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Abstract

Z11xSnxO; reinforced alumina-mullite refractory was manufactured by slip cast methods using SnO; as
a sintering agent. SnO, had considerable influence in the enhanced reaction kinetics of zircon
dissociation and subsequent reaction sintering of alumina and zircon. Presence of pro-eutectic transient
Al,03-Sn0; liquid and SnO»-Si0,-ZrO, amorphous phases, enhanced densification and mullitisation
through liquid phase sintering and, mitigated SnO, volatilisation by (Zri«Snx)O, solid-solution
formation. Based on their morphology and aspect ratios, three types of mullite crystals, MI, MII and
MIII, were evolved across the matrix microstructure. Characterization of the evolved microstructure
revealed coalescence and grain growth of matrix alumina grains including the presence of an acicular
tertiary MIII mullite which acts as both a reinforcement and bridging network of matrix to aggregate
grains. SnO» had the effect of lowering the monoclinic — tetragonal phase transformation temperature.
Hot flexural strength values remained nearly unchanged (+2%) compared with the AZS composition

without SnO, doping.
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1 Introduction
Zirconia reinforced mullite refractories from the Al>O3-Zr0:-SiO2 (AZS) and Al;O3-ZrO;-

AlsSi12013 (AZM) systems have a wide range of application in the glass industries, both as
structural applications (e.g.,super-structure, crown) and glass contact applications (channels
blocks and forehearth) [1-4]. This is due to their excellent thermo-mechanical properties such
as low thermal expansion and low creep rate at high-temperatures (inherent from the mullite
phase); and, the excellent fracture toughness as well as chemical stability in alkaline siliceous
melts (coming from the zirconia phases) [2-5]. Zirconia has been shown from wettability and
corrosion studies, not to be easily wetted or soluble in siliceous melts and hence the addition
of ZrO» to the mullite based refractory composites is widely practiced to enhance their chemical

stability in glass melts or slags [4,6].

Mullite composition can be expressed as Als+2xSi22x010-2x; X = 0.2 — 0.5 where x denotes the
non-stoichiometric range of the number of oxygen vacancies formed per average unit cell. This
is the only stable crystalline non-stoichiometric solid solution composition in the Al,O3 — SiO»
binary system under standard conditions [7]. Mullite compositions with x = 0.25 (71 — 76 wt.
% Al,O3); and x = 0.4 (>76 wt. % Al,O3) have been described as 3:2 mullite (3A1,03-2S10,)
and 2:1 mullite (2A1,03-Si0») respectively [7] The coefficient of thermal expansion of 2:1
mullite composition is lower and less anisotropic than that of the 3:2 compositions [8]. At
room temperature, mullite suffers from low fracture toughness and relatively low strength,
compared to the other ceramic compounds [7,8]. Improvements or increase in the Kjc and
strength have been shown to be realised through incorporation of ZrO; into the ceramic
composites, thereby reinforcing the matrix [5-8]. Synthesis of zirconia toughened mullite
composites is widely achieved by various processing routes [5,8,9]; and reaction sintering of
Al>0O3 and zirconium silicate (ZrSiO4) bearing compounds being one of the proven cheaper and

extensively explored method of producing zirconia reinforced mullite composites [8-10].



Zircon (ZrSi04) as a raw material is available in abundance and a cheap source of zirconia [8-

10].

The microstructural evolution of the crystallised fraction, composition and morphology of
mullite from the conventional reaction sintering of micro to macro-sized zircon and alumina
mix formulations is reported to be dependent on the firing conditions [7-11]. The
microstructure of Mullite, either fused cast or formed in the presence of a liquid phase always
exhibits an acicular morphