system (Cambridge Systems) witiVigx SDD detector backscattered

imaging was used for elemtal mapping and point ID.

A Hitachi SU8230: high performance cold field emission (CFE) SEM with Oxford
Instruments, Ultra high resolution, low kV, simultaneous SE, BSE, BF and DF imaging,
with nanoscale resolution was used to evaluate the microstriuettolution of the

mullite grains in the matrix region.

XRD analysis and SEM EDX analysis was also used to characterise theefjlassory

compatibility and he glasgefractory interface.
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4 Materials and Methods

This chapter looks at the matdsieand experimental methods used in this study to
identify, consolidate and test novel slip cast refractory compositions that possess both
structural and chemical material properties that are compatible to high temperature,

alkaline and alkaline earth, isikous glass melts.

4.1 Materials

4.1.1 Components for Refractory production

The major raw material components used in this research were commercial grade
materials from PSRtd suppliers that are also currently used for commercial refractory
production at PSRtd. Table 3.1 lists the raw material components, used to consolidate

PSRLtd refractory products, which were made available and used for this research.

As highlighted in section 1.2, refractory castables or materials consolidated by slip cast
methods consisof aggregate grains bonded/sintered within a fine matrix material; as
such, the raw materials listed in table 3.1 have been grouped according to their class

size. Table 3.2 lists the materials that were used as binders, additives and dispersants.
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Table 4-1: Raw material components that were made available for this research

Matetaldsand Met

Particle Size Distribution

Specific Surface

Commercial Product | Material Area (BET)
Source
Name component (um)
" (m’g”)
Aggregate Material do | dso | deo
T6017 2 mm TabularAlumina; Almatis 2660
T600.57 1 mm Tabula Alumina Almatis 1418
T6007T 0.5 mm Tabula Alumina Almatis 851
T6007T 0.3 mm Tabula Alumina Almatis 324
Duramulli 3 mm Fused Mullite Washington Mills/Cermatco 1754
Duramul0.57 1 mm | Fused Mullite Washington Mills/Cermatco 755.70
M170 Calcined zircon Sand Minchem 100.21 14531 2015 0.0117
Matrix Material dio dso doo
CTOFG Calcined Alumina Rio Tinto Alcan 4.65
(Pecliney)
PBR Bimodal Reactive Alumina Rio Tinto Alcan 0.61 245  13.44
(Pechiney)
Zircozon 10 Calcined Zircon Flour Minchem 0.42 2.85 4.87 2.7
Zircozon 5 Calcined Zircon Flour Minchem UK 0.66 2.41 6.54 2.7
Supelite Tin Oxide | Tin IV Oxide, stanri oxide Keeling & Walker, 010 080  2.40 9

Stoke on Trent, UK
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Table 4-2: Raw materials that were used in formulating mixtures in this research project.

Matetaldsand Met

Binders

Commercial Product Name

Generic Name

Source

Puraflo 31- China clay Sibelco (WBB)
Puraflo RAT Ball clay Sibelco (WBB)
Alpha bond(Hydral 710B) Hydrated Aluminium Oxide Almatis
Table 4-3: list of Chemical Dispersant made available in the prepaation of refractory suspension or slips.

Dispersants

Commercial Product Name Eﬂoﬁ?é?:ent Source
Darvan #n Sodium Methylacrylate Vanderbilt Minerals, llc,

Dolopix PC75 ammonium salt of polyacrylic acid | Zschimmer & Schwarz, German.
Dispex A40

Triammonium citrate,

Zschimmer & Schwarz, German.
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Two PSRLtd commercial products, PS&RL5 and PSR33 were used as reference
test materials in this research in evaluating the physical, ther@ebanical and
chemical properties of the synthesized nosempositions of interests that were
produced in this research. PSR5 is an AZS refractory while PSBE33 is from the

AZM system. These AZS and AZM refractory products represent the current
industrial standards for forehearth refractory products widely usethe glass
industries. Table 3.3 shows the chemical composition of the two PSR standard

refractories.

Table4-4: Chemical composition of BR315 Table4-5: Chemical composition of BR333
Si0, 13.0 SiO, 15.0
AlLOq 68.0 AlL,O, 73.0
Zro, 18.0 Zro, 111
Fe.0, 0.13 Fe0; 0.20
TiO;, 0.10 TiO;, 0.17
CcaO 0.05 Cao 0.10
MgO 0.01 MgO 0.10
Na,0 0.30 Na,0 0.30
K,O 0.14 K,O 0.09

4.1.2 Glasses as corrosion media.
There are many varied glasses of different compositions currently in production

worldwide. Borosilicate PYREX glass, and soda lime silicate (SLS glass) cullets
were used to evaluate the corrosion characteristiagheofcast refractories in this

study. Flint, SLS container glass received particular attention for this research as a
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source of corroding media as they represent nearly 80% of all industrial glasses and
make up a major partof PSRt d . 6 s r e fcustomersofor glass producisge
companies. As such, the flint SLS glass was chosen as the reference glass
composition for evaluating the chemical compatibility of the refractories to the glass
melts in the temperature range of 1200°C500°C both under siatand dynamic
conditions. Low soda, high silica borosilicate Pyrex glass, was used for the
systematic study of corrosion behaviour of refractories in Pyrex glass with varying
NaO and CaO content finally reaching the limit close to that of Saoue-Silica

glass compositions.

The SLS glass cullet was purchased from Berryman Ltd (South Kirkby, UK) and
GTS Ltd, (Sheffield, UK). The main chemical constituents of both glass cullet
determined by Xay Fluorescence spectroscopy (XRF) is given in Table 3.5 and

table 3.6 respectively.

Table4-6: Chemical constituents of the sodame silica glassullet.

: Oxides Chemical constituents (wt. %)
Glass | Supplier

SiO, CaO Na,O K,O MgO Al,O3 | Others
SLS 'ﬁgyg‘}?” 7153 | 12.78 | 10.78 | 153 | 1.41 | 059 | *1.38
SLS GTUSK“O' 72.30 | 11.10 | 1290 | 0.30 | 2.00 | 1.20 | *0.351

*Qthers =trace (Ti@+ F&03 + ZrO, + Cr,O; + SO;)

Table 3.6 gives the chemical composition of the Pyrex glass used in this research.

Table4-7: Chemical constituents of the borosilicate PYREX glass cullet

Oxides Chemical constituents (wt. %)

Glass | Supplier _
SiO, 8203 CaO Na,O K-,O Al 203 Others

University

of Leeds. 80.89 | 11.67 - 4.57 0.06 2.48 *0.16

Pyrex

*Others= (Fe0O; + Zr0,)
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4.2 Experimental Procedure
4.2.1 Section A:Development & Synthesis of SelFlow Slip Cast

Refractory Compositions
Distributor and Forehearth channel blocks as well as feeder expendable refractory
products used in glass production consist of cemphapes. Slip casting, as the-pre
consolidation method of refractory green bodies, was implemented for this research
because slip casting represents a cheap and simple consolidation process to obtain

complex shaped materials with high green density antstructural homogeneity.

4.2.1.1 Evaluation of Ternary/Binary Phase Diagrams
4.2.1.1.1 Introduction

The development of a new ceramic material and or optimisation of the processing
begin with the chemical composition and the conditions (temperature, pressure)
under whit pure compounds and their mixtures are stable. In line with the Materials
Science physicochemical paradigm likp mposi ti on Y Structure
Y Pr o p;dhe thermemechanical, chemical and physical properties of ceramic
products are intrinsically related to the composition, amount and distribution of
phases presents. A good understanding of the phagd@eg in ceramic systems is
therefore central to the development and application of materials in metallurgical,
glass and other high temperature technologies. For refractory oxide materials and
glass systems, knowledge of the phase equilibria and tis=guent evaluation of

their service stability in highemperature environments can be obtained from
appropriate stable and mettble phase diagramBhe phase equilibrium systems

and tool greatly limit trial and error approaches in the developmentofiregerials,

which was the case in their absence.
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4.2.1.1.2 Methodology

The binary and ternary phase diagrams ofQAli ZrO, i SiO, T SnG, refractory
oxide systems were evaluated to identify compositional fields for which the
crystalline phases of the primary gleafields are known to be provide the main
material properties requisite for glagantact refractories, identified in section 3.2.
These material propertiemclude a dense, low porosity refractory body with

excellent thermal shock and corrosion resisangylass melts.

Starting with the standard AZS commercial forehearétiractory, PSR315
composition as a reference composition, twefractorycompositions AZS-01 and
AZS-02 with increased zircon contents wendtially designedand the isopleths of
the compositions withncreased izcon content analysedrhe AcerSNIST Phase
Equilibrium Diagram pc database v. 4.2 together with the Phase Equilibrium

Diagram (PED) Editor were used to aid in this methodology.

The conventional methodology for design artkvelopment of refractory
compositions is to select compositions that lie on high temperature liquidus
isotherms. However, for this research, selection criteria of the four compositions was
made of refractory compositions within compositional fields tadlt within the
slightly lower liquidus projection isotherms to encourage liquid phase sintering and

hence enhance densification and sintering to reduce the porosity of the refractories.

The presence of a transient liquid phase in any stdite reactios is known to
enhance the rate of reaction through dissoluiioacrystallization process that
provides an easier energy pathwayg§® for the reaction. Therefore, for this
research, adopting this methodology of selecting composition fields that faih wit
lower liquidus isotherms for raw material starting mixtures of zircon and alumina, it

was expected that the presence of a liquid phase from any of e IAKIO, 1
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ZrO, 1 SnQ, system would also ensure improved kinetics of the state reactions

during the reaction sintering of mullite from zircatumina starting mixtures.

4.2.1.2 Refractory Mix Formulation development & Optimisation

Major improvements in the properties of refractories hlagen achieved through
studies of controlling the packing densdtief refractories through efficient particle
packing of the starting materialsine matrix particles near the larger aggregates
grains are known to exhibit a n@mganised particle packing to result in what is
known as Wall effect$4,62,63] This makeshe interfacial zone betweeiné matrix

and aggregatan area of weakness both in terms of particle packing andngpnd
which results in uneven packinggores and déonding after sintering.The
rheological behaviour of castablds controlled by the partie size distribution
(PSD), solid loading, dispersion state and the liquid content used during mixing. The
rheological aspects, mixing and casting steps can be enhanced by a proper PSD
selection [5, 41]To prepare powder mix formulations that have optinpaoking it

is imperative to know the following criteria;

1. What the patrticle size distribution (PSD) for an optimum packing should
look like.
2. The (PSD) of the composite mixture or mix formulation
The first criterion ismet by particle packing modekluch as the Funas model;
Andreassen patrticle packing model and the modified Andreassen model (also known
as the Dinger and Funk ModeHor this research, the modified Andreasen model for
particle packing was used to optimise the PSD of the batch mix forrmdadiothe

AZS-01 and AZS02 compositions.
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4.2.1.2.1 Dinger & Funk Model for particle packing

The Dinger and funk model is a modified version of the Andreassen model approach
that incorporates the smallest particle size in the distribution and is described by the

continuous patrticle size distribution equation;
60°0Y100=10 Q TO Q (18)

Where,CPFTis the (Cumulative Volume Percent Finer Thahis the particle size;

D is the maimum patrticle sizedr, is minimum particle size in the distribution; and

g is the distribution modulus/coefficient -(@lue). The evalue (distribution
modulus) was defined by Andreassen as a measure of the contribution of the finer
fraction that could beccommodated in the mixtufé,62]. The composite particle

size distribution (PSD) of each mix formulation produced in the desigxz8f01,
AZS-02 and thenovel AZSSn compositions was optimised by adjusting the PSD
according to the Dinger and Funk (Madied Andr eassen |/ Al fr e
particle packing. This was accomplished using the Elkem Material Mix Analyzer
software (EMMA v.3.5.1). The software is widely used to determine optimal
packing structures of castables and uses both the Andreassee &ndgér & Funk

models [19. Figure 41 shows a print screen of the EMMA modelling tool interface.

A library of the particle size distributions of the all refractory material components
shown in table 3.1, used in formulatitfte batch formulations of theompositions

was created and stored in the EMMirrary bin tool, see figure -4. Different
guantities of the individual component materials were entered into mix formulation
recipes that correspond to a given composition and used to identify the stmnfa

in the formulation that needed to be increased or decreased to provide a formulation

PSD that best follows the modified Andreassen model for optimum packing
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File View Tools Help
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- 1mm (22 7 |Ball Clay (22/06/201512.31:15 260 4900 153 000 0 changes, the Fo-geal is not
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PSR TAB ALUMINA FINES (-32¢ Reactive Alumina: PBR (22/0  3.97| 27800 569 000 0 . the results of your changes
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Zircozon 10 (22/06/201512:23:3 qValue
Modified Andreassen Max. Particle Size 2000
Min. Patticle Size  0.20
< >

Figure4-1: Print Screen of the EMMA modimg tool interface.
1. The material library of refractory material components that make up different refractory compositions are on the LHS;
2. At the bottom left, the parameters of selected model (modified Andreassen) are highlighted.
3. A graph previevof the modelled PSD2
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4.2.1.2.2 DigiPac Model Software for particle packing

The basis of the DigiPac modelling software is the digital representation of both
the particle shapes and packing environment, in the form of pixels, as lattice grid
cells. This means tha particle of any shape is simply converted into a coherent
collection of pixels in three dimensions (3D) together with the packing space,
such as a mould, also represented as a static 3D lattice grid of pixels. Therefore,
as the packing of different raparticles is simulated through their translational
and rotational movement within this static 3D lattice grid of pixels, the packing is

manifested as relocations of the 3D pixels (digitised particles) [46].

The modelling software utilizes 4 packing mtetubased on different algorithms

of the software namely;

A DigiRWP: aRandomWalk basedPacking algorithm for random
dumping of particles and helps to see the tendency of segregation in
mixtures.
A DigiCGP: a Collision Guided Packing algorithm for simulatg
packed structure in small sized ratio packed columns
A DigiRPP: RandomPlacementPacking algorithm which generates
a wellmixed configuration of DigiRWP and DigiCGP.
A DigiOSP: Optimal StackingPacking algorithm which generates an
ordered packing with tig fit between the particles.
The DigiPac software was used to evaluate the trend analysis of packing
structures as a function of particle size distribution and shape, as well as tendency

of segregation in mixtures of different shapes and or sizes
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In the DigiRWP algorithm, a specified number of particles are added on top at
randomly selected lateral positions, at specified intervals. At each step, each of
the specified number of particle in the system undergoes a trial translational move
which gets abatoned if it results in an overlap with another particle or solid
boundary of container or packing environment. Equally, an accepted translational
move will result when there is no overlap between two particles or solid
boundary. There are 26 possible tfatisnal moves in the 3D packing of the

particle (6 orthogonal and 20 diagonal).

Once a particlesdé6 trial transl ational
implemented and accepted or rejected on the sam@vestap criterion. This
process is re@ed until the best possible fit or packing of the particles is
achieved. The Relnding probability parameter wassed to restrict the
movement of particles in certain directiomdéth the low nonzero rebounding
probability employedo encourage quick skhg of particles within local/relative
minima while ensuring their translational movement to possible global minima

and best fit.
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4.2.1.3 Slip Preparation

For each refractory composition, preparation of the slip (castable) for slip casting
was conductedby weighing accurately each corresponding raw material
component size fractions that make up the refractory mix batch formulation
designed in section 3.Depending on the total batch weightetraw material
components were weighed and added tdobart mixer starting with the larger
aggregate material to the mieszed matrix and binders. The Hobart Mixer
shown in figure4-2 was used to mix b 10kg batchesindis a paddleype mixer

with a revolving paddle that rotates at a speed determined by #®erd Another
Hobart mixer with a large capacity mixing drum was used to make3Dkg lab

mixes.

Fixed gears for
changing mixing
speed

Paddle mixer

Figure4-2: Hobart Mixer used to mix 8L0kg batches of the developed mix formulations at RER
Picture ourtesy of PSRtd.
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The mixing procedure of each batch formulation was divided into three steps
where an initial dry mixing of the batch formulation was carried out to break up

any soft agglomerates and ensure particle homogenization. This was followed by

the addition of deflocculants and a #step water addition until slip consistency

or homogenisation was achieved. A tatep water addition was characterised by

addition of a limited amount of the required water content (ca. 80%) at a constant
rateandb|l owi ng for the composition formul a
The remaining water was then added intermittently until the required slip

consistency was achieved.

4.2.1.3.1 Characterisation of Prepared Slips
As sintered refractories are generally made ularge aggregate grains and fine

matrix raw particulate materials, for slip casting consolidation techniques, the
incorporation of water into the particulate systems affects the surface chemistry
effects of the matrix particulate materials as well theihtglof the particlesThe

prepared aluminaircon suspensions or slips were characterised to determine the

optimum dispersant using a variety of techniques that are described below.

4.2.1.3.1.1 Zeta potential and Size distributions
Zeta potential measurements aradtigle size distributions of suspensions of the

AZS-01 composition aluminraircon matrix raw materials dispersed using three
commercially available dispersants were measured using a particle size analyser
(Malvern Zetasizer ZS 1, Malvern Instruments, VWstershire, U.K)This was

done toevaluate individual dispersant efficiency gmeliminaily screen for the

best dispersant that provides a stable refractory Ishpas expected that a stable
refractory suspensiowould maintain the optimised partickze distribution of

the mix formulation designed section 4.2.1.2

87



Chapter 4. Matenizds and Met

The Malvin Zetasizer is aautomated integrated instrument designetb
measuringthe zeta potentials angbarticle size distribution ofcolloidal or
particulate suspensions wet rangiingm submicrongo 200Qum. In measuring

the zeta potential the principle of electrophoresis is used where a charged particle
will travel at a constant velocity across a voltage faatd its mobility,related to

the viscosityand dielectric constardf the dispersing mediaandthe electrical
potentialbetween théoundarieof the moving particle and dispersing media
measured and termed zeta potential.

For particle size distribution measurementssing the Malvin Zetasizerin
consonance with zeta poterl measuremenisthe moving particle passing
through alaser beam will scatter light at an angle inversely proportiongisto
size. This scattering intensity versus diffraction angle is the primary source of
information used to calculate the particleesiThereforgany soft agglomeration

of the fine particleswill scatter at low anglewhile small particles scatter at

higher angles.

For sample preparation, foudilute (0.1%) suspensionsA, B, C and D) of the

fine particulate raw materials CT9FG, PBRd Zircozon 10 used as matrix
materials for the AZ®)1 compositions were preparby dspersing theefractory
powders in water andltrasonicating the suspsions for Sminutes to brealany

soft agglomerates Three commercial dispersants, DarvaN,7DispexA-40 and
Dolopix PC75 were each added to three of the four suspensions created and
circulated the dispersed suspensions into the cell for zeta rpiadleand size
measurements. Thremeasurementsvere taken for edc sample which were

averaged.
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4.2.1.3.2 Deflocaulation Tests

Two 400g mix formulations of AZ®1 was added to 30g (30ml) of water to
make as suspension of solid loading of 93 wt.%. To the suspensions, 0.1ml
aliquots of Darvan -N and Dolopix PC75 were added and dynamic viscosities of

the suspensionsaerded from the rotational viscometer.

4.2.1.4 Slip Property and Rheology Tests
4.2.1.4.1 Seltflow test

The selfflow property of each refractory slip prepared was characterised by
measuring the flowability and fle decay of the slip composition. The flowability

of the d¢ip which quantifies the seflow propertieswas measured by the flow

cone test described by the ASTINE230 standard methods E®)]. The slip was

placed into a truncated flow cone (of height, 80mm and base diameter, 120mm)
on a flat board and allowed spread out by gravity over a period of 10 minutes
once the cone has been removed. The diameter of the slip as it spread out, was
measured at intervals, and recorded as a free flow value according to the

following equation;

FlL ——b (19)

Where; Fl is Flowability Index; Ddiameter of slip at tim&; and Q:: diameter of

truncated cone.

4.2.1.4.2 Moisture; pH; Slip Temperature.

The temperature, pH and moisture content measurements of eachrslijakes
and recorded soon after mixingor slip moisture content measurements, a

Mettler Toledo HB43S Halogen was used.
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4.2.1.4.3 Slip Rheology (Viscosity Tests)

The rheological behaviour of the prepared suspensions orvgéipsneasured

using a Brookfield vissmeter HB (Brookfield Amitek, UK). This unit is a
controlled speed device that measures dynamic viscosity as a function of spindle
speed (rpm), ranging 1rpmte 30rpm .

600ml of the prepared refractory suspensions or slip from each refractory
compodion was collected in a beaker after mixing an@.4cm diameter cone
spindle was used to determine the dynamic viscosities of the slips at different
spindle speeds or shear rates. All measurements were carried out at room
temperature andynamic viscosit readings of the slip at each spindle speed were
taken after the spindle waeld for a length 60s. Two tisawere carried out for

each prepared suspension.

4.2.1.5 Slip Casting and Sintering

4.2.1.5.1 Slip Casting & Green body strength

After the rheological property teésg, each slip ppduced was cast intgypsum
moulds for physical (density and porosity), thermechanical and chemical
(corrosion cup and finger) material property samples. The green cast samples
were left in the gypsum moulds for 24hrs and demouldedeteelop green

strength before drying in a Haraeus Kiln oven dryer at 120°C for 5hr.

4.2.1.5.2 Sintering

Consolidation of theefractorygreen samples was conducted in either an electric
fired lab kiln or the factory KilnLab based samples from 5kg batches of caigt
refractories were fired in the lab Kiln at 1500C for 1hr. 1R&Pkg mixes which
were cast into expendable products were fired in the factory kilns at 1500C for

4hrs.
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4.2.2 Section B: Generic Physical & ThermeMechanical Property
Measurements

This secton describes the standard physical and tharmachanical tests that

were conducted on the synthesised and cast refractories

4.2.2.1 Bulk Density and Porosity Tests

Refractory bulk density and apparent porosity measurements is an important test
for characterisatio of refractories. The values from this test relate as well to other
physical properties of the refractory such as strength, abrasion and gas
permeability and are used to recommend and predict appropriate applications for

the refractories.

The bulk densy and apparent porosity of the sintered-slgst refractory samples
were measured using the standard EN-9@3 1SO 5017 (Determination of Bulk
Density and Apparent Porosity for Dense Shaped Refractory Product), using the

Archimedes water immersion mett[70]

The dry, suspended and immersed weights of the samples in water were each
measured. Their density and apparent porosity was evaluated from the following

equations,

Bulk Density, BD

BD = 24 _ % 100%

Wy—Wg (20)
Apparent porosity, AP:
_ Wu—Wy 0
AP = prr— X 100% 21)
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True porosity

true porosity = % x 100% 22)

Where:
W,,: soaked wejht
Wyg: dry weight
Ws: suspended weight.
" = apparenspecific gravity

= true specific gravity

4.2.2.2 Cold Crushing Strength (CCS)

The cold strength of refractories is mainly quoted in industry by refractory
manufactures and the end users. In academiaretbeance of a CCS test for
refractory materials that are used in hot temperature environment during service is
questioned and considered irrelevant as refractory rarely fail under room
temperature. However, for this study, CCS tests were used as qualitplc
check of the adequacy of sintering of the refractory and its abrasion resistance in
consonance with the physical properties (bulk density and porosiGold
crushing strengtiCCS)testson AZS01, AZST1 and AZST2 refractoriesvere
conducted aamrding to the ASTM C133 standartést a test method for
determining the room temperature flexural strength 4poidt bending (cold
modulus of rupture) or compressive strength (cold crushing strength), or both, for
all refractory productg71]. Tests wereconducted at Lucideon Ltd, Stoke-

Trent, UK.
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For sample preparation and testifidmm long x 50mm diameteaylindrical
blocks were core drilled from sintered blocks of the refractories amuiaial
compressive load applied until failuféailure of he refractory will be by shear
and not compressiof.he crushing strengtivalues of the tested materials were
evaluaté from the maximum load applied at failure over the mean eessonal
area of the refractorgver which the load was applied. This isen according to

the equation;

aooo 9._ (23)

WhereF is the applied force andl is the crossectional area over which load is

applied.

4.2.2.3 Refractoriness (PCE)

Refractoriness is eaterial property at whichefractory material deformsnder

its own weightandthe softening temperature of the sintered refractory materials
is expressed by the PCE (Pyrometric cone equivalent). The PCE was determined
by comparing the softening of specimen pyramid cone samples with standard
pyramid cones ofknown fusion temperature fired under similar conditions.
Testing of the refractory compositions AX3; AZST1 and AZST2 was

conducted at Lucideon Lt&toke on TrentUK.

4.2.2.4 RefractorinesunderLoad (RUL).

The Refractorinessunder Load (RUL) of refractory material quantifies the
resistance of refractory materials to deformation under load at high temperatures
experienced in servicdt thus providesmuch significantinformation about the

high temperature strength and stability of the refractory than fitacteriness.

The RUL testsof AZS-01, AZST1 AND AZS-T2 refractorieswere also all
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conducted at Lucideon Ltd in accordance to the BS EN ISO 1893:2008 standard
[72].

Samplespecimen for the RUL tesbnsisted of a core drilleddfhm diameter x
50mm lengthcylindrical refractory block with a central axial hole of 12.5mm
diameter. The top and bottom faadshe specimen sampieere ground flat and
parallel A vertical g/lindrical furnace CARBOLITE, UK), with a maximum
temperature capability of 1600 °C wased and had eight vertical axial PYROX

S heating elements with a central 350 mm long hot zone spaced evenly on an 80
mm radius around the test specimen and loading colAnsonstantcompressive

axial stress 00.2MPawas applied to the test specimaml he temperature raised

at a rate of 5 °C mihup until sagging and complete failure of the material was

reported.

Figure 43 shows a schematic representation of a typical RUL curve highlighting
the rate of sagging of a refractory material under load vathperature. The
figure also shows the significant high temperature material properties that are
calculated from the RUL curve. These parameters areqh@ &) and T o which

are defined as the onset of softening of the refractory and the end oirspioé

the refractory before failure respectively. The Dmax gives the maximum

expansion of the refractory and temperature range at which this occurs.
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1.5

T0 5 =Temperature specimen shows a deformation of 0.5%
Dmax = Maximum expansion

T1_0= Temperature specimen shows deformation of 1%
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Figure4-3: Schematic representation of a typical Rithte of sagging with temperature curve

4.2.2.5 Hot Modulus of Rapture (HMOR)

The hd modulus of rupturestandard test (ASTM @33 and E583) provides
information on the flexural strength of the refractory material at high temperatures
respectively[73]. The valus from this test are indicative of the strength of the

bonding matrix of the refractory at the test temperatures.

For this study, HMOR tests were conducted on A¥S-T1 and AZST2
compositionssintered at 1550 °@o evaluate the effect of the sinteringeat,
SnQ,, on the high temperature flexural strength properties of the refractohiss.
would cover a research gap on the use of SOve 1550 °C, where from the
literature review; it was cited to have negligible effect on mullitisation and

thermemedianical properties when sintered up to 1500 °C. As wetlapping
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the literature review in section 2Be use ofTiO; assintering agent in Alumina
Zircon reactive siring was reported to have lowered the high temperature

strength by 32%.

HMOR tests were conducted at Lucideon Ltd, Steke Trent, and2 specimen

per barsamplesmeasuring 100mm x 25mm x 15msectioned from sintered
blocks andtestedfor Modulus of Rupture(& MOE) by 3 point flexure at test
temperatures of 1300 °C and 1400 °€ach specnen was heated to the test
temperature at a rate of 3000 °€ 4nd soaked for 20 min before being loaded to
failure. The modulus of elasticity was of the refractory was calculated between

25% and 75% of the modulus of rupture.

4.2.2.6 Thermal Shock

15mm x 15mm x150mm prsm block samplesf AZS-01, AZST1, AZST2
refractory compositionsind PSR315 and PSR33 commercial refractoriesas
reference materialsvereeither slip cast in 15mm x 15mm x 150mm prism block
gypsum moulds or sectioned from sintered refrgctocks andthermal shock

tested using the ASTM-C100 standard teft4].

The samples were heat treated at 1200 °C for 15 min in a lab kiln before being
immersed and quenched in water. After 10 min, the heat treatment cycle was
repeated for up to 10eéhmal and quench cycles. The test was used to compare the
performance of differentefractorycompositions The integrity of the bars were

visually analysed after each cycle.
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4.2.2.7 Determination of Thermal Expansion
Testing for the determination of linearetimal expansion of refractory materials

was conducted at Lucideon Ltd, Stoke on Trent, UK.

Specimen samples measuring 50mm x 8mm x 8mm were heated from room
temperature to 1400°C awdoledback, at a heating rate of 5 °C/min in according

to the BS 1902Section 5.14/1: 1992 standard to determine the linear thermal

expansion and calculation of the coefficient of thermal expansion (CTE) for the

optimised(AZS-01) and novel composition®\ZS-T1 and AZST?2).

4.2.3 Section C: Corrosion and Erosion of Refractories

4.2.3.1 Static Corrosion

The chemical compatibility of refractories in SLS and Borosilicate glasses were
determined usin@ variant ofthe ASTM standard test method for Isothermal
Corrosion Resistance of Refractoriedvolten Glass, ASTM &2171 84 []. This

test method covers determination of corrosion of refractory materials that are in
contact with glass melts under static conditions and isothermal conditions which

are not encountered during service.

As such, this test was used as a comparative tool to centpa corrosion
resistance of the developed compositions AUS AZST1 and AZST2 to the
standard commercial refractories, RSE5 and PSK33, widely used in the

forehearth and feeder of glass furnace.

For this research, shpast corrosion cup sampgl@and core drilled finger samples
from sintered blocks of each refractory composition were used to conduct static

isothermal corrosion tests and determine the corrosion resistance of the respective
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refractory compositions. Figure4ishows the static corston cup sample from a

slip cast AZS-01 refractory.

In the ASTM Ci 62171 84 methods, a platinum crucible is used as a glass melting
crucible to which refractory test finger samples are inserted. However, for this
research, PSR33 and PSR315 slip cast micibles were used as glass melting

pots/crucibles for static and dynamic corrosion using finger samples. This is

described in detail in the next section ondlgaamic corrosion experiments.

(a) (b)

Figure4-4: Carosion cup samples used for static isothermal glass corrosion and to determine the
corrosion resistance of the refractories to the glass melt. (a) Shows the cup sample with recess in the
middle where the crushed glass cullet is placed before corrosiotst€b) Cup sample with crushed SLS
glass cullet filled in the recess of the cup sample.

The region of melt or flwline corosion of the refractories was used as the main
result to evaluate the relative resistance of the refractory to corrosion as well as
the upward and downward drilling corrosion mechanisms. In determining the
flux-line cut, both the cup samples and finger sampldsen possible)wvere
sectioné in half as shown in figure-4 and the flux line corrosion calculated

according to the ASTNM C621- standard as follows []4
Gec=[Gi Y2q +g] /2 (24)
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Where:

Gc = Flux-line or meltline corrosion.

G = Width or diameter of speciam at glass line before tegxm.

grand @ = Width (cup samples) or diameter (finger samples) of the two
halvesof the cut specimen at the flux line measured on the

cut face othespecimen after static test.

Fingersample
after corrosion
test

Figure 4-5: Finger sample aftercorrosion and sectioned in half and showing how flubine
corrosion measurements were taken.

Flux-line corrosion measurements were conducteal Digital measuring
microscope CoolingTech (model USB SO13s well the use of a digital Vernier
calipers and average readings taken. Theugetor measuring the flukne

corrosion is shown in appendix page C.
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4.2.3.2 Dynamic Corrosion

Exposure of refractory nberial to slag and glass melts is one in which the process

is continuous and to which the refractory undergoes both chemical corrosion and
erosion. The tests that best simulate these conditions that refractories are subject
to in industry are those of dyméc corrosion tests, unlike the static corrosion
tests. The glaseefractory dynamic corrosion tests were conducted on the
refractory compositions, AZ81, AZST1 and AZST2 in identifying the
corrosion and erosion resistance of the developed novel mfyamimpositions

in soda lime silica glass melts.

4.2.3.2.1 Metal Frame & Furnace Unit for Dynamic Corrosion

A specifically designed and fabricated apparatusttie dynamic corrosion test
was used in this studihis is shavn in figure 46 below. A top loading funace
(Lenton Thermal Designs Ltd, Market Harborough, UK) was employed for

melting glass during the dynamic corrosion test at different temperatures.

An adjustable frame connected by a winch was used to control the lowering or
lifting of the sample positio before and after the experiment, respectivéhe
rotation speed was controlled by a motor (Parvalux Electric Motor Ltd, Dorset,

UK), which was mounted on the adjustable sample holder frame.
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P- -

Temp. Controller

R

Figure4-6 (a) and (b):Bespoke dynamic corrosion rigesigned and fabricated apparatus that was used
for the dynamic corrosion test

In order to avoid oveheating of the motor, a stainlesteel shaft was used to

connect the motor and, the ceramic sample holdell ceramic shaft. A
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supporting bar with a ball bearing was used to maintain a stable position of the

rotating shaft and sample holder assembly during the experiment.

4.2.3.2.2 Sample Preparation

Finger samples of the developed ABS, AZST1 and AZST2 refractory
compositions were core drilled from sintered blocks or either made by casting in a
bespoke made plaster to produce dumbbell shapgdrfsamplesThe samples

were cylindrical in shape with 100 (x0.02) mm lengths and 15 (¥0.02) mm

diameters.

A sample holér made from a mullite based refractory was assembled3@ a
mm length and 25 mm diameteeramic shaft obtained by core drillingoy
cement ancconneced to the metal shaft.The sample holder and ceramic shaft
were used to hold the test finger sampieplace during corrosion tésg. This is

shown in figure 46.

Refractory Clay

Figure4-7: Ceramic sample holdevith finger samples
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The use of dumbbell finger samples helped negate the need to notch the samples
as in tle core drilled samples. The dumbbell head provides the support to the test
body and helps to maintain it in an upright position during dynamic corrosion
experiment at high rpm. This helped to provide a clear melt line that could be

easily measured.

Figure 4-8: dumbbell shaped finger samples for dynamic corrosion on a sample holder.

4.2.3.2.3 Experimental Process

Commercial soddéime-silica (SLS) cullets are from Berryman Ltd (South Kirkby,
UK) or GTS, Leeds, with gapositions given in table-4 were used to determine
and evaluate the corrosion resistance and compatibility of the developed
refractories for this study. Before the experiment, apOAErO,-SiO, (AZS)
crucible was filled with 600g cullet and placed imsithe furnace and heated to
the desired temperature. The ABS, AZST1 and AZST2 were tested under

dynamic conditions at test temperatures of 1370C and 1420C. Fibre insulation
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was placed around the keyhole opening to prevent any heat loss and tomaaintai

constant temperatureidng experiment (see Figures).

Figure4-9: Part of the dynamic corrosion test rig showing samples being immersed in molten SLS glass at
1370 °C during dynamic corrosion test.

4.2.3.2.4 Measurement

In this study, the relative corrosion rate of the PR commercial refractory
was taken athe referencavith corrosion index = 1100%) The corosion index

for a test specimen sample for AD&, AZST1 and AZST2 was identified as:

.0 u. O o,
— Ya — Ya
6 élié | OF QG Qi Gan a9 S
« 2 v 2 v
q q
(25)

Where; D and D are the initial and remaining diameter of the test piece,

respectisthe length of ghe specimeA and R are the test piece and

referenc PSR315 or PSR333) piece, espectively
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4.3 Characterisation and Testing

4.3.1 XRD

XRD is an important technique used in the characterisation of ceramics and many
other crystalline materials. It is made up of 3 basic elementayXube, sample
holder and a detector. With minimum sampleparation required, sample purity,
crystallinity, identification of crystal structures and phase composition
guantitative analysis using Reitdetefinement can be achievedBoth powder

and bulk sample analysis can be conducted.

The XRD works on the primgle of diffraction occurring by constructive
interference of the monochromatic incidentrays (Ky aKg) with the sample
lattice spacing satigfi ng Br aggbds Law

ne = 26dééséienéédeéeéeé. . (26)
Wherej>» i s t he wavelengt h;
d is the latticespacing angd

d the diffraction angl e.

This is highlighted in Fig. 4@. The diffracted Xrays are detected and scanning
the sample over a range of 2d angl es
of the crystalline material. Each material has aquei set of epacing and
conversion of diffraction peaks to-gpacing will identify the material from a

library of reference materials.
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Incident x-rays Diffraction x-fays

/ Plane
l Spacmgz =d
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4.3.1.1 Phase Andysis and Quantification of Synthesised Refractory Bodies

For this research, the bulk sample ambient temperature XRD analysis using the
X6Pert MP D, P6Anal ytical, Al mel o, Net he
refractory phases, completioitrcompletionof reaction sintering of alumina

zircon compositions and the subsequent phase evolution from such prodssses.
described earlier in the literature review section Exceptionally for the AZS
refractory materials, they are characterised by a glassy phaslg, gue to the
presence of SiO2 and the roompletion of the reaction sintering processes; in
the case for sintered products; or cooling rates in the fused cast process. The
proportion of the glassy phase in the refractory microstructure will define or
influence much of thermmechanical properties as well as corrosion behaviour in
glass melt [5, 712]. Therefore, quantification of the evolved mineral (crystalline)
and glassy (nowrystalline) phases present in the synthesized refractories was
important. Quantification of the crystalline and naenystalline phases was

conducted based on the application of the internal standard Reitveld methodology.
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4.3.1.1.1 Theory of Reitveld Methodology:

The Reitveld method is an effective methodology that has been demonstrated

quantify phase analysis in different materials according to the equation;

€ B s L5 rr r r
W x eééeééé. (@

Where; Wis the weight fraction of thephase for all the phases peag Si, Zi,
Mi, Vi and i are the scale factor; molecules per unit cell; molecular weight; unit
cell volume andti the mass absorption correction factor of thphase

respectively.

With Reitveld analysis, the crystalline structure of each phase showdowan
and as such the quantification of glassy or amorphous phase was difficult to
evaluate. However, several autho®@}-f7] demonstratedhe quantification of
noncrystalline phases using the Reitveld methodelifier; employing a fully
crystalline intenal standard component (S{®) or ALO3) in known proportions
or using the structural model where the inclusion of the glassy phase to the
refinement can be understood as the widening of the peaks as a result of an

extreme decrease in the crystalliteesif a quartz phase.

4.3.1.2 Methodology.

Sintered refractoryanples from synthesised compositions of interest; -8Z%
AZS-03; and the Tin oxide doped compositiohdS-T1 and AZST2; together

with the standard PSR refractories, PEE and PSR33 were groundot<50um

size powder for powder XRD analysis and quantification of phases using the

Conconi et al, Reitveld internal standard metf&4].
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15 wt. % of milled (SiQ) quartz was used as internal standard aggregate before
Rietveld quantificationFor any norcrystalline phase present in the refractory
sample, the wt.% of the internal; standard would result in an-estanate and
therefore quantification of the amorphous/glassy phapeesentin the sample

would be easily evaluated from the equation;

""""

00 b pn——7Tpninmw éééééeéé. (28)

Where NCis (%) is the glass phase content by the maéstandard method, i
the internal standard progimm aggregated (%) andsks the internal standard

evduated by the Riet\yd method.

4.3.1.3 Phase Analysis and Quantification of Synthesised Refractory Bodies

It was also used more importantly to identify the phase evolution at the glass
refractory interface, penetration zones in the refractory block and evaluate the
dissolution mechasm at play during the corrosion of refractory in glass melts.
For the glassefractory interface analysis, the sample was mounted on a bracket

and the beam width reduced and focused to a 10 x 1mm beam by use of slit.

Beam position and alignment was cantkd on a graphite disc before placing the
sample mounted on a bracket into the
interface was done by conducting a partial XRD pattern covering the angular
range of interest from the glass region and moving tosvéind refractory area

untl the interface was reached.
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4.3.2 SEM

Scanning Electron Microscopy (SEM) is a powerful imaging tool that
compliments other characterisation techniques in microstructural and
mineralogical analysis. SEM with energy dispersiv@aX spectroscopy (EDS)
was used for microstructural and mineralogical analysis of the modified refractory
compositions of PSR15/333 before and after glass corrosion tests. For
microstructural characterisation of the refractory composition consolidated from
both optimised and neoptimised formulations, several samples from different
regions of the refractory brick were taken, sectioned and mounted using cold
setting resin. Mounting in cold set resin was done to allow for venting and
vacuum inthe SEM chambe to be reached quicker and save time as the refractory

brick were porous.

For phase evolution and microstructural analysis after static corrosion test, cross
sectiors of refractory crucible, i.e.estions normal to the glassfractory
interface were duby a diamond sawmounted in cold set resiground and
polished according to standard ceramographic techniques. -Fhemical
analysis techniques such as mapping, point ID and line scanning were carried out
using SEMEDS to evaluate the compositionstio¢ phases as well as identify the

diffusion profile of the glass and refractory elements.
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5 Development Preparation & Synthesisof Slip CastAZS
Refractories.

5.1 Introduction

As highlighted in chapter,Xheaim for this researctvas to develop and syrgsise

refractory compositions by slip cast methods that are more sustainable from a
production stand point as well as during service than the currenLiSRandard
refractories widely wused in the forehea
section & the glass furnace. To attain this, tbbjectives for this study was to

develop seHflow slip cast refractories thatvhen sinteredpossess the main material

property requisites of low porosity, high temperature flexural strength, thermal shock

and impoved corrosion resistance in glass melts.

From the literatte review, in section 2.5, is widely known andshown thatwhile
increased porosityn a refractory or ceramic materiahhances the thmal shock
properties of the materialhe corosion resstance of the materiaéd slags and glass
melts is dramatically reduced. Design engineers and developers in ceramic or
refractory development, have always faced this tffien material propertie$ ].
However, for this studyit was expected that idewloping a dense, low porosity
refractory where a reaction sinteredsitu zirconiareinforcedMullite phase is
evolved within the microstructure, would hedpunteract the loss of thermal shock

propertiefrom the reduced porosity.

Literature review inle previous chapter showed thag tefractoryphysical material
property of low porosity and high bulk density are a result of the particle gaokin
the starting raw materials whilld thermemechanical and chemical properties of

the consolidated refcéory body are intrinsically related to the composition, amount
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and distribution of the phases present. In the Materials Science, physicochemical
paradigm link,Composi tion Y Structure Y;thearticl
Astryatruriel e si zed relates to thengphases
the methodologies describé&d section 3.3, this chapter aims to predemw binary

and ternary phase diagna evaluation was implemented in identifying and
developing new refractory compositions from Alumindircon starting raw

materials that would provide the abewentioned properties. hE chapter also

discussed how thBinger and Funk model forgpticle padking and DigiPack were

used to design mix formulations that exhibit séllbw properties and produce

workable slips with low water deman&lip properties of the developed AZS

refractories and the standard reference composition-FSRtogether with the

physical and thermesiechanical properties were compared and evaluated.

5.2 Development of Optimised Slip Cast AZS Refractory
Compositions.

5.2.1 Characterisation of Commercial Standard PSRLtd Refractories.

5.2.1.1 PSR315

In order to develop improved refractory materigt@at would offer enhanced
physical, thermanechanical and chemical properties than the current standard PSR
Ltd refractory compositions, two standard refractories, BSRand PSR33, that
were used in this study as reference materials were charactefiabte 51 below

lists the batch formulations of the two reference compositions. fFabla 51, the
starting raw materiabatch formulationseveals that PSR15 is a AluminaZircon

refractory, classified as an AZS, while PSB3 produced from an AlumgrZircon-
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Mullite mix formulation is classified a AZM refractory. The mix formulations of

PSR315 and PSR33 have not been optimised for optimum particle packing.

Table5-1: Mix formulation of standard PSiRtd widely used as forehearth refractory materials.

PSR-315 PSR-333

Zircozon Zircozon 10

PBR Tabular Alumina 325#

CT9IFG 35# Virginia Mullite -
Tabular Alumina -0.3mm Fused Mullite 08mm
Tabdar Alumina -0.5mm Fused Mullite -Imm
Tabular Alumina -0.5-1mm Tabular Alumina -2mm
Tabular Alumina 1-2mm China Clay

China Clay Ball Clay

Ball Clay

Alphabond

Table5-2: Physical properties of PSR5 and PSR33

Property PSR-315 PSR-333
Bulk Density  (g/cr) 3.111 2.82
Apparent Porosity % 20 21
Cold Crushing Strength 154 87.3 MPa
Refractoriness Cone 35 (1775 C) Cone 33 (1745 C)
Reversible thermal 1% (201 1000C) 0.63% (20i 1000C)
expansion
Thermal Shock >1.0 _cycles with minor >10 cycles

hairline cracks at edges

112



Chapter 5. Development, Preparation & Development of Slip Cast AZS Refractories

As mentioned earlier in section 1.1, RSES and PSR33 refractories are
international standards for feeder exgale refractory materials. As Emhart
licensed products, they are known world wide and find wide use in Feeder and

Forehearth applications for Flint glass production.

PSR315 products findheir application as feeder expendables (spouts, plungers,
tubes,stirrers and orifice rings) at the working end of the glass furmaely due to

the good corrosion properties against glassa result of the increased ZrO2 content
(19 wt%) as compared to the PSB3. PSR333, find most applications as
forehearth anathannel blocks, acting as a conduit for glass conditioning from the
melting furnace to the working enBrom table 51, PSR333, has primary mullite
(virgin mullite) in its starting formulation as as such presents excellent thermal shock
properties and l@ corrosion ratg< 0.5cm/yearthat can accommodate the current
10+ year service life expectancy of most container glass forehearths [14]. As well
due to its lack of glassy phase, low Zr€ontent (11 wt%j) it is an unlikey source of
zircon/zirconia releed catscratch cord glass defects that will present in the final

product [14].

Table 52, shows the typical physical properties of the two PSR comercial products,
as per product data sheets provided of the respective refractories. Both refractories
are dassified as dense refractories and contain average apparent porosities of ca.

20%.

Figure 51 shows a low magnification SEM micrograph of the microstructure of
PSR315 which is typical of refractory castables. The figure shows two aspects of

the microstucture, that it is composed of alumina grog grains bonded in an fine
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matrix material. The alumina grog grains coming from the tabular alumina size
fractions in the batch formulation. FigurelSurther shows the SEM EDX mapping
of the microstructure and veals the matrix to be a zirconullite matrix which is

confirmed by XRD pattern of the PSF5 refactory presented in figure2s
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O K series Al K series

1mm ' 1mm '
Zr L series Si K series
T imm 1mm !

Figure5-1: Microstructure of the PSR15 refractory. (a) Low magnificatioand (b) SEM EDX mapped
microstructure region of PSR15 refractory.
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Figure5-2: XRD pattern of PSRL5 refractory zone area sintered at 1500°C.
1= ZrSiO4 [ref code: 6308-8667]; 2 = ZrO2n [ref code: @-008]; 3 = ZrO2 [ref code: 040087;

4 = AI6Si2013; [ref code: @10-3002]; 5 = aAl203; [ref code: 0005-4502]

As explained previously, the matrix represents the weakest region of the refractory
and as such has the greatest effect on the therenbanical stability as well as

chemical compatibility in slags and or siliceous melts. FigeBesBows the matrix

region of PSR315 from a high magnification SEM microgragthe figure shows

some regions of the micristructure where debonding of the niedrixalumina grog
grains has occurred resulting in cracks and pores. This is normally a result of a
phenomenon known as wall effects from packing flaws between the fine matrix
materials and the large grog grains. The presence of such packing flawsheaves t
refractory prone to ingress and attack by glass melts within these pores. Therefore, it

was realised that to avoid such packing flaws in the developed compositions, the
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partcle side distributions of mix formulation would need to be optimised. This was

done and is discussed in detail in the folowing sections of this chapter.

Debonding of matrix
from alumina grog

Figure5-3: Low SEM magnification of the PSER5 microstructure showing thdebonding between the matrix
and grog grains due to wakffects.

5.2.1.2 PSR333

Figure 54, show the microstructure of PSI33.

Eleon lmag 32

Mullite

Figure5-4: SEM micrograph showing the microstructure of PE33 refractory.
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From figure 53, it can be seen from the morpholdbgt the mullite phase exists
within the microstructure as single grains, coming from the primary mullite in the

starting batch raw material

Table 53, shows the semi quantitative point analysis of the mullite phase and shows
the grain in spectrum as thesed :3mm Virginia mullite, with A}O3 content of 78

wt.% which typical of mullite produced from melt.

Table5-3: SEM Semi quantitative point analysis of RS83 refractory shown in figure -8

Spectum 17 Spectrum 18

Element

wt.% wt.%
O 49.2 48.5
Al 34.1 40.5
Si 16.5 12.0
Zr 0.00 0.00
Total 100.00 100.00

Mullite is known for high temperature stability thermal andited shock properties.
However, [37-40] from the thermomechanical properties of thleeramic body
studied, theiresults showe@d 13-16% increase in the flexural strength as well as
improved thermal shock properties when the mullite exist as acicular and interlocked
within the matrix microstructure [340]. This indicateshat the type ofnullite has
significant effects on thdhermomechanical properties of the refractory body
Therefore, for the development of tbempositions of interest in this research,rithe
evolved microstructure would need to possess mullite in the form of acgraias

to improve the thermanechanical properties of the developed refractories. Hence it
was decided not to use Virginia mullite in th&arting mix formulation of thérial

compositionsas is the case with the PSR3 formulation. Rther the reaction
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sintering route of an Aluminaircon staring mixture as in thease ofPSR315
formulationwas preferred with the aim of trying evolve a acicular mullite based
microstructurethat would enhance the thermwechanical properties of synthesised

refractories.

5.2.2 Evaluation of Phase Equilibrium diagrams

5.2.2.1 Al;,03-ZrO,-SiO, system

The principalraw materials used in the production of the reaction sintered, zirconia
reinforced, mullite refAaGandZry\Qmeanthg es 1 n
that the sinteredomposites would bef the ALbO3-ZrO,-SiO, system.From the

material properties of the standard reference refractories325SRand PSR333,
characterised and presesht@ the previous section, a clear picture was presented of

what the new developed compamns of interest, with increased Zr@ontent

should possess in terms of microstructure, mineral phases and their microstructural

evolution.

PSR333 preserst good thermal propertieBom the inherent mullite phase in its
microstructure. Therefore the ndvail compositions of interest were selected to lie

within primary phase fields that contain mullite on the AZS ternary phase diagram.

Figure 55 shows the ternary phase diagram and the primary phase fields )z Al
I SIO; T ZrO, system at 1500C. Thiggure also highlights the selected range of

compositions (red eclipse) for preliminary studies of this research project.
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1500°C

Range of
compositions

selected for this
study

Figure5-5: Ternary phase diagram of the Al2@3SiO2¢ ZrO2 system showing the pnary phase fields at
1550011]

Figure 56, showsthe isopleths,within the liquidus isothermsof the standard
refractories compositions PSR5 and PSRB33 From the ternary phase diagram, it
can be seen that thgtandard refractorie®SR315 and PSR33 the standard

refractories have a high refractoriness. Thewmpleths are locatedvithin high

temperature liquidus isotherraad away from the eutectics
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ALO,

(2050°)

- PSR-333
- PSR-315

1870°

® AlSi,O .

1900°

(2715°)

0 20 Zrsio, 40
Zro 1775°Wt %

Figure5-6: Ternaryphase diagram of théA\l,O; ¢ SiG ¢ ZrO, system. heisopleths of the standard reference
refractories PSR815, PSR33 and the developed compositions of interest, ABS and AZ®3 are shownon

the ALOs-SIQ-ZrG; liquidus ternary isothermg11].
Figure 56 also highlights the isopths ofthe threetrial composition batcheis this
researchAZS-01, AZS02 and AZS03, with increased zircon (ZrSipcontent, up
from the standard PS&15 to 50 wt.% As highlighted in the previous section, the
evolution of acicular mullite was deternaith as requisite in developing refractories

with improved thermanechanical propertiefience the new trial compositions were

selected to lie at lower liquidus isotherm to enhance liquid phase sintering.
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5.2.2.2 AlL,O31 ZrO,1 SnG, 1SIiO, system

No phase equiliba experimental studies were conducted in this research. Rather,
proven work and studies from literature was used to justify and investigate the
effects of Sn@ as a sintering aid on the reaction sintering of Alumiinaircon

mixtures.

The ZrQ-SiO, systen has been extensively studiedid from the binary phase
diagram shown in figure-3, the composition of ZrSig¥alls in the two phase ZrO
+ liquid from 1680 °C and dissociates in the temperature range of 15&€cé@ling

to the reaction;

ZrSiOs (s )UZrO, (s) + SIQ (s)

C}ZG,1400K: 1489.1 kJ/mol (26)

From the tabulated Gilsbfree energy data, this means Zircon is stable by a narrow
margin up to the temperature where a ligpithse appearand the above reaction
will proceed in the forward direction when the product SK) is replaced by the
descriptor Si@ (I). This means zircon will decompose only in concurrence with
melting as the activities of Sydl) component is redied. Also, it has been shown

that in the presence of impurities, the dissociation temperature of zircon is reduced.

As described earlier in section 2.2.5.1griwon the phase equilibria of the Zrénd

SnQ, system by various workers and presented by Adiede et al, (2002s a phase
diagram showed a wide immiscibility gap between the ,Za@d SnQ phases
leading to a limited solid solution of tin oxide in zirconia;,&nO-; and zirconia in

tin oxide Sn.xZryO; in the temperature range of 123@750 °C
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In the SiQ-SnG, systemphase equilibria studies by [d&ove 1500 °C, showed the
formation of a liquid phase in Spi0O, compositions rich in Si@while a solid and

a liquid phase was observed teeast at equilibrium in the temperature range 1510
°C1 1625 °C. From the results, [#8etermined eutectics of Sp@nd SiQ in the
SiO, rich regions at eutectic temperatures of 1500-°C510 °C and a liquid
miscibility gap in the Sn@rich regions at monotectic temperatures of 1625 °C

1650 °C.

Therdore, from the above evaluations, it would suggest that in th@3Al ZrO, i
SnQG, 1SIO, system, a liquid phase produced from the reaction betweenSsiQ
above 1510 °C would favour the forward reaction of the dissociation of Z&&O

shown in equatio6.

5.2.2.3 Compositional studies

To determine whether the phase diagram analysis and compositional evaluations
concluded in the above section on the effects of ,Sa® a sintering agent,
compositional studies were conducted thre aluminazircon refractory matx
mixture. In these studiesgalcined alumina (CT9FGand zircon (zircozon 10)
mixtureswith 1wt% and5wt% SnQ added wergressed into pelletssigure 57

shows theXRD patternof the pressed pellet sintered at 1550 C.

The XRD patternin figure 57 revealed the presence of corundutn, ,SnO, solid
solution baddeleyiteand mullite as the major phasefNo zircon peaks were

observed in the sintered pellet.
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Figure5-7: XRD pattern of pressed pellet of 8;+ZrSiQ+SrO, mixtures sintered above 1500C Reference
XRD patterns of Mullite: ABL0,5(04-014n T Ty 0 T / 2 ABgy0R@0Y78) TirOxide solid solution:
Z15.6Sm 10, (04-002-8306); and Baddeleyite: Zg904-006-7954) are also presented.

This highlighted a complete dissociation of zirdbam the starting materishnd
enhanced redion sintering of aluminaircon through thencreased mullite phase
evolutionas evidenced by the numerous mullite diffraction peaks under conventional

sintering.
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5.2.3 Mix formulations Design and Optimisation

5.2.3.1 Dinger & Funk PSD analysis Results

Using the saindard PSK315 batt formulation as reference, tribatch formulatios

of the AZS-01, were created andoptimised to determine an optimum mix
formulation that would present sdléw properties of the prepared suspensions or

refractory slip

The formulatons of AZS02 and AZS03 were then later derived from thptimised
formulation of AZS01. To achieve this, the composite PSD of the B3R
refractory mi xture was determined from
particle size distribution and the cesponding composite CFTP from each size class

of all the material components using the modified Andreassen model (Dinger and

Funk) equation.

From Figures 58 (a) 1 (d), the distributions modulus {eplue) of the current PSR
315 mix formulation was obsemtdo be the one which followed thevglues of the

Dinger and Funk curves in the range of 0.08 to 0.20.
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curve at different packing modulus (galues) modelled so as to determine the packing modulus of BER
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From literature review, thdistribution modulusq, for a 100% packinglensity of
infinite distribution was found to be 0.37 or lower by Dinger and Fhiakvever, br
selflowing castables with optimum packing density, research results from systems
based on the Dinger and Funk model indicateel gvalues to bein the range
between 0.20 0.25[53, 55] Therefore, using the PSRL5 formulation at ¢yalue
of 0.20 as reference, AZ&L, AZS02 and AZS03 formulations were designed
preliminary studiesln the preliminary study, seven formulations based -walges

of 0.19 t00.25 were designed using the Elkem Material Mix Analyser software.

A g-value of 0.23 has been reported in literature to provideflsglf properties for
refractory castables of 80%. This is agreement with findings in our preliminary
studies on the AZ®1 formulationswhere an (OFAT) design of experiment (DOE)
methodology was implementeld determine the optimum-vplue of the AZS01
formulation thatexhibits a seHflow or flowability index of > 80 % with minimum

water demand

Figure5-3 shows the comgsite PSD curve of the AZ81 trial mix formulation (01)
modelled to the Dinger and Funk particle packing curve awvalug of 0.23, with
zircozon 10, (d50 = 2.85um and d90 = 13.44 um) as the only zircon additive in the
mixture andthe coresponding batcimix formulation The smallest particle size in

the formulation was 0.2um and the largest particle size 2Rnam the figurethe

red curve represents the modified Dinger and Funk model curve for optimum
packing at q = 0.23. The blue curve represents tmposite PSD of the mix

formulation of composition AZ$1.
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AZS-01 mix (Zircon flour)

100.0 - t
Excess size }
fraction \ l
|
\
. 74 |
= .
2 Less size
‘% 10.0 fraction
-
3
a
1.0 . .
1 10 100 1000 10000

Particle Size (Micron)

[V = Modified Andreassen: =023 [V = Particle Size Distribution
Materials In Composition
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Figure 5-9: Trial mix formulation of AZ®1 with zircon flour as the only zircon source material in the
formulation and Its corresponding PSD cermodelled to Dinger and Funk model for particle packing at q
value of 0.23.

From figure 54, it can be seen that in the composite PSD curve of@&LShere is

an excess of the cumulative percent finer than (CPFT) distribution for the size
fraction 2.12pn 7 12.45um that make up the matrix, and less of the size fractions
with a median diametersgl= 120um. As such, size fractions of zircon sand M170

were added to the formulation by reducing the size fraction of zircozon 10 to
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optimize the particle packingrrom the list of commercial raw materials components
that were available for the batch mix formulations of the designed refractories,
shown in table 4L, the size fraction with asgl= 120um, represents the size fraction

of zircon sand M170. As such, teee fractions of zircon sand M170 were added to

the formulation by reducing the size fraction of zircozon 10 to optimise the particle

packing.

AZS - 01 (Mix 05)

Percentage Pass (Vo)

1 10 100 1000 10000

Particie Size (Micron)

0.44 ——— Modified Andreassen. qu0 23 emmmm Particie Size Distribution
Materials In Composition
Material Name Density Quantity Vol % 4
%) | Zicozon 10 450| 45200 7.74
| china clay 262 4900 1.44
Ball Clay 262 4300 1.44
§ |Calcined Reactive Alumina: PE 395 27800 542
g | Calcined Alumina CTSFG (08/(  395| 27800 542
Tabular Alumina: 0-0.3mm (12 392 41800 822
Tabular Alumina 0-05mm(13. 392 36300 7.25
Tabular Alumina 051mm(13. 392 52200 1026
Tabular Alumina 1-2mm (13/0 392 148300 29.27
Alphabond 200 300 5000 1.28
M170 Prime Calcined Zircon Sz~ 4.50 EELILY 22.26

Figure 5-10: Trial mix formulation (05) of AZ81 with zircon sand added to the formulation and Its
corresponding PSD curve modelled to Dinger and Funk model for particle packingaltg of 0.23.
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Figure 54 shows the optimised mix formulation (05) atajue of 0.23, after some

of the prime calcined zircon sadb0 = 140um) has been substituted for the zircon
flour (d50 = 2.5um and d90 = 13.44um) in the formulation. The formulation had the
requisite or suitable proportions of zircon sand and zircozon 10 size fractions that
would provide optimum packed distrilbois with selfflow properties and was
selected for slip preparatiomable list the determined optimised formulations of

AZS-01, AZS02 and AZS03.

Table5-4: Developed and optimised mix formulation of AD$, AZS2 and AZD3

vol. % fraction
Raw material component
AZS-01 AZS-02 AZS-03

Zircozon 10 10.3 10.9 12.1
Zircon sand M170 22.3 235 34.5
PBR 9.4 8.9 7.6
CT9FG 7.9 8.4 7.2
Tabular Alumina -0.3mm 6.7 7.0 3.6
Tabular Alumina -0.5mm 5.6 5.9 3.6
Tabular Alumina -0.5-1mm 6.7 5.9 3.6
Tabular Alumina -Pmm 28.4 26.5 24.6
China Clay 1.5 1.6 1.6
Ball Clay 1.5 1.6 1.6

5.3 Slip Preparation & Optimisation

The preconsolidation of ceramic bodies using wet forming psses such as slip
casting requires the dispersion of mix formulation raw material powders in an
aqueous medium to formslurry known as a slipAs highlighted earlier in the

previous sectionhe prevailing trend in producing refractory castables is fontixe
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formulations of the refractory composition tmonsist of a wide particle size
distribution to enhance particle packing, reduce the mixing size scale and more
importantly produce a dense green body. This was the case for the mix formsilation
of thetrial refractory compositions AZ81, AZS-02 and AZS03, shown in table 5

1, whose particle size distribution ranged from 1pu2000pumand weredesigned

and optimised for optimum particle packing.

As discussecearlier in section 5.3, a high solid loading the AZSO01 refractory
composition was requisite to allow for low water demaefdactory slip withgood
casting rates which would lead to sustainable production from reduced energy
consumption in ying. However, incorporation of water to particulateteyss is

well known to affect the surface chemistry of the fine matrix particulate materials
which tend to agglomerate because of wpaaticle Van der Waals forcgs,30, 53]

The agglomerates trap water within and this results in an increased solidgloadi
(vol. %) of the systemA high solid loading, together with fine particulates and
agglomerates enhances more particparticle interaction which results in dilatancy

of the dispersed system that becomes characterised by an increase in the viscosity of
the slip. This makes the slip wvorkable and requiring of an increase in the slip

water demand.

The grog, coarse particles and some soft agglomerates may also sediment which
would lead to segregation resulting in density and microstructural inhomageneit

in the green and sintered bodies. Therefore, the stability oAZ1%&01 refractory

slip wasparamount to the final ceramic or refractory body possessing the requisite
material propertiesighlighted in section 5.2As such, for this study, the AZ&

slip had to fulfil several requirements such as maintaining a homogenous well
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dispersed slip that is easiigproducibleaven with slight changes in the solid loading

and raw material batches.

Various dispersants are used in stabilising refractory stipagpensions and for this

part of the study, three commercial dispersants, Darvan 7, Dolapix PC725 and
Dispex A40 were tested and evaluated to identify the best dispersant and its optimum
concentration ideal for AZ®1 slip stability. Zeta potential andapicle Size
measurement techniques were used to prelinhjnacreen between the three
dispersants. Deflocculation evaluation tests of the -QZSlip properties were then
conducted to validate the choice of dispersant. This section highligthtdiscusss

the results of thetudy.

5.3.1 Zeta Potential

Zeta potential tests were conducted on Preliminary screening evaluation to determine
the most suitable dispersant in producing stabilised dispersions of the compositions
AZS-01, AZS02 and AZS03 designed witlincreasing zircon content designed and
selected in section 5.2. Zeta potential and particle size measurements were conducted

according to the methodology describedéation 4.3.1.1.

From the prepared dilute aqueous solutions of the fine raw mageniadulate
components of the AZ81 mix formulation that make up the matrix (<100um),
0.1ml aliquots of the commercially available dispersants, Darvan 7, Dolapix PC75
and Dispex A40 were added and zeta potential and size measurements taken to
evaluate andise a guidefor the selection of suitable and efficient dispersahit.

three dispersants were supplied from the manufacturers in aqueousridriare

water soluble.
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Table 53 shows the mearred zeta potentials of the dispersed refractory suspensions
of the blended AZS fine particulate raw materials, CT9FG, PBR and Zircozon 10
that make up the matrix raw materials of the AZIS AZS02 and AZS03

refractory compositions.

Table5-5: Zeta potential measurementfor the AZS01 matrix suspensions dispersed in 3 commercial
dispersants

Suspension | Dispersant added Zeta Potential | pH
(mV)

A None -5.54 8.1

B Darvan ZN -32.8 6.8

C Dolopix PC75 -35.2 6.2

D Dispex-A40 -5.54 8.9

Recalling from the literature reviewn section 2.3, the interaction of adjecent
particles in slips is determined by changes in the Van der Waals attraction forces
and or electrical repulsion forces brought about by the added electr8ytésce
dissociation or ion adsorption of the ogigdarticles from the fine mix formulation
brings about the electrical repulsion forces resulting in a net surface charge on the

particle.

The results show that the zeta potential value of suspemsjowithout any
dispersant added to it, is low and clasezero, at5.54mV. Since the magnitude of

the zeta potential of a dispersed particulate solution infers to the possible stability of
the suspensions. This means that the particles in suspension A, with a zeta potential
of -5.54 have no adequate electtig force to prevent floculation and thus the

suspension is not stable.
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This canbe seen when the size distribution of the dispersed patrticles is ploted, as
shown in figure 8. The size distribution of the suspended mixture shows a
monomodal distribu@in that is shifted to the right having & df that is greater than

the dy of the starting particles. This shows that flocculation of the fine AZS matrix
particles has occurred in the absence of a dispersant, and as such, the use of a

dispersanto prodice a stabilised slip wasramount.

Suspensions, B and C, containing the dispers@d#s/ar7N and Dolopix PC75,
presentechigh zeta potential values 682.8mV and-35.2mV respectivelyFrom
table 52, the addition of the two dispersants Darvad @nd Dplopix PC75 brought

the suspensionsodé pH from alkaline to an

Suspension D containing the dispersant Disped0Aiad a low zeta potential value

of -2.58mV and its addition to the suspension pushed the pH to be more alkaline.
From the zeta porgial values, it was clear thaif the three dispersants tested,
Darvan 7N and Dolopix PC75 were thesuitable dispersants for the AZ8 batch

formulationthat would provide well dispersed suitable, stable and workable slips.

Size distribution measuramts confirm these findings deduced from the zeta
potential values. In figure-8, suspension D, with Dolopix-A0, exhibits a broad
multimodal size distribution with the third size intensity peak showingaofl
824.5um This shows that the three matnmaterials used in suspensions were
agglomeratingSuspe@sions B and C, containing DarvaAN7and Dolopix PC 75,
respectivelyshowed trimodal peaks indicating good dispersion of the materials in

suspension.
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Figure5-11: Size distribution of dispersed AZ3 matrix suspension under the deflocculation with Disp&£0
added to the suspension. The corresponding zeta potential wa&&mV
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Figure5-12: Size distribtion of dispersed AZ®1 matrix suspension under the deflocculation with Dolopix
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From literature, the iselectric point of alumina is within the 8:39.6 pH while

zircon is around 4.830]. Therefore, itseems that the alumina matrix materials were
the main particle that were agglomerating in suspsension D as the pH of suspesion
was within the isoelectric point of alumina at 8.9 pH. For suspensions B and C, the
pH of suspesions was shifted towards théiagiange, out of the iselectric point of
alumina thereby creating an electrostic repulsion between the surface particle and

ensuring a well dispersed and stable suspension.

5.3.2 Deflocculation Tests

Deflocculation tests ohigh solid loadings of 93wt% (which correspond to voPb

of 83% of AZS-01 formulations were conducteaiccording to theviscometry
methodology described in sectidi83.1.2for the rheological characterisation of the
suspensionsTwo 400g mix formulation of AZS)1 was added t80g (30m) of

water to make as suspension of solid loading of 93 wt.%. To the suspensions, 0.1ml
aliquots of Darvan-N and Dolopix PC75 were added and dynamic viscosities of the

suspensions recorded from the rotational viscometer.

Figure 57 shows the defloccuian curves of theAZS-01 refractorysuspension and

from the figure, it can be seen that the lowest viscosity minima is produced by
Darvan 7N. For Dolopix PC75with additioral incrementsf the dispersanb the
refractory suspension results in an inseean the dynamic viscositiesf the slip.

which would render the suspension or slipsworkable or requiring more water
demand which would negate the main requisite for the design of the new developed

formulations.
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Figure5-14: Deflocculation curves of AZ® mix formulation at different solid loading.
The effect of two commercially available dispersants, Darvahl and Dolopix PC78n the AZSD1 mix
formulation was evduated to identify the optimum

5.4 Synthesis of Slip cast AZS compositions

For this part of the research a preliminary study was conducted on three designed
refractory compositions AZ81, AZS02 and AZS03 to evaluate the effect of
increased zircon contents up to 50 ¥tslip casting metbd. The study focussed on
identifying compositions for which zircon content (and critically Zrffer
optimum physical, thermomechanical and chemical properties as compared to the

standard commercial refractories RSES and PSF333.
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5.4.1 Materials and Methods

Table 5-4 shows the raw materials used to produce the refractory products and the
mix formulations of the slip cast refractories. Thex formulations were developed

and optimised in the previous section.

For each refractory composition, preparatidrttee slip (castable) for slip casting
was conducted according to the methodology described in sdc®dn4.2 For this

study, 5kg batches of formulations of AD%, AZS02 and AZS03 were produced

by weighing accurately each corresponding raw mateoahponent size fractions

that make up the refractory mix batch formulatidihe 5kg optimised batch mix
formulations were each dry mixed in a Hobart mixer for 3 minutes. Darvan 7, a
sodium polymethacrylate dispersant, and water added and the mixturexeetfar

5 minutes until a homogenous slip was formed. The standard3RSRefractory

was also slip cast its slip properties used for comparison with the slip properties of

the developed compositions.

After mixing, each prepared slip was cast into 50miameter x 50mm long
cylindrical blocks plaster of Paris moulds for consolidation of density and porosity
samplesto evaluate the effect of increased zircon addition in the developed
compositionsChemical compatibility of the developed refractory composgiwas

also evaluated by conducting static isothermal glass corrosiorutests SLS flint

glass, from GTS, UK, composition presented in tabte 4

For static glass corrosion testing, 150mm x 150mm square crucible cup test samples
with a 25mm @ x 25mmaepth recess in the centre were prepared by slip cakieng
prepared refractory slips into gypsumoulds. All slip cast samples were -de

moulded after 24h, before drying and sintering to a temperature of 1500C for 1 hr.
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5.4.2 Effect of Zircon addition

5.4.2.1 Slip properties

The main slip properties that were considered in this part of the study were ease of

mixing (time taken to reach a homogenous slip), water demand and rheology.

Table 56 presents the averagedixing test data results recorded after mixing and

preparation of refractorglips of the developed trial compositions ARS$, AZS02,

AZS-03 and the standa refractory PSF815. Table & show the averaged slip

property measurements taken from the prepared refractory sligheotbove

compositionswith increased zircon additions.

Table5-6: Averagedmix test data results recoded in preparing refractory slips. of the developed compositions

and PSR315.

o Batch Weight Total Water added Average Mixing
Composition (k) mi Time
9 (minutes)
PSR-315 5 430+ 25 15+3
AZS-01 (MPO5) 5 325+ 10 14+ 3
AZS-02-(MP10) 5 360 + 30 18+ 3
AZS-03 (MP12) 5 415+ 30 20+ 4

Table 5-7: Averaged slip property measurements of the dempeéd and synthesized refractory AZS
compositionstaken over 10 mixesThe standard PSRL5 was as a reference for comparison.

Batch Zircon (ZrO2) Moisture
" . Content Slip Density | Flow cone (Water
Composition weight 3

(kg) % Kgm mm Demand)
° (%)
PSR-315 5 27 (17.01) | 3.120+0.02| 32545 8.30
AZS-01 (MPO05) 5 35 (22.70) | 3.378+0.04| 320 £ 30 6.04

AZS-02-

(MP10) 5 40 (26.00) | 3.108 +0.02| 326 +40 6.8
AZS-03 (MP12) 5 50 (33.1) | 3.345+0.06| 280%40 8.06
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During the study,The AZSO01 formulation exhibited good mixing properties,
requiring only 325ml of water in a 5kg batch, see tabe Mixing of the AZS03
formulation in the Hobart mixer was laboured, lasting on average about 20 minutes
of mixing and requiring further ations of water to acquire a homogenous
workable slip. PSR815 took on average 15 minutes to mix to a homogenous slip.
This was acknowledged by the Technical Manager and experienced personnel at
PSRLtd as at the upper limit of the optimum and allowablexmum mixing
period. Beyond this mixing time period, the slip temperature has been observed to
rise and this is known to affect the casting rate as well as the flow properties of the
slip. In general, a drop, in the flow properties of slips is observiddanieduction in

slip temperature.

From table 56, the mixing times of AZ®1 were comparable to those of the
standard refractory, PSRL5, used as a reference. It can be seen that0AZ8&ad

the lowest water demand with slip moisture of 6.04% as prexsém table 5 while

the slip of refractory composition AZ&3 had the highest water demand of 8.46%

and exhibited dilatant behaviour. Moisture content of the slip was measured using a
moisture analyser, the Mettler Toledo HB83Halogen.The mechanisnfior a low

water demand in an optimized packed fraction of particles, discussed in the literature
review section, has been ascribed to the added water first filling up the interstitial
voids between particles. The excess water, known as thearefvoid waer, then
covers and forms a film around the part.i
formation and wet out timeo of the mixtu
the particles for selfiow characteristics of the slip. Therefore, givemtt the

refractory mix formulations of AZ®1, AZS02 and AZS03 were all optimized for

particle packing as highlighted in the previous section. It suggests then that the
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suspensions of the AZ® and AZS03 were not well dispersed, for the given high
solid loading of 94wt. %, even with the optimum dispersant concentration evaluated

in section 5.32. Therefore, formation of flocs in the AZS and AZS03
suspensions entrapped water and increased the solid loading of the slip resulting in a

dilatant slip rhelogy as shown in table-B.

AZS-01 also had the highest slip density of 3.378Rguggesting optimum packing
of particle. The slip densities of AZR and AZS01, with increased zircon contents
than AZSO01, were lower than that of AZ$l suggesting floadation of the
particles resulting in an increased solid loadimgl reduced particle packinghis
can be seerwhen considering the water demand tbe prepared slips of the
developed compositienpresented in table® The slips of all the three deveke
compositions presented good sdlbw properties with flowability Index of more

than 19%.

After mixing and slip preparation, the refractory was cast into gypsum moulds for
density and porosity samples as well as corrosion cup samples to evaluate the
physical properties, as well as chemical compatibility to SLS Flint glass, of the

developed refractory compositions.

5.4.2.2 Physical Properties

Table 58 shows the physical properties of the sintered AAZSAZS02 and AZS
03 developed refractory compositionsdahe commercial reference refractory PSR
315 used in this studyrom table 58, the AZSO01 refractory sintered at 1500 °C

had apparent porosities of ca. 14%d bulk densities of 3380kgn
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Table5-8: Physical properties of the sintered AZ8 and AZS2 refractories

Refractory Sample = (g/cmlz)hysical PropertieiAP D

PSR315 3.11+0.1 20.0£2.3
AZS01 3.38+ 0.06 13.8+0.3
AZS02 3.28+0.1 17.5£0.3
AZS-03 3.17+£0.2 19.2+ 0.5

This shows the developed refractory body had improved physical properties than the
reference AZSD1 refractory, with porosity of ca. 20% and bulk density of 3300kg
m3. This translates to a reduction in porosity of about 30 rel. %, in comparison with
the commaetial PSR315 refractory. Apparent porosity results, from tablg, &lso
reveal that the sintered AZR and AZS03 refractory compositions had high
apparent porosities of ca. 18% and 19% which are comparable t8 PS&pparent

porosities.

The AZSO01 rdractory with higher zircon content (35wt. %) also presented an
increased bulk density than the AB3, AZS03 and the commercial PSR5
refractory for AZS refractory compositions sintered at the same temperature. This
can be attributed to the enhancedtipke packing of the AZ®1 formulation, low

water demand and workable homogeneous slip, as presented in fablehth
yielded a higher initial green density. Numerous studies have shown that the dense
particle packing and hence; a higher initial gréensity; enhances densification at

low temperatures through uniform sinterifit9,21] Therefore, for the AZ®1
refractory, the enhanced particle packing from an optimized PSD provided a path for
enhanced sintering and densification of the refractomitieg in improved physical

properties shown in table®
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5.4.2.3 Corrosion Resistance Properties

From literature review, the measured high apparent porosity values c024i8 at

the upper limit of the rangaef apparent porosity #t [11] observedesultsin a linear
increase of refractory slag corrosion rates for an apparent porosity % in the range 12
i 18 %. AZS03 and PSR315 refractories contained porosities that lie outside this
range and hence were expected to exhibit higher refractory slag corrogen rat
Therefore, the next part of the study investigated the effects of increased zircon

content on the chemical performance of the dexedccompositions in SLS glass.

Crushed SLS glass cullet was filled into the recess of the static corrosion cup
samplesof the PSR315, AZS01l, AZS02 and AZS03 as described by the
isothermal static corrosion methodology in section 4. The samples were placed in an
electric kiln and fired at 1370 °C for 72h at a heating and cooling rate of 3 °C/min.
After the test, the sangs were sectioned, and the filixe cut measured. Figure 5

11 shows a sectioned half section of the AXSrefractory after static corrosion.
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Figure5-15: Sectioned corrosion cup sampdé AZS01showingglassrefractory compatibility and fluxline cut.
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The fluxline corrosion of each refractory composition was measured and the
corrosion rate at the flux line was plotted as a function of increased zircon
composition as shown in Figurel2. From figure Bl2, it can be seen that an
increase in zircon content of ab@uwt. %in AZS-01from that of the standard PSR

315 composition showed a significant low rAete cut rate under the same furnace
atmosphericThis means that AZ81 had better glass corrosiogsistance than the
standard PSR15 refractory. Therefore, zircon additions and optimised particle
packinghad the effects of reducing the melt line cut of the refractory in-BZS
refractory. This can be attributed to the increased densification oéfilaetory and
reduced porosity from the zircon addition, which was also observed by Askel, [9, 12]

in his study.

However, further increases in zircon content of 5wt% additions in the other
compositions, AZ$2 and AZS03, did notresult in any significainreduction of the

melt line cut rateas can be seen in the figurel 8. The flux-line corrosion of AZS

02 and AZS03 were comparable with the standard PER refractory despite an
increase in the ZrQcontent of the compositions which is thermodynamycsiéble

in alkali and alkaline earth silica melts. Both refractories contained apparent
porosities 18% and 19% respectively which are comparable to the3FPBR
porosities of 20%. Therefore, this shows that apparent porosity in refractory
macrostructure ian important physical property that has adverse effects on the

corrosion resistance of sintereefractories to glass melts.
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As discussed in the literature review sectioorrosion of refractories by liquid melts

is through either ingress of glass melt into the refractory thrabhghpores by
capillary action and or congrueimizongruent dissolution of the refractory oxides
into the glass melt. By reducing the apparenbpity in the AZS01 refractory, the
corrosion mechanism of the refractory was limited to the interaction of the glass with
the refractory mineral phases at the hot face. Therefore this means that for the AZS
02 and AZS03 refractories that contained higbrosities, corrosion wascilitated

through ingress ajlass into the refractory.

5.4.3 Development & Manufacturability of AZS-01 Refractory

From the preliminary studies conducted in the previous section, refractory
composition AZS01 was identified as thbaving the a good workable slip that
translatednto a dense and low apparent porosity refractory body after consolidation
when compared to thather developed compositions and th&erence PSR15 and
PSR333 refractories. Therefor¢he next part of theesearch looked into further
devebping the AZS01 refractory,evaluating itsmanufacturability,microstructure

and thermemechanical properties.

5.4.3.1 Optimization of AZS01 using DigiPac Modelling Software.

As previously stated, particle packing is defifrgdthe PSD, shape and cohesion
forces of the particulate raw material components. In the last section, optimised
formulations of AZS01 to AZSO03 refractories were designed using the empirical
equation of the Dinger and Funk packing model utilizing the R&%Dhe raw

material components. In using the Dinger and Funk model for particle packing, the
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particle shape is not taken into account and assumes all spherical particles in the
packing structuresherefore the next study looked at further optimizing fieeticle
packing of the AZS)1 raw material formulation using the DigiPac software as

described irsection 4.1.2.2

AlthoughDigiPac is ageometrical packinglgorithmwith no explicit consideration

of particle interactiongforces) it has been validatl by to predictjuite accurately
the packing structure of partiales whose shapes are commonly encountered in
industry [68]. The packing fractions of AZ81 raw material components were
grouped into three size groupased on their PSmMamely 660um; @17 600um and

600 - 2000um. However, due resolution limitation after reconstruction of the
scanned particleimto voxelsfor simulation in DigiPac, only the size group > 60um
could be simulated. The Xay tomography scanned particles are presented in
appemix C. Therefore this meatihat only the Zircon M170 particles (66600um

si ze gr 6ALP:)0-08mndi 1-@mm size particles) that fall into the 600
200um size groups were used for simulatiohefe were limitations tthis part of

the study as only two packing simulations vere managedand completediue to
issuedfaced in aquiring a computer withbetterprocessingpower. As such, the two
simulation runs were not adequate to provide enough statistical data to validate any
of the experimental work. Therefore, this work or gthds been flagged for future

work of this research.

5.4.3.2 Evaluation & Validation ofthe Manufacturability of AZS-01

To evaluate the commercial impact of the research and investigate the
manufacturability of AZSD1, factory scale mixes were produced and a dist
expendable products cast. 480kg mix and 500kg batch mixes were made and cast in

a small Eirich mixer, used for commercial production of the ®R&Rrefractory
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products. For the 480kg mix, 450ml dispersant chemical, (Darvan @&hd was
used.A total mxing time of 12 minuteswas taken andequiredfor AZS-01 slip

consistency to be reached.

Table 59 below presentdhe slip propertie and rheology of the AZ81 pilot scale
up mix together withthe average slip and rheological properties of simst@rdard
PSR315 mixes taken over the a production calendar yeanntable5-9, it can be
seen that while AZ®1 mix has less watedemand(6 %) and chemical0.1 %)
compared td®’SR315 mixof 8 % and 0.2 % respectively;ibweverexhibits similar

flow properties(> 300mm) as the standard PS5 slip

Table5-9: Slip and Rheological properties of AZ81 (420KG) mix and PSR15 (450KG) mixes. (Amount of
Deflocculant used is in percentage of total batch weight).

. . Flow
_ Viscosity (cP)
Slip Darvan | (mm)
B Safr?\e\lle '&h density | 2.5rp 5.0rp 10rpm | 20rpm W(e;ter 7-N
(Batch Weight) kg/m? () %)

m m

MPS5 (420KG) 3331 310 220 215 208 6.28 0.11 315

315(450KG)* 3083 271 | 225 220 228 8.2 0.15 326

* Average values d2017test data of

Table 59, from the slip rheology and water demand properties of-BH3esented,
further shows that the slip produced from #&i&S-01, 420kgfactory scale mix had
the same consistency, stability and homogeneity asguevab based 5k 30kg
mixes, presented in table7s The AZSO1 slip presented neeparationof grog
material from finescharacteristics from both the flowability testd during casting

of expendable products demonstrating the stability oA#®-01 slip.
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The stability of the slip can beattributed tothe optimised PSD of the mix
formulationthat is well dispersed from the deflocculation studies conducted in the
previous sections which resulted tailored rheology of the slip to exhibit high

viscosities at very low sheeate (rpm) and low viscosities at high shear rates.

This phenomenon is known as shear thinning. High shear rates (high rpm such as
20rpm) onrefractory slig are experienced during mixingimdustrialmixers such as
the Eirich mixer, while low sheartes (low rpm such as 2.5rpm) time refractory

slipsare experienced when the slip has been cast in the mould to set.

Therefore the rheological properties 8#S-01 allow ease of mixing of the
suspensionat high rpm (as is the case in the Eirich mixels® o thelow viscosity

of the slip; and good stability with no separation of the slip in the moulds after
casting due to the high viscosity of slip at low tprhe high viscosity of the slip at

low rpm or in the mould retards the settling of large gr@gemal and maintains the

packing structure of the designed PSD of the mix.

This highlights the excellent workability and manufacturabilityA@S-01 mix due
to the optimisation and process control even with changes in batches of the fine

matrix materiabnd grog tabular size fractions.
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Figure 5-18 Feeder tubes cast from AZ81 factoryscale mix.

Figure 518 showsfeeder tubes and plungers that were part of the Expendable
Feeder products that were cdstm AZS-01 composition.To evaluate whether
optimising the particle size distribution of tA&S-01 mix and the deflocculation
studies were effective to ensure a homogeneous dispersal of the raw material
components from mixing to slip homogeneity andiogssintered AZS01 plungers

were marked and cut into five sections as highlighted in figet® 5elow.Bulk

density (B.D) and apparent porosity (A.P) measurements were taken across each of

these sections.
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Figure 5-19: Figure 2: AZS-01 (144-15106) plunger marked and sectioned for Bulk density and
porosity measurements

A comparison was made with results from the lab samples. Studies by [35, 36],
showed that inadequate mixing and homogeneity of the mixsimanay result in
micro-regions of varying compositions and packing due to agglomeration which may

result in varying porosities and densification across the fired cast [35,36].

Table5-10: Table 2: Bulk dengty and Apparet Porosities of PSR815 and AZS01 fired off-cut
plungers and lab samplegError given in %)

PSR-315 plunger AZS-01 plunger
Fired off-cut Region/Secti Fired off-cut

AP BD egionisection AP BD

% kg m-3 % kg m-3
17.70 3.00 A 13.86 3.34
17.60 3.17 B 13.47 3.35
17.70 3.00 C 13.89 3.34
18.00 3.20 D 13.35 3.35
18.80 3.20 E 13.80 3.33

Mean 17.96+0.84 | 3.11+0.08 13.67+ 0.2 334+ 2.4
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From the physical property results presented in tatl®,5t can be seen that there
are no significanvariation in the bulk densities and porosities across the sections of
the plungers for botRSR315 and AZS01 products. As well, the AZ81 fired off-

cut plunger has similar physical properties te thb samples shown in table 5.10
The next study themwork looked at the developed microstructure of AZISand

evaluate the effect on theramoechanical properties.

5.4.3.3 Microstructural Evolution of AZS01 Refractory

Figure 3 shows the XRD patterns of RSE5 and AZS01 refractories respectively.

The XRD patterndor both the PSR815 and AZSO01 refractories exhibits similar
mineralogy whereby the main primary phases of each refractory are corundum,
monoclinic zirconia (baddeleyite), mullite and zircon, which is typical of AZS

products sintered below 1600 °C.

Above 1600 °C, zircon is known to dissociate into zirconia and an amorphous silica
phase. There is, however, a discernible difference in the intensities of the mullite
peaks between the two AZS materials. It can be seen thaDAp&sents mullite

peaks at lgher intensity when conaped to that of reference PSR5refractory
especially when comparing their relative intensities in the [110] and [121] mullite

reflections.
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Figure 5-20: XRD pattern of PSR315 refractory body sintered at 1500°C.
1 = ZrSiQ, [ref code: 04008-8667]; 2 = ZrGQ-m [ref code: 04008]; 3 = ZrO,-t [ref code: 040087;

4 = AlgSi,O13; [ref code: 04010-3002]; 5 = aAl,Og; [ref code: 040054502]

This is also shown and confirmed in theagtified mineralogical composition of the
two refractories, shown in table? The quantified XRD mineral phases of the AZS
refractories show in table 57, reveal that standard referenadractory, PSR315
consist ofabout50 wt.% Al,O3; anda high propation of amorphous phase (1&.

%) in contrast to the AZ81 refractory with 9 wt. % amorphous phase
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Table5-11: Mineralogical composition ahe sintered PSR15 and AZ®1 refractories sintered at 1500°C.

Mineral Composition (wt. %) Microstructural
Evaluation
| A|68i2013 .
Sample | UAILO; | ZrO, ZrSiO, | Amorphous Ratio ofZrO,: Al:SiOss
(3:1 and 2:1)
PSR315 50.5 7.2 13.1 10.1 19.0 1:1.8
AZS-01 44.8 11.6 20.5 12.3 10.8 1:1.8

Table 511 further shows that froma comparison of the ratios or proportions of the
zirconia (ZrQ) phase (evolved fronthe dissociation of zircon) to £$i;Oss,
(evolved mullite phase from the reaction sintering of,2id ALOg3); it can be seen
that bothPSR315 and AZS01 refractories have similar relative Zy@lgSibO13
ratios or proportions of the mineral phases imittheir microstructuresHowever,
from the two consolidated refractori@®&SR315 and AZS01; both derived from a
starting aluminaircon mixtures; there is more reaction sintered mullite fraction
(20.5 wt. %) evolved in the AZ81 refractory mineral comsition than the standard

refractory PSR315 (13.1 wt. %).

Thus, this would suggest that AZ8 hasundergone increased microstructural
evolution than AZSD1 from to the greater reaction sintered mullitberefore the
increased mullite formation is pobki because of the greater partiglarticle
contacts as a result of optimized particle packing and hence leading to more grain
boundaries and shorter diffusion paths for rapid matter trangjistinfers that there

is improved reaction kinetics from tipeimary zircon dissociation to yield amorphous SiO

as a dissociation product which softens and dissolvg3; & form an aluminosilicate glass.
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Mullite then is evolved after a critical AD; concentration in the glassy phase reaches

saturationThis canbe shown by the reaction;

ZrSiog(s) / (159@/B€SOWNU Zr O 27)

SIO( | )-Al©O:/U (1500 AG) x, Bk (1i)IA ,0; (28)

To give a net reaction;

ZrSiOy (s )-Al#0y/ @ 150 0 A GQA 2 Si+ ZBOAM/L) + (1x JHAILO; (29)

From thesemiquantitative EDSthe mullite evolved in bothPSR315 and AZSO01 had
Al,04:SIO, wt. % ratio in the range 71:19 to 74:16 which is in agreement with other studies

and epected for ceramics solid state sintering at or below 1500°C [8, 25].

Figure 521 shows the SEM microstructurethe PSR315 and AZS01 refractories

after sintering and reveals the phases present, with both confirming the phase
constituents as seerof the XRDpattern in figure 8L0. The microstructure of the
reference PSB 15 refractory reveals oOowal l ef fec
in the generation of cradike pores and regions of differential densification giving

the refractory an utextured microstructure.

The resulting AZS)1 microstructure in contrast, as shown in figw#l5 reveals a

denser and textured microstructure with relatively low pore size distribution.
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Chapter 5.

21: Low to high magnification BEI SEM micrograph microstructures of

Figure 5

(b) AZS02 refractories after sintering.

(a) PSR315 and

@)

Baddeleyite; (4). Pores.

(2). Zircon; (3).

Corundum;
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The mullite eolved in both PSR815 and AZS01 microstructures has an equiaxe
morphology and senrquantitative EDS revealed that the,®4:SiO, wt.% ratio to

be 71:19 to 74:16 which is in agreement with other studies and expected for ceramics
solid state sintering at or below 1500°C [8,25]. No charactersticular mullite
strudures (typell and Ill mullite), a feature of mullite evolved from a liquid phase;
was resolved even at high magnification considering the presence of a high

amorphous phase within the microstructures of HoA\ZS refractory materials.

5.4.3.4 Effect of Sinteging Temperature

The effects of sintering at higher sintering temperatures were investigated on the
AZS-01 refractories. At BR-Ltd, 1500C represents timaximum tenperature used

to fire PSRLtd productsand therefore, sintering above this temperatureldvbe
nonsustainable. However, the study was conducted to evaluate if raising the
sintering temperature on the AZR refractory would result in complete dissociation

of the ziron grains and evolution of a reaction sintered muthierostructure that

would enhance the physical properties of AZS

Figure 516 shows the XRD pattern of AZ81 refractory after sintering at 1570°C

for 1 hr.

157



Chapter 5. Development, Preparation & Development of Slip Cast AZS Refractories

3500 = T v T v T v T v T " T r
!ncreas?ed ! ——— AZ5-01 (1570C)
intensity of 3000 k- —— AZ75-01 (1500C)
mullite peaks
2500 |
S 2000
L.}
Fy
2 1500
L
=

20 30 40 50 60 70
2 theta (degrees)

Figure 5-22. XRD pattern of AZS01 refractory sintered at 1500Cna 1570C for 1hr.

(M =Mul |l ite, 2A80:;=- (Baiddelayite)=mondctnic Arg) Zr-t = Tetragonal ZrQ)

From the XRDpattern presented in figureZ2, it can be saethat while there as an
increasedmullite evolution as evidenced by the increaggensity in themullite
peaks, reaction sintering reaction does not go to completion as there is no complete

dissociation of the zircon grains.

Figure 517 shows a SEM micrograph of the AZB microstructure after sintering
at 1570 °ClIn the figure, it can be seen thratsing the sintering temperature from

1500 °C to 1570 °C cracks appear within the matrix microstructure.

158



Chapter 5. Development, Preparation & Development of Slip Cast AZS Refractories
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Figure 5-23: SEM micrograph showing the miastructure of AZS01 fired at 15D °C.

This evolutionof cracks within the microstructure suggest to a mismatch in the
coefficient of thermal expansion of the existing major phases in@Z&t 1570 °C.
Zircon remains as the major phase as well as alumina and some evolved mullite.
The appearance of crackanaafect the physical and thermomechanical properties of

the refractory body.

This was highlighted in the physical properties of the AASrefractory samples
sintered at 1570 Cl'he bulk density and apparent porosity of the AASrefractory
samples simred at 1570 are presented in tal&2. From table 512, sintering of
AZS-01 above 1500C does not improve densification of the refractory, as seen
from the bulk density of samples sintered at 15Z0of 3.29 kg m® compared to

samples sintered at 1560, of 3.38kg m-,
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Table5-12: Bulk density and apparent porosity values of AZ8 sintered at 1570 °@nd the
benchmark, Emhart licenced PSRtd standard refractories, PSR15 and PSR333 also sintered
at 1570 °C.

Physical Property Bulk Density (B.D) / kgrit | Apparent Porosity (A.P)/ %

AZS-01 3.29+0.3 130+0.2
PSR315 3.13+0.03 16.4+ 0.4
PSR333 2.89+0.01 175+0.8

Rather, thee is a slight reduction in the bulk density of circa 3 géssiblyfrom
partial dissociation of zircoq j 4.8kg m>) by increasd thermal input to fornand
zirconiasomereaction sinterechu | | i 2.8kg +]) from theviscous amorphous
SiO, on reaction with aluminal’he gparent porosity of AZ®1, was increased, as a

result of the cracking and shkiage of the zircon grains as they palgidissociate.

5.4.4 Thermo-mechanical Properties of AZS01

Only qualitative results can be, and were, obtained from the heating and quenching
cycling (Thermal shock) tests that were conducted on the BSRPSR333 and
AZS-01 refractories. Table 5.7 shows the results of thermal shock tests performed on
slip cast samples as well as sectioned test samples from sintered blocks-@f AZS
and the commercial reference refractories B3R and PSR333, as described the
metodology insection 4.2.2.6 Sectioned samples from a bulk sintered block may
introduce stress concentrations and defects such as-onamks from the saw blade,
hence why slip cast samples were used in determining the thermal shock properties

of the refactories.
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Table5-13: Results and report of thermal shock tests conducted on-8Z&nd reference refractorieShe
coefficient of thermal expansion of the refractory samples are also provided from Reédai#ar expansion
tests.

Thermal shock behaviour of test
_ CTE Sample produced as Visual
Refractory | U  ®/moc) . .
Slip cast Section from observations
(07 1400 C) refractory block
No spalling or
PSR315 7.38 > 10 cycles > 10 cycles discernible cracks on
surface
No spalling or
PSR333 6.7 > 10 cycles > 10 cycles discernible cracks on
surface after 10 cycle
No spalling or
AZS-01 7.32 > 10 cycles > 10 cycles discernible cracks on
surface

* CTE €oefficient of thermal expansion froneRersible linear expansion tests conducted at Lucideon

In the thermal shock tests conducted, AZISexhibited excellent thermal shock
behaviour comparable to the standard refractories, with no visual cracks or spalling
occurring or being observed on teractory surfaces after 10 thermal cycles. While
the cycling heatingjuenching thermal shock test method provides adequate
information on the performance of the refractories in service, it does not provide
enough comparative data about the thermal shpyokerties of AZS)1 and the
standard refractories. Therefore, to provide more information on the thermal stability
and properties of AZ®1, the reversible linear thermal expansion properties of PSR

315 and AZS01 were analysed.

Figure 513 shows the revsible linear thermal expansion test of RSES and AZS

01 refractoriesluring a heating and cooling cycle
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Figure5-24: Linear Thermal expansion curve of RSES and AZ®1. The figure highlights the thenal
hysteresis of the heating and cooling curves of the two refractories.
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The test highlights the expansion and shrinkage behaviour of the refractories and its
evaluation can be used to provide the thermal stability of the refractory body and

significantmaterial property such as thermal shock.

During heating and cooling cycles of Zr@ased materials, the Zg@n to ZrQ-t on
heating and vicerersa during cooling produces a hysteresis area as a result of
volume changes associated with the phase transformf@ Kumar et al, 2016].
Figure 513 shows the thermal hysteresis of PEF and AZS01 from their heating

and cooling curves and may be thought to represent a single thermal shock cycle.

In figure 513, it can be seen that PSR5 exhibits a discerniblend larger thermal
hysteresis are&3 cnf) than AZS01(1 cnf). This means that on cooling after
heating, PSR315 does not follow a similar contraction path as during expansion.
This thermal expansion hysteresis is normally due to formation of +oraabs,
evolution of phase changes during the heating cgmbkor softening of the glassy
phase present. This means that B3R on repeated thermal cycling, will exhibit a
volume change that may affect its structural integrity and result in spalling.
However,since duration of the thermal shock tests, B3R did not spall or show
surface cracks after 10 cycles, this may mean thatiiteusglassy phase helps in

providing thermal healingf the micro cracks and thermal stress relaxation

In contrast, the ZS-01 contraction path follows the same path during expansion and
result in a thermal hysteresis area close to 0. This means that during thermal cycling,
there is negligible volume change of the refractory and this helps it to maintain its
structure and mast spalling. Although this analysis does not quantify the thermal

shock properties of the two refractories, it provides an insight into howane
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justify that AZS01 possesses excellent thermal shock properties than that ef PSR

315.

5.5 Summary of Discussbns.

It has been shown that an increase in zircon additions to theOAZ87S02 and
AZS-03 compositions sintered at 1500Cdid not translate into increased
densification and improved physical properties. AZISexhibited physical and glass
corrosion prperties that were better than the standard commercial refractory PSR
315. This was presented in the isothermal glass corrosion test studies where only
AZS-01 presented the lowest fhlixe corrosion in soda lime silica glass, at standard
test temperaturesf 1370°C for 72hrAZS-02 and AZS03 had comparable flux line

corrosion as PSR15.

Due to the low improvements in their physical and glass corrosion resistance
properties, development of AZ®R and AZS03 compositions was not taken any
further. AZS-01 refractory was further developed by optimising its formulation
particle @cking furtherusing the DigiPacoftwae, although only one simulation

run of the modellingwas conducted due tiie limitationsof time and processing
speed. Sintering AZ81 above %70 °C did not improve the physical properties and

cracks were observed within the matrix microstructure.

The Factory scale mixes of AZB that were conducted showed the
manufacturability of AZSD1 slips and the potential commercial impact of this
reseach. From static and dynamic corrosion tests that were conducted, and are
discussed in detail in the next chapteng, denser and less porous AdSrefractory

had excellent glass compatibility with very low glass defect potential in soda lime
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glass and stws promising thermanechanical properties (discussed in detail in the

next chapter) and summarised below.

Physical & Mechanical Properties

Bulk Density3380 kg/n?

Cold Compressive Strengli®0 MPa

Apparent Porosityt3 %

Refractorines4775C. (Cone34-35)

Refractoriness Under Loa&UL).

Reversible Thermal Expansion. -2000°C 0.68%
CTE = 6.00 x 10 °C™ (20°Ci 200°C)
CTE = 7.25 x 10 °C* (200°Ci 1200°C)
CTE =9.00 x 1 C* (1200°Ci 1400°C)
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6 Dewvelopment and Evolution of a Novel (Zi.,Sn)O,
Toughened Mullite Alumina Slip Cast Refractory:
Effect of SnO..

6.1 Introduction

Zirconia reinforced mullite refractories from the,@k-ZrO,-SiO, (AZS) and AbOs-
ZrO,-Al¢SiO13 (AZM) systems have a wide rangd application in the glass
industries, both as structural (crown) and glass contact applications (channels blocks,
forehearth and glass feeder applicatior¥#][1This is due to their excellent thermo
mechanical properties such as; the Higimperature, v thermal expansion and low
creep rate (inherent from the mullite phase); and the excellent fracture toughness as
well as chemical stability in alkaline siliceous melts (coming from the zirconia
phases) [5]. It is well known that Zr@is not easily wett by siliceous melts and

the addition of Zr@ to the mullite based refractory composites enhances their
chemical stabilityin similar melts or slags [288]. Reaction sintering of AD; and
zirconium silicate (ZrSi@) bearing compounds is a cheaper andemsively
explored method of producing zirconiginforced mullite composited(,11,3641].

Zircon (ZrSiQy), is available in abundance and a cheap source of zirconia.

However,in our previous studies, highlighted in the section 5.43, it was seen that
conlidated AZS refractory compositions, AR and AZS03 with starting zircon
contents of > 38wt%; (without the use of any mineralisers); exhibited a deterioration
in their physical and chemical corrosion iségnce material propertiedhis was
highlightedby the increase in the apparent porosities and subsequent decrease in the
bulk densities of the refractorieseetable 5-4. This deterioration in the physical

properties also affected the chemical compatibility of the AZSand AZS03
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refractories in glss melts as was seen in therease in the flux line corrosiaf the

refractoriesagainst SLS glassaompared to the AZ81 refractory.

The microstructural evolution of the crystallised fraction, composition and
morphology of mullite from the convéanal reaction sintering of micro to maero
sized zircon and alumina mix formulations is reported to be dependent on the firing
conditions p,3241]. The microstructure of Mullite, either fused cast or formed in
the presence of a liquid phase always exhilbbn acicular morphologyb[3244].

That formed by solid state sintering and in the absence of a liquid phase is normally
granular and varies depending on the nature and purity of the starting raw materials
[5,32,44). In the absence of impurities, siritey above 1400 °C, only some
detectable amounts of mullite are formed, with complete mullite conversion

requiring sintering at temperatures in the proximity of 17003 Z44]].

As highlighted in the literature review, these of Sn@ in reaction sinterirg of

mullite has nobeenextensivelyreported.

In the present study, the effect of Sre3 a sintering aid on the reaction sintering of
slip cast zircon and alumina mixtures to produce zirconia toughened mullite
composites was studied. Spfias the samautile structure as Ti@and as such we
expected it to have comparable properties and effect on the reaction sintering of
zircon and alumina raw materials akin to rutile ()iOn addition, it is also known

that SnQ has a lower solubility potential irodalime and borosilicate glasses with

the order of solubility reported as; SI®@ Al,O3 < ZrO, < SnQ < CrOj3 [23].
Therefore, any incorporation of Sp@to the AZS/AZM microstructure and matrix
would be expected to enhance the chemical compatibilitythef refractory

composites in glass melts.
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6.2 Methods

In the previous studies, it was shown that consolidation of AZS refractory
compositions, AZS2, AZS03 with an initial starting zircon content of > 35wt%;
(without the use of any mineralisers); exhibitadloss of densification of the
refractories. Therefore, for this study, with the use of Sa®a sintering aid and
mineraliser, refractory compositions with higher ZrO2 contents were formulated,

representing an initial starting zircon content of mora B&awt%.

Table 61 shows the material formulations of the-¢ixide doped compositions that

were designed and usedtims study.

Table6-1: Developed and optimised mix formulation of AZ3 and AZS2used inthis study.

% fraction
Raw material component
AZS-T1 AZS-T2

Zircozon 10 11.0 10.9
Zircon sand M170 27.0 23.5
SnQ, Superlite Tin Oxide 5.0 5.0
PBR 12.5 8.9
CTI9FG 5.0 8.4
Tabular Alumina -0.3mm 8.3 5.0
Tabular Alumina -0.5mm 73 5.9
Tabular Alumina -0.5-1Imm 5.3 3.9
Tabular Alumina -Pmm 21.6 23.5
China Clay 1.5 1.6
Ball Clay 15 1.6
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To evaluate the effects of Sp@s a sintering aid, thgkg batches of AZS1 and
AZS-03 were each doped with 5 wt. %@ to form two compositions designated
AZS-T1 and AZST2 respectively,by removing 5 wt.% othe alumina fractions
while keeping the zircon contextf the AZS01 and AZS03 composition constant.
Therefore, the AZS'1 and AZST2 compositionsas tin-oxide doped derivativseof
AZS-01 and AZS03, wereproduced from an alumirarcon-cassiterite starting mix
formulation ratio by wt. % of 5885 and 4550:5 respectively. The batch sheets of

AZS-T1 and AZST2 are shown in appendix E (pages i and ii).

China ad Kaolin clays were used as binders and sources of mullite seed nuclei. Pure
Reagent grade (>99.9%) SnO2 (Keeling Walker Ltd, Stok&rent) was used as

the sintering aid.

The corresponding composite mix formulations of 8/, doped, AZSrefractory
compositions, AZST1 and AZST2, werethen optimised using the Dinger and Funk
model for particle packing to attain optimally packed-fleliving mix fractionsas

described in sectiob.2

The normal slip preparation and casting procedures described innséctnd
section 5.4 were used to prepare the refractory slips for ca§&imigg with the
preliminary study results highlighted and discussed in section 5.2h#htshown
that a mix formulation with @ value of 0.23 provided an optimised refractorp sli
system that had sefiow characteristics with low water demand amqdimal packing
properties, lte slips of AZST1 and AZST2 compositionsvere prepared andheir
flow and rheological properties testbdfore consolidation by slip casting methods

For dip preparation,the optimised mix formulations of AZ¥1l and AZST2
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compositions were respectively dry mixed in a Hobart mixer for 3 minutes. Darvan
7, a sodium polymethacrylate dispersant, and water was added and the mixture wet

mixed for 5 minutes unt homogenous slip was formed.

The prepared slips of AZ81 and AZST2 refractory compositions were slip cast
into 50mm depth x 50mm diameter gypsum moulds to consolidate for bulk density
and porosity test samples, and into a 300mmx200mm prism gypsumrbingdks

for the use of core drilled RUL and CCS test samplé®y were left overnight to
develop green strength,batch from each composition was sintered for 1h at 1500

°C and another at 1550 °C, at a heating and cooling rate of 3° C/min.

6.2.1 Analysis of Slf-flowing properties
The flow decay and #hflowability index (FI) of the prepared AZEL and AZST2
refractoryslips, weremeasured by the flow cone test described by the ASTRBO

standard methods [25].

6.2.2 Physical Property & Mechanical tests

For physcal properties,tte bulk density (BD) and % apparent porosity (AP) of the
sintered refractory samples were determined using the ArckBnedteiimmersion
technique [8#t Cold Crushing strength (CCS) tests were conducted acgptdithe

ASTM C133 standar [85 to evaluate refractory performance and the adequacy of
sintering and abrasion resistance in consonance with the physical properties (bulk
density and porosity). The CCS values of the sintered refrado8yT1 and AZS

T2 compaitions were compared ith the cold strength values of AZHR
compositionto evaluate the effect of Sa@n the mechanical properties of the AZS

refractory.
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To evaluate the effect of SpOon the thermomechanical properties, The
Refractoriness under load (RUIDifferential mettod with rising temperature) of the
sintered refractory compositiodsZS-T1, AZST1 were determined according to the

BS EN ISO 188:2008 standardB[/] and compared with the RUL of AZ&L

Additional 25x25x150mm3 bars were sectioned from the 300mmx200mtn cas
blocksof AZS-T1 and AZST2 refractoriedor the measurement of@int bending
strength, hot modulus of rupture (HMORNhda dynamic elastic modulus #ést

temperatureof 1300°Cand 1400°C

6.2.3 Characterisation

Chemical and mineralogical analysis of theteredAZS-T1 and AZST2 refractory
products, was conducted by XRF and the XRD Bruker D@y diffractometer
(Oxford UNITS). A Carl Zeiss EVO MA15 variable pressure W. SEM (Oxford
Instruments) together with the Aztec Energy EDX system (Cambridge Systéims)
X-Max SDD detector backscattered imaging was used for elemental mapping and

point ID.

A Hitachi SU8230: high performance cold field emission (CFE) SEM with Oxford
Instruments, Ultra high resolution, low kV, simultaneous SE, BSE, BF and DF
imaging, wth nanoscale resolution was used to evaluate the microstructural

evolution of the mullite grains in the matrix region.

6.3 Results and Discussions

6.3.1 Analysis of Selfflowing properties
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Table 61 shows the measured s#tw and calculated flowability index dhe AZS
T1 and AZST?2 refractoriesThe selfflow and FI of the AZS)1 composition, which

did not contain Sn@is also showndr comparison.

Table6-2: Averagedself-flow measurements and calculated flowaltiy index FI of the slips of AZEL, AZS2
and standard refractories PS&L5 and PSR33.

AZS-T1 AZS-T2 PSR315 PSR333

Self-flow after 10min
335+ 25 330+ 30 330 + 15 330+ 30
(mm)

Flowability Index, FI

145 135 140 140
(%)
180 1 - I - L} = 1 v 1 ® L b 1
160 | <
140 -
T o} R
E 100 =d -
Z
s 20 4
§ e AZS-T1
80 b ~v— AZS-T2 .
40 p- -
20} o
0 po l —
L] - L L] L] L] v L] ! L]
0 100 200 300 400 500 600
TIME (s)

Figure6-1: Flow decay characteristic curves of AZEand AZS 2refractory slips.
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Figure 6-1 shows the flow decay/flowability characteristic curves of composition
AZS-T1 and AZST2 slip systems measured over a period of iffutas. For shaped

or brick casts, this represents an adequate period for the installation or casting and
sufficient filling into the mould of the sligz=rom table €1, the flow characteristics of

both slip systems, with a solid loading of 94.5% and redlugater demand (<

5. 5%) , exhibited excell ent free fl ow
comparable tohe standard PSB15 and PSR33 refractory slipswith water
demand of (>8%j)ncluding low cement seflow castables (LCC) and ncement
seltflow castabkes NCC [4,35,88 Lower water demand is deemed to be

advantageous for improved mechanical and physical properties of sintered products.

6.3.2 Effect of SnO, on Microstructural Evolution

Figure 61 shows the phase evolution, XRD patternttad refractory compositions
AZS-T1 and AZST2 sintered at 1500°C and 1550°C for.\When considering the
mode and relative peak intensities of each phase from the diffraction pattern-of AZS
T1 sintered at 1500C, corundum and primary zircon are the major phatespw
phases, mullite and Zg&SnO, solid solution peaks, appearing as intermediate to
minor phases. The ZxSnO, phase is in monoclinic form and no hitgmperature
tetragonal phase is retained which is in agreement with observations reported in
publications from other workerf21, 59 60. The presence of some zircon peaks
suggests to the partial dissociation of zircon from the starting material and thus no

complete mullitisation was achieved at these temperatures even in the presence of

SnO.
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Figure 6-2: XRD pattern of refractory AZBl and AZS2 sintered at 1500C and 1550C.

A = aAl,0;.[ref code: 04005-4502]; Zr-Sn = ZgoSny 10, [ref code: 04002-8306]
M = AESbO, 5, [ref code: 04010-3003; ZS = ZrSiref code: 04008-8667]

Evidence of this can be seen from the SEM EDX microstructural analysis of the
AZS-T1 refractory highlightedn the SEM micrograph, figure-& which shows an
elemental mappo of the AZST1 refractory microstructure after sintering at

1500°C.
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O K series Al K series Si K series

r 100um 1

Zr L series Sn L series

Figure6-3: SEM EDX elemental mapping of AZBrefractory microstructurégSintered at 1500C for 1h¥ircon

(light grey grains); (2) h-Al,0; (Corundum dark grey grains); (3) 1Z8n0O, solid solution (bright light grains);
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From the micrograph, the microstructure reveals a dense matrix which is comprised
of composite grains of zirconiin oxide solid solution (bright/light grains),
corundum grains (dark grey), mullite (lighter dark grey) and partially dissociated
large zircon grains (light grey grains). From figur8,6t can be seen that the fine
grained zircon (s~ 2.4pm) have undergone a complete setmte dissociation
while thelarge zircon grains ¢g~ 140um) are partially dissociated at the edges. The
solic-state dissociation products, Zrénd amorphous SiOreacts with Sn@a nd U
Al,Osto form a Zf1.,SnO; solid solution and equiaxed mullite (MI, type 1 mullite)

respectively.

This was also seen in the previous chapter, section 5.4 in the microstructure of the
AZS-01 refractory compositignwithout SnQ@ doping, sintered at1500°C. SEM

phase quantification of the granular mullite evolved, revealed #@;A&iO; ratio to

be 72.06:27.94 wt. %; indicating a near stoichiometric 3:2 Mulliteis would
suggests that Snhas negligible influence in the sinterability and mullitisa of
aluminazircon mixtures when sintered up to 1500°C, which agnetsfindings by

Kong et al, [@].This is in good agreement with observations made by other studies
in literature and expected from a sedithte reaction at such low sintering
tempeatures and in the presence of exces®OAIn the ALO3:SiO; ratio from the

starting batch mixture.

Figure 62 further shows that the partial scdt at e di ssoci ation of
sando grains has occurred wircbrhgraid edges mp 0 s i
towards the centre. This is in good agreement with similar observations made by
other groups on the thermal dissociation of zircon and the conventional accepted
theory that soliestate reactions occur faster with decreasing particle [28Bje At

these zircon grain edges, precipitated Sefxiched ZrQ dendritic grains appear
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where SiQ is depleted. This suggests that Srdiifuses towards the zircon region

and reacts with the sohstate dissociation product, Zf@issolved in the amorplus

SiO,, and because of the limited solubility of either Sr ZrO,, a Z1.9SnO:

solid solution is preciptt ed ou't i n the +AOsrthenoréactsd e ndr i

with the SiQ to form an equiaxed type 1 or primary mullite (MI,)

However, vhen the sintering temperature of AZ3 and AZST2 refractories is
raised to 1550°Cthere are increased mullite pealksd monoclinic Zg-xSn.O- solid
solution peaks at high intensities together with corundum making up the main phases
of the microstructure, as can be seen from the XRD patterns ofTAZ®Bid AZST2
refractory materials, in figuré-1. Figure 61 further $iows that in both the AZ$1

and AZST2 refractories sintered above 1500°C, partially stabilised zirconia as
tetragonal ZgxSnO. appears as a new minor phase. As well, no Zyfi€aks
appear in the XRD patterns indicating a total complete dissociafidhe large

zircon grains.

It follows then that above the sintering temperature of 1500°C, the large zircon
grains are completely dissociated from the grains edges towards the centre leading to
an increased amorphous silica and free zirconia phaseofragtiich reacts with the

SnG to form a solid solution that has limited solubility in the siliceous phase and
thereby precipitating the 45ySnO. solid solution as dendritic grains. This indicates

that SnQ has a marked influence in aiding the dissaocrabf zircon.The marked
influence of Sn@in mullitisation above 1500°C sintering temperature can be seen
when comparing the XRD pattern of the refractory composition-BZSsintered at
1570°C, shown in figure-B. In the figure, AZSD1 sintered above5b0°C still
contains zircon peaks indicating incomplete dissociation and mullitisation in the

absence of SnO
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For the AZST1 and AZST2 compositions sintered above 1500°C, no cassiterite
(SnQ) peaks appear in the XRD pattern for both refractories. T&Blshows the
bulk chemical composition of AZ$1 and AZST2 refractories, sintered at 1550°C,
by XRF analysis. A mass balance of the $a@ded to the starting batch mixtures of
AZS-T1 and AZST2 from the XRF bulk chemical compositions of the refractyrie
shown in table €, reveals that there was negligible $r@ss due to volatization.

SnQG is known to decompose and volatise in air above 1500°C according to reaction,

SNQys)" USNQg+ Oo(g) ceecceccccccccccccccceeee@D)

In the starting mix formulations of AZ%1 and AZST2, 5 wt..% of Sn@ was

added.

Table6-3: Chemical composition of AZEL and AZS 2 refractories sintereét 1550°C by XRF. Trace elements
are (Na, Ca, Ti, Fe)

Chemical Composition (wt. %)

Sample
Al,O; | SIO, ZrO, | SnG | RO RO FeO; | TiO; Others

AZS-T1 | 57.79 | 12.96 | 24.55 | 4.02 0.20 0.08 0.06 0.10 <0.32

AZS-T2 | 4797 | 15.85 |30.82 | 4.89 0.16 0.09 0.08 0.09 <0.12

*R,0 = NgO + K,0O; RO = CaO + MgO; Others = trace compounds < 0.01%

This can be explained from the phase equilibrium analysis and considerations
discussed in section 5.1 on experimental studies in literature on binary phase
diagrams of Sn@and ALO3/SIO/ZrO, systems, albeit limited, that revealed no
chemical reactivity in the solid state between SABO; and or Sn@SiO, binary

systems; but only the formation of 1460, T Sn«ZrkO, solid solutions from the
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SnG-ZrO, binary system. In the SnEsIO, system,phase equilibria experimental
studies by48], above 1500 °C, a liquid phase formation was observed in-Si®
compositions rich in Sig) while a solid (Sng) and a liquid slag phase was observed
to coexist at equilibrium above 1510 °C 1625 °C.A SnG.-SiO, eutecticwas
determinedat temperature range of 17731783K (1500- 1510 °C) and liquid
miscibility of SnQ-SiO, above 1625 °C In the suHiquidus region of the ADs-
SnQ system, a eutectic is observed at 98 wt. % SsCa eutectic tempature of
1893 + 5 K (1620 °C) and in the presence of impurities such as in a quést Al

SiOx-ZrO,-SnQ, system, this can be lered to below 1828K (1555 °C).

Therefore, the presence of both Zr@nd amorphous SiOfrom the dissociated
zircon grains, plusa transientpro eutectic AJOs-SnG.ZrO and SnG,.SiO; liquid
phase, may be thought to adversely affect the volatisation of 8mGugh the
formation of ZrQ-SnQ, solid solution and or reduced Sndiffusivity in the
amorphous Si@ High magnification SEManalysis of the AZS'2 microstructure,

as shown in figure-@ proves our theory.
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Figure6-4:High magnification SEM( Hitact8U8230) micrograph of the matrix region of the AZ$
refractory. A Tin oxide ch aluminazirconia amorphous phase (white) can be seen at the grain
boundaries of alumina grains (grey). Coalescence and gain growth of the alumina grains is cleary

discernable and is enahanced by liquid phase sintering.

From figure6-4, EDX semiquantifaitive point analysis reveals the dayley grains
(spectrum 4) as alumina grains and the white amorphous phase at the alumina grain
boundaries as a SaQich, ZrO, and ALO; amorphous phase. Figufe4 further

shows the coalescence of alumina grains diedifg sizes, with the large grains
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absorbing the small grains, enhanced by an attractive capillary force from the SnO
rich ZrO,-Al ;03 liquid phase sintering leading to densification and coarsening of the
alumina grains. Coalescence occurs as grainsffaridg size come into contact,
where neck formation and growth of neck with a grain boundary ensues, leading to
grain boundary migration through the smaller grain to form a single large grain
[93.30]. Our findings are in good agreement with results fréineroworkers where

for high-solid content mixtures, boundary migration was the typical mechanism and

grain boundary migration was throughrarisient liquid layer [98.00.

The presence of a liquid phase in sintering is known to permeate the microstructure
leading to densification. For our study, this was highlighted in the physical
properties of the AZS 1 and AZST?2 refractories both sintered at 1500C and 1550C

regectively, as seen in table 2.

Table6-4: Buk density and apparent porosities of AZI and AZS 2 refractories.

After sintering at 1500°C After sintering at 1550°C
Sample
B.D (gcm?) A.P (%) B.D (gcm?) A.P (%)
AZS-T1 3.37 12.8 341 8.5
AZS-T2 3.38 11.2 3.42 7.2

Density and apparent porosityeasurements, shown in table 2 show a decrease in
apparent porosities of AZ81 and AZST2 composites from c.a 13% to 8% and
11% to 7% respectively. This proves the marked effect of ,SmOthe mass
movement due to plastic flow which enhances sinterghalitd a reduction in the
open poreThere is only about 1.4% increase in the bulk densities of theTAZS

and 2.3% in the AZS 2 refractories when sintered above 1500°C to 1550°C. From
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literature survey, it is known that the densification mechanism andichle

reactions, in aluminaircon reaction sintering, during g compete against each

other [3843]. In the earlier sections, it was shown that sintering above 1500°C to
1550°C, there was complete dissociation of zircon grains under the influenee of th

doped Sn@resulting in an amorphous phase of Siith ZrO, and SnQ dissolved

plus the presence of some $i6nNG, and ALO; T SnG transient liquid phase.

Therefore, the relatively low increase in the bulk density of the refractories can be
attributedto the relative increase in liquid phase formatidrom the dissociated
zircongrains plus thepro-eutectic Sn@AI O3 1 ZrO, and Sn@-SiO;, transientiquid

phase andhe volume expansion from thevolvedmu | | i t e () fromth&8 . 6 3 gc |

reaction between Sgand xAl 03 shown in equation 26.

6.3.2.1 Mullite Microstructural Evolution

The next part of this study looked at analysing the microstructural evolution of the
reaction sintered mullite. Mullite formation reaction sintering of AD; and SiQ is
known to be dissation-precipitation controlled. Aerefore, based upon the above
observations and analysis maute the previous sectionthe morphology of the
evolved mullite in the microstructures of AZQ. and AZS-T2 refractories sintered

at 1500 °C would be expected to vary from the ones sintered at 1550 °C.

SEM microstructural analysis of the AZR and AZST2 refractory products
sintered at 1500 °C, shown in figure 3, revealed that the evolved mullite has an

equiaxed granular structure.

Figure 5 shows the microstructure of the AZS refractory matrix region after

sintering at 1550C. From the figure, it can be seen that three types of mullite, based
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upon their morphology and aspect ratios as defined by lyimhlLee[35-37] have

evolved.

B Spectrum 1

(0]
Al
Si
Zr
Sn

Wt% o

47.20
38.58
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0.31
2.51

0.20
0.16
0.11
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Figure6-5: SEM micrograph showing the microstructure of the AFZBrefractory and the three types of

MI = type 1 (primary mullite); MIl = type 2 (secondarwliite); MIll = type 3 (tertiary mullite)

evolved mullite.

- MI

Mil

Mill

The proportion of the equiaxed primary mullite Ml is reduced as there is grain

growth of the primary, MI, mullite grains, which have increased in size with their

aspect ratio reaching the maximum 3:1. The graimseseng is due to the rise in

sintering temperature from 1500C to 1550C as well as an increase in a transient less

viscous amorphous phase from the decomposing zircon g&mi3-Al,O3 1ZrO,

and Sn@-SiO transientiquid phasewhich favours mass transp@nd grain growth.
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Figure6-6: High magnification SEM micrograph of AZ3 microstruture. Microstructure shows thevolved
matrix of the AZST1 microstructure with acicular grains of mullite reinforcdy a dispersed intragranular
and intergranular Z{,SnO, solid solution grains.

The spatial arraregnent of the Ml and MII mullite, shown in figureS6and figure 6
6suggest that the primary mullite Ml transforms into MIl with the increase in
sintering emperature and amorphous phase from the dissociating zircon grains

which increase mass transport and the potential for unhindered grain growth.

Adjacent the secondary MIl mullite are the tertiary MIIl mullite grains,
distinguishable by the needle like mbgbogy and their very high aspect ratio grains.
From figure 5, it can be seen that the tertiary acicular MIIl mullite occur near
agglomerates of 4xSnO, crystals, evolved from the dissociated zircon grains.
EDX semiquantitativeanalysis revealthe ALO3:SiO, ratios of MIll and MII to be
77.8:22.2 wt. % and 75.5:24.5 wt. % respectively; an increase,0k Abntent in
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the mullite structure from the MI mullite ADs:SIO, ratios. This means that the
mullite composition varies from the 3:2 mullite from {h@mary Ml to a 2:1 mullite

from the secondary MII and tertiary MIIl mullite. This suggests, in good agreement
with numerous other studies FIB, 99, the held view that the occurrence and
growth of MIl and tertiary MIIl mullite is due to a fluid matri¥Wherein the case of

this study, is an alumina rich siliceous phase from corundum dissolved in the
amorphous silica from the dissociated zircon which allows nucleation and enhanced
unhindered growth of the Mullite crystals ta@h aspect ratios. As well,E31 EDX

semi quantitative analysisee figure &, reveal that the MIl and MIIl mullite
incorporates within their structure both Zr@nd Sn@ atoms. This would be
expected to impart better corrosion resistant properties to the mullite grains in

siliceousmelts or slags.

Table 6-3, shows the quantified XRD mineralogical analysis of the AZSand
AZS-T2 refractories sintered at 1550 °C, calculated according to the Internal
standard (IS) Reitveld methg89-91]; and confirm these findings. From talBis, it

can be seen that no ZrSi@actions are present in either refractory after sintering at
1550°C and the ABiO;3 and ZrQ phase fractions are increased while the

corundum fraction is reduced in comigan to the starting material.
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Table6-5: Mineralogical composition of AZ$1 and AZS 2 refractory composites after sintering at 1550 °C.

Mineralogical Composition (w%o)

Phase AZST1 AZST2
U-AI,O; 38.3 29.7
ZrOp 26.3 31.0
ZrOs 0.1 0.3
SiO, - -
AlgSbO13(3:2 and 2:1) 27.7 26.1
ZrSio, - -
Amorphous 6.6 11.2

Figure 67 (a) - (d); shows SEM micrographs of the resultant microstructures of
AZS-T2 after sintering at 1550°C. From the figur&(@), the microstructure consists

of aggregate tabularluaina grains within a mullite matrix reinforced by a
dispersion of zirconia agglomerates from dissociated zircon grain relicts. The mullite
matrix shown in figure & (b) reveals the homogenous dispersion qQf-g8n.0,
within the M1, MIl and MIIl crystés. AZST1 also exhibited a similar
microstructure, having good homogeneity in thg.genO, grains dispersiom the
mullite matrix, albeit with relatively less zircon relict grains due to complete
dissociation of zircon grains in the matrix. Figur&,&c) and (d); further reveal that
the tabular alumina aggregate grains are reinforced by precipitaiefBBO, solid
solution grains, possibly from the transient liquid phase filling the tabular alumina
pores. Therefore, the microstructures of theTAZand AZST2 refractories evolve

to a monoclinic Sp.xZrxO; reinforced mullite and alumina composite with some
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tetragonal Zg., SnO; (that has not transformed), remaining as a minor phase when

sintered above 1500°C to 1550°C.

Ml
Matrix: mullite
Zircon sand
grain relicts
Ml
mullite
Tabular a-
AlLO
55
B spectrum 13
Wt o
Zr 569
3 (o)
Tabular a-Al,0, . ' Al

reinforced by »

Zr14Snx0; solid
solution grains.

Figure6-7: High- low magnification SEM micrographs of AZR refractory microstructure after sintering at
1550C.

(@) Micrograph shows the aggregateli I 6 dzEALDYgrainhs in zirconia reiforced mullite matrix.

(b) Micrograph shows homegenous dispersion of zirconia grains within the mullite matrix.

(c) ¢ I o dztALChagdreagte grain with Zp.,\SnO, dispered within the pors of the grains.

(d I A3K YIF3d {9a YA ONBmyGrehdte graif reinfdrcadday HJSH3 grains.

6.3.3 Effect of SnG, addition on Thermomechanical Properties

It has been suggested by [394%], from the improved thermomechanical properties
of refractory bodies containing acicular mullite within their microstructhes the
high aspect ratio mullite, MIl and interlocking MIIl mullite crystals increase the
strength and thermal shock resistance of ceramic comp{3ag-45]. Therefore,
based orthe evolved acicular mullite structures in the microstructures of-REZS
and AZST2 refractories from the addition of SgCthe next part of this study

looked at the effectf SnQ addition on thethermosmechanical propertiesf the
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AZS-T1 and AZST2 refractoriesto evaluate whether our results would ine

agreement with those of [39415|.

6.3.3.1 Cold Crushing Strength

250 p—oororooi-or———————
|Cold Crushing Strength of Refractory Samples sintered at 1500C/1 5500[

200

150

CCS (MPa)

100

50

1500 °C 1500 °C 1550 °C 1500 °C

AZS-01 | AZS-T1 AZS-T2 PSR-315

Figure6-8: Cold Crushing Strength valuesA¥S01,AZST1 and AZS 2 refractories sintexd at 1500°Cand
1550°C The CCS of a commercial refractory widebgd in the glass industry PSR@5was used as a
comparison.
Figure 6-8 shows the cold crushingtrength ofAZS-T1 and AZST2 refractories
sintered at both 1500°C and 1550&0d that of XS-01 refractory sintered at
1500°C The cold strength properties of AZB were compared with AZ¥1 to

evaluate the effect of Sr@n the cold strength of the refractories.

From figure 6-8, for refractories sintered at 1500°C, the A@S refractory has

highercold strength properties thathetin oxide dopedefractoryAZS-T1 and AZS
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02 The cold crushingtrength ofAZS-01 is 190MPa, while that of AZST1 (AZS

01 doped with Sn@andalso sintered at 1500}@& 136MRy. The cold strength value
of AZS-T2 refractory, with 50 wt % of zircon in its starting mixture, is 146NP
This shows that the addition of Sp@as a significant effect on the cold crushing
strength properties of AZS refractories. The addition of Se€lults in a reduction in
room temperat@ strength values of about 30%. However, when the-AZ&nd
AZS-T2 refractories are sintered at 1550Fyure 68, further shows that thecold

crushing strength valuemcreases considerabby 17.5% and 25.4% respectively

This, despite the fact thas the relative mullite phase content of AZ$ is higher

than that in AZST2, as shown in table 2. It has been observed in this study that
when sintering above 1500°C, there is an increase in the evolution of secondary Mii
and tertiary MIIl, at the expee of the primary MI mullite grains. This means that
for the AZST2 refractory, a higher liquid phase content, conducive for a tertiary
MIII mullite evolution, was expected from the complete dissociation of the higher
zircon content from the initial stany mix formulation as compared to the AZS$
refractory. This explains the relatively higher amorphous phase content in the AZS
T2 refractory (11.2 wt%) as highlighted in mineralogical analysis shown in table 2.
This suggests that the increase in thed aushing strength of the AZE®2 (183

MPa) over that of AZS'1 refractories when sintered at 1550°C could be as a result
of the evolved interlocked high aspect ratio MIIl mullite. This observation is in
agreement with similar obsextions by Khadelwal an@€ook [99]. However, Lee

and Igbal [44, in their observations, concluded that mullite content alone is not the
only factor that can affect the refractory/ceramic product strength but rather the

proportions and morphology of the types of mullite evolvedwadl as other
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mineralogical phases (e.g., monoclinic and tetragonal, Zn@ ALO;) available

within the microstructure.

In the case of our study, the presence of.an@lZr,.,SnO, polymorphsinterlocked

within acicularmullite matrix microstructuresfAZS-T1 and AZST2 after sintering

at 1550°C as shown in figure-6, appears to enhanaad improve the cold crushing
strength properties of the two refractory products respectiVélgrefore, doping of

SnQ as a sintering aid in the reaction sinterimigaluminazircon mixtures does
seem to offer significant cold crushing properties when sintered above 1500C where
the evolution of acicular mullite and complete dissociation of zircon grains has been

shown to occur.

6.3.3.2 Refractoriness & Refractoriness undémoad

The refractoriness or fusibility temperature range of a refractory body, as discussed
in the section 1, is a material property in which the refractory body will deform
under its own load at high temperatures. The refractoriness of a material therefore
shows the heat resistance of the refractory material and is generally expressed in
terms of the Pyrometric cone equivalents (PCE). In industry, refractoriness is an
important material property that is often quoted in the product data sheet and used to
gauwe the suitability of a refractory body for a given service temperature. However,
refractoriness of refractory body decreases when refractory is under a load which is
common in most of its service applications. Therefore, testing the refractoriness
under bad (RUL) of a refractory is thus more important rather than just the

refractoriness or PCE.

For this part of the study, the refractoriness of the developed compositior81AZS

AZS-T1 and AZST2, described and discussed in the earlier sections, wegaced

190



Chapter 6. Development of Novel Sn@oped AZS Refractories

with the standard PSR compositions PEB and PSR33. The refractoriness
under load properties of the developed compositions were also evaluated and
compared to investigate the effect of Srad the hot flexural strength properties of

the novel AZSefractories.

Table 65 shows the refractoriness or fusibility temperature range and the determined
PCE values of the developed AX%, AZST1 and AZST2 refractories. The
refractoriness and PCE values of the standandmercialPSR refractories, PS&L5

and PSR333 are also given for comparison. Tabié 6hows the typical chemical

compositions of the standard commercial refractories and the developed refractories.

In general, as explained earlier, refractoriness of AZS bricks is a function of the
alumina and zirconia contents of the refractory composition. The higher the alumina

content, normally, the higher the refractoriness.

This was highlighted in section 5.2, when considering the compositions or isopleths
of the standard commercial refractories ghe developed compositions from the

Al, O3 7 ZrO; 1 SiO; ternary system. The standard refractories, B$R and PSR

333, were designed to have high refractoriness, from their high alumina contents, as
highlighted in table &, while the new developed coogtions in this research,
AZS-01, AZST1 and AZST2 were designed with lower alumina content and
selected to lie within lower liquidus isotherms to encourage densification through

liquid phase sintering.

The presence or development of a liquid phasehen refractory microstructure
during sintering, as utilised and highlighted in this research, enhances densification

and sinterability of the refractory. However, its presence, particularly from the effect
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of impurities such as ®, RO, TiQ and FgOs inherent in the starting raw materials

affects and is detrimental to the thermal stability of the material.

Table6-6: Refractoriness (fusibility temperature range) and PCE values of standard PSR refractories and
developed compositions.

Refractory - Sample Refrazgtg)riness PCE
PSR315 1775°C 3471 35
PSR333 1745°C 33
AZS-01 1775°C 341 35
AZS-T1 17247 1743°C 32.51 33
AZS-T2 172471 1743°C 32.57 33

Table6-7: Chemical compositions of the commercial refractories used as reference materials in this study and
the developed compositions of interest.

Chemical Composition (wt. %)

Sample

Al,O; | SIO, ZrO, SnG | RO RO FeOs; | TiO, Others
PSR315| 68.00 | 12.96 | 1797 | - 0.44 0.06 0.13 0.10 <0.32
PSR333| 7300 | 1500 | 11.10 |- 0.45 0.20 0.20 0.17 <0.32
AZS-01 | 61.80 | 12.80 | 24.90 | - 0.21 0.08 0.06 0.09 <0.12

AZS-T1 | 57.79 | 12.96 | 24.55 | 4.02 0.20 0.08 0.06 0.10 <0.32

AZS-T2 | 47.97 | 15.85 | 30.82 |4.89 0.16 0.09 0.08 0.09 <0.12
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From table &, it can be seen that the developsanposition, AZS01, together
with the tin oxide doped compositions AZA3 and AZS-T2 have high

refractorinesstypical of high alumina refractorie41,28,42101].

AZS-01 has similar refractoriness, POE 35, as PSR15. This is mainly due the
relative increase of the zirconia phase into the AZSmicrostructure from the
dissociated zircon and evolved mullite and lower glassy phase, as discussed and
highlighted in table in section 5.4. The evolved ilueked zirconia grains in AZS
01 enhances the refractoriness of material, zirconia being the most refractory phase

in the AZS system with a m.p of 2715 °C.

As well, according to the typical chemical composition of the refractories, in table 6
6, AZS01 catains low impurity concentration levels of alkali and alkali earth
compounds (O and RO), as well as T¥and FgO3; than PSR315. These impurity
compounds are known to introduce low melting liquid phases which affect the
thermal stability of the refraatg. This is seen when considering the refractoriness of
PSR333 refractory, which despite having a higher alumina of 73%uthas a
refractoriness of 1745 °C, PCB1 35, lower than AZS)1. Ths is because PSR

333 contains higher concentrations of alkalikali earth and Ti@ and FeO3

impurities.

The tin doped refractories, with low alumina contents, have similar refractoriness as
PSR333. When considering the refractoriness of AlZSrefractory (1745 °C max)

and the AZS01 (1775 °C), it can be concluti¢hat the addition of Sndm.p 1625

+ 5 °C) does not significantly lower the refractoriness of the AZS refractories, with a
reduction of about 1.7%. This can be related to the observed evolution of the

acicular mullite grains (MIl and MIIl mullite) ashewn in the previous section, see
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figure 6-5 and figure6-6. The evolved acicular mullite yields a three dimensional
reinforcement network of theicrostructure, which can be thought to enhance the
thermal stability and resistance to shearing omomheétion at high temperatures

[44,45,106108.

Under service however, refractories are constantly subjected to loads and as
explained earlier, their refractoriness is lowered. The refractoriness under load
(RUL) is a critical hot material property for refractonyaterials that is used to
evaluate the behaviour and softening temperature range and thus the suitability of the
refractory material in service at high temperature applications. Therefore, the RUL
behavioural properties of the developed refractories,-BZSAZST1 and AZST2

were evaluated from the RUL tests conducted at Lucideon Ltd, Stoke on Trent, UK.

Testing was done according to the methodology described in section 4.2.2.1. The
RUL test was also used to evaluate the effect of,%®Ca sintering aidn the hot
properties of the developed AZS refractories given that in their development, the use
of liquid phase sintering had been favoured route and design of this research scope to

evolve zirconia reinforced interlocked acicular mullite matrix in arsA&fractory.

Figure 69 shows a schematic representation of a typical RUL curve highlighting the
rate of sagging of a refractory material under load with temperature. The figure also
shows the significant high temperature material properties that axdatatl from

the RUL curve. These parameters are the(Ta) and T o which are defined as the
onset of softening of the refractory and the end of softening of the refractory before

failure respectively.

The Dmax gives the maximum expansion of theatbry and temperature range at

which this occurs.
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Figure6-9: Schematic representation of a typical RUL rate of sagging with temperature curve.

Figure 610, shows the RUL curves of the developed réfirgccompositions AZS
01, AZST1 and AZST2 from room temperature to 1700 °C. Table shows the

calculated RUL values of the tested refractories.
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Figure6-10: Refractoriness under load curves of AZF AZST1 and AZS 2 refractories.

The calculated RUL results presented in tablé show that AZS1 has high
refractoriness under load strength than the ;Sd@ped compositions. This is
expected, considering the refractoriness or PCE values of the refractory
compositions presented in tal-5. The temperature range within whishbsidence

of the AZSO01 occursis >1681 °C This represents a temperature range thatis

100 °C lower than théCE values of AZS01 presented in table-® This is in
agreement witHiterature where the RUL values of High Alumina refrates are
guoted about 100 °C lower than their corresponding PCE valhesemperature of

the onset ofsubsidence (1 or 10% ofrefractory slagging) of AZS'1 (AZS-01

with SnG addition), is ca. 22 °Cup to 1622 °CThis suggestshat SnQ dopant

affects and lowers the hot temperature stability of the AZS refractori8s 5y%.
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AZS-T2, with similar amount of SnOconcentration added ta 33 wt% ZrQ
bearing AZS refractory composition has Rudlues of 1540C. These resultshow

that the SnQ doped AZS refractories AZ31 and AZST2 have reduced upper
service temperaturélowever, althoughSnG as a sintering aid does have an effect
on the hot properties of the AZS refractories, the effectnareas significant as
those imparted by Ti©which were reported to be reduced by up to 25%. Also, it
should be noted that these temperatures are still way above the maximum

temperatures channel and forehearth refractories would face in service

Table6-8: Calculated RUL values of the developed refractory compositions.

Dmax Dmax TO.S Tl.O
Refractory Temperature
% °C °C °C
AZS-01 1.06 1620 >1681 >1681
AZS-T1 0.94 1500- 1560 1622 1659
AZS-T2 0.9 1450- 1585 1540 1614

However, fom figure 610, there are two significant temperature domains on the

RUL curves of the refractories that are emphasised and presented. These are;

1 Points of inflection that correspond to the zirconia tedipic phase
transformation; and.

1 Theregion of subsidence of the AZH and AZST1 compositions on the
RUL part of the curve from 13580C i 1700°C that present the maximum
expansion and beginning and end of the softening temperature range (i.e, the

RUL of the refractories
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Figure 610 shows inflection on the AZ81curve at higher temperature range than
observed on the AZ31 and AZST?2 refractories. Thenflections are a result of the
zirconia allotropic phase transformation from monoclinic to tetrabirat are

known to occur in the temperature range of 980C to 1180C.

Linear Change (%)

800 900 1000 1100 1200 1300

Temperature (°C)

Figure6-11: RUL heating curve showing three inflections points (A, B and C) on the curves of the
developed refractories. The highligéd inflection points A, B and C represent the monocligic
tetragonal phase transformation of the ZrO2 phase in the microstructures of the developed
refractories AZ®1, AZST1 and AZS 2.

Figure 611 shows an inflection on the AZ&lcurve at higher tengpature range

than observed on the heating curves of AlASand AZST2 refractories. These
inflections are a result of the zirconia allotropic phase transformation from
monoclinic to tetragonal that are known to occur in the temperature range of 950C to
1180C. From figure 611, which highlights the temperature range of this phase

transformation of the developed refractory compositions, it can be seen thatin AZS
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T1 and AZST2 compositions, with SnOdopant, thetransformation occurs at a
lower temperaturgange, highlighted B and C (910 °C 980 °C) respectively.
Whereas for the AZ®1 (without any Sn@ additions) the phase transformation

occurs in the temperature range 1080 °1180 °C, highlighted C.

This decreased monoclinic tetragonal transformatiogan be attributed to the
formation of solid solution of Sn{n t-ZrO, which transforms to monoclinic Zr

xS0, detected in the XRD pattern of AZEL and AZST2 presented in figure-6
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Figure6-12: Linear expansion curve of AZH and AZS'1 refractories during an RUL test. The curve
shows the expansion paths of the two AZS refractories and the effect of dopant SnO2 imAZS
the respective temperature ranges for the zirconia allotropic phase tramsfations of the
refractories.

This occurrence is analogous to observed decreased zirconia allotropic

transformations from Ti@ additions [12,76,79,85]. When considering the linear
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expansion curve of refractory composition AB$ and AZST1, the pronounced
effect of SnQ on the phase transformation can clearly be distinguished. This is
clearly highlighted in figure 41. In the figure 612, it can be seen that both
refractory, AZS01 and AZST1, follow the same expansion path with the exception

being at theohase inversion temperatures.

From microstructural evaluation studies of the Snddped compositions, it was
shownand discussed how Sp@acted with the Zrefrom the dissociated ZrSido

form a SnQ-ZrO; solid solutionZr;4,SnO,. This showsthat SnQ@ has a marked
effect in stabilising the tetragonal phase to a much lower transformation temperature
rangeof 910 °C7i 980 °C from 1050°C i 1120 °C. The shift in the allotropic
monoclinictetragonal phase change temperature range 1@80 °Ci 1180 °C to

910 °C i1 980 °C has wider technological benefits for forehearth and feeder
expandable products that experience service temperatures in the range 6f 1100
1260°C. This means that at within these service temperatures, the refractories are
not subject to thevolumetric changes associated with the > 6% monoclinic
tetragonal transformations which may be detrimental to the thermal shock behaviou
of the refractory body [11,1204,106. As well, the AZST1 and AZST2
refractories whose transformation occurshat lower temperature range of 9101°C

980 °C will possess tetragonal zirconia phase that is crucial in strengthening
mechanisms and will enhance the thermal and strength properties of the refractories

[12,60 104109,

When considering the region of sultsnce of the refractories on the RUL curve, as
highlightedin figure 613, he effect of Sn@on the thermal stability behaviour of
SnQ, doped AZS compositions AZ¥1 and AZST2 can be seefrom the slope of

the AZST1 RUL curve.
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Figure6-13: Refractoriness under load curves of A@E AZST 1 refractories in the temperature range of
maximum expansion and end of subsidence.

From table 67, the maximum expansion of AZHL is reached at 1560 °C under a
0.2N Load and is maintained until 1645 °C, where subsidence of the refractory
starts. This T0.5 is quoted as the RUL value of a refractory as this represents changes
in the phases of the refractory microstructure, normally as a result of formation of
low melting liquid phases. In contrast, AZH reaches maximum expansion at 1640

°C and up to 1672 °C where the curve starts to taper signalling the beginning of
subsidence of the refractory. This means that the-B¥ 3efractory, without any

SnG, doping, has a limed temperature range in which it resists against high

temperature stresses before subsiding. While for the -BZSefractory, the
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temperature range of thermal stability is wide spread and this is attributed to the

formation of the acicular mullite thatrfms a reinforcing network of the refractory.
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Figure6-14: Refractoriness under load curves of A@E AZST 1 refractories in the temperature range of
maximum expansion and end of subsidence

Figure 614, iows the RUL curve of the two doped AZS refractories, A2Sand
AZS-T2. It can beseen both from table-B and figure 613 that AZST1 has better
RUL than AZST2. This can be attributed to the large glassy phase in thel®ZS

microstructure of 11.2 wt. %ompared to AZS'1 with 6.60.
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6.3.3.3 Hot Modulus ofRupture (HMOR)

Table 68 shows the hot modulus of ruptu(elMOR) and modulus of elasticity
(MOE) test dataat test temperatuseof 1300 °Cand 1400°C respectively,of the

developed refractory compositioAZS-T1 and AZST2 sinterel at 1550 °C.

Table6-9: Hot Modulus of Rupture values of AZQ and AZS'1 at test temperatures of 1300C and “1400C

Modulus of Rapture| Modulus of Hasticity
Sample Reference Temperature
(MPa) (GPa)
AZS-T1 20.3 19.5
1300
AZS-T2 17.2 14.8
AZS-T1 23 4
1400
AZS-T2 173

*tests conducted at Reliance Ltd, India and no MOE values were provided.

From table 63, it can be seen that between the test temperatures of 1300 °C

which represent the expected service temperatures in forehearth and feeder sections
of the glass furnace, the hot flexural strength of A2S9ncreases with temperature

and this can related to the RUL behaviour of AEZEhighlighted in figure €.4. For
AZS-T2, there is only a slight increase in the HMOR values from 17.2MPa to
17.3MPa. No HMOR tests were conducted on AXSand as such no comparisons

and effect of Sn@additions to the flexural strength properties of reaction sintered

AZS refractoris.
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6.4 Conclusion

The research resulteave shown and proved successfully the use of ;SO
sintering additive to develop and evolve reinforced alumina and mullite refractory
composites AZS'1 and AZST2 of the AluminaZirconia-Mullite system, from
reaction sintering of Alumina and zircon starting mixtures having higher zircon
content. The research objective of synthesising dense refractory bodies with
relatively low apparent porosities of less than 10% were achieved by sintering the
SnQ, doped compositionsbave 1500 °C to 1550 °The presence of a liquid phase
enhanced densification and mullitisation of the refractories and, 188 a
considerable influence in the enhancement of the kinetics of dissociation of zircon

and subsequent reaction sintering ohailua and zircon.

Three types of mullite crystals, namely primary mullite (MI); secondary mullite
(MII) and acicular tertiary mullite Mlll, based on theomphology and aspect ratios,
were evolved to form zirconia reinforced network of thatrix microstruatre. The

MIl and MIII mullite crystals evolvd in regions of aluminosilicate amorphous
phases from the decomposed zircon grains and widely contribute hottflexural

strength values of the refractories.

Addition of SnQ as a sintering aidhad the effet of lowering the monoclinid
tetragonal phase transformation temperature. It howdidenot significantly lower

the high temperature flexural and strength properties of the AZS refractoriness.
SnG,, While refractoriness and refractories under load leagered by less than 2%
from AZS composition without SnQfbping the hot temperature behaviour of AZS
compositions doped with Sa@xhibited flexural strength properties after reaching

maximum expansion that can be related to good creep properties.
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The pysical and thermonechanical properties of the developed refractories
compositions from this research were superior to the referencPSBnd PSR

333 compositions proving the commercial research impact of this research.
Therefoe, thenext part of thestudy set up to investigate the chemical properties of
the developed compositioasd compatibilityin glass melts by condung static and

dynamic corrosion tests.
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7 Static & Dynamic Glass Corrosion ofAZS/AZS-Sn
Refractories

7.1 Introduction

In answer to tb part of the research question of producing a sustainable refractory
composition with superior physical, thermm&chanical and chemical properties than the
standard refractories widely used in the forehearth and as expendable products for the glass
indudry, Chapters 5 presented an optimised slip cast refractory compositions)1AZIsat

had a stable slip properties which exhibited enhanced physical and thermomechanical
properties upon firing as compared to the standard commercial3PSRnd PSR33

refractories used as reference materials.

In chapter 6, the study presented two novel slip cast compositions; &pged AZS
refractories, AZST1 and AZST2, which are derivatives from the AZ® and AZS03
refractorycompositions, whickexhibited tailorednterlocked mullitezirconia microstructures

of the matrix analogous to the fused cast skin microstructure highlighted in section 1. The
AZS-T1 and AZST2 refractories also demonstrated more enhanced physical properties and
thermoemechanical properties thathe AZSO01 refractory. These physical and thermo
mechanical properties of the developed refractories compositions from this research show and

prove the commercial research impact of this research.

In this chapter, the chemical properties of the devel@oedposition AZS01, AZST1 and

AZS-T2 were evaluated to determine their chemical compatibility in SLS and Borosilicate
glass to answer the last part of the research question on producing sustainable refractories
during their application in the glass furead-rom the literature review, it has been shown

that the main properties that determine refractory application in glass furnaces are;
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A The rate of dissolution of the refractory;
A The defect potential of the refractory; and
A The chemical contamination poteitof the refractory

The dissolution or corrosion of the refractory determines its service life span while the defect
potential of a refractory in producimgass defects such as stones (insoluble refractory
crystals in glass), blisters/seeds/bubblesamds (local glass of different composition and

refractive index) will determine the quality of the gl#42,102104].

Therefore, the firstection of this studgvaluate the refractoryglass compatibility of the
developed refractories and their defeeming potential. This was accomplished by

conducting static corrosion studies of the refractories in borosilicate and SLS glass melts. For
the second and final part of the study, the corrosion and erosion of the refractories were

evaluated and compatregainst the PSR commercial refractories as references.

7.2 Corrosion of Refractories

7.2.1 Effect of Alkali and Alkaline Earth

7.2.1.1 Methodology

Three borosilicate glass compositions (A; B & C) with increasefDNa&ntent were used to
evaluate the corrosion behaviaaf the two AZS refractories. The chemical properties of the
glass compositions used in this static corrosion studies are given in {abferdshed cullet

of a borosilicate (PYREX 7740) glass was used as tlegamie base glass and identified as
compodion A in this study

Thereafter, subsequent batches of Pyrex glass compositions B and C, with incre&ed Na
content of ~ 9wt% and 12wt % respectively, were prepared by adding soda ash (R)acO

the powdered Pyrex glass cullet.
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Normal glass batchcalculations were used to determine the subsequent glass batch
compositions with increasing soda content,®3; (99.9%, Aldrich Chemicals); was used as
a source of N# and as such a gravimetric factor of 1.71 was used to determine the batch

weight of sod needed to make up the desired molar glass composition.

7.2.1.2 Analysis of corrosion profiles

Preliminary visual analysis othe sectioned PSR15 and AZS01 static corrosion cup
samples, see figure 5; do not show any noticeable corrosion for both refractiyals to
the borosilicate glass composition A. This indicates excellent-géfisctory compatibility of

both refractories at the test teenpture of 1370C.

For the AZSO1 refractory, glass/refractory interface profile does not give any discernabl
melt line corrosion or upward drilling on the vertical side walls of the refractory to all three
borosilicate glass compositions (A, B and C) which showed good glass/refractory
compatibility with all 3 glasses. For the reference refract®e8R 315 only slight significant

flux line corrosion was noticeable in the glass composition C with about 13wi@ Na
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(@)

(b)

Figure7-1: Sectioned static corrosion cup test samples highlighting the gledsactory interaction.
(&) MP5 in Pyrex glass composition A;
(b) PSR.td in Pyrex glass composition A;
Glassrefractory flux line corrosion at the triple point is known to be a melt, surface tension
and density gradient, driven refractory corrosion mechanism (Marandeaisgf that occurs
in the meniscus of the glass melt atsdrate, according to Hrma [17s proportional to the

-3/2
)

viscosity termsH{® andh/?) of the glass.

Therefore, the absence of any significant flux line corrosion on the two refractoriestsugges
that the relatively high glass viscositiels, of glass compositions (A C); are not

significantly reduced by concentration changes from dissolved refractory to affect the rate of

flux line corrosion, buoyancy and surface tension free convections.
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Theviscosities ), of the three borosilicate glasses A, B and C at 1370 °C, with calculations based on
a Global Statistical Modeling Approach, are 2.0 Pa.s; 1.7 Pa.s and 1.6 Pa.s respddtigelg.
plausible given the nelnear compositiosrviscosity efects of most common glasses; where
any further additional increase of alkali to the glass composition do not significantly change

the viscosity of the glass than from the initial alkali addiftb?,13.

Viscosity of glass, however, is known to be sigmaihtly reduced from mixed modifier effects
resulting in enhanced flux line corrosion which agrees with results from the second part of
this study (to be presented in a future paper) where visible and measurable flux line corrosion
appear in refractory sagrtes tested in Pyrex glass composition withded lime (CaO)

content.

Figure 7.2shows the post mortem analysis of the gla$sactory corrosion profiles @SR
315 and AZS01 refractories in borosilicate Pyrex glass compositions,@ with increasing

alkali content.
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Figure7 2: Glasgefractory compatibility. SEM micrographs of (a) RSE5 and (b) MPO5 refractory showing the glassfractory interface profiles after static corrosion test to standard
Pyrex glass compositions A; B and C; (i.e., with 4.7wt%; 8.2wt% and 11.8ia2@ content respectively).
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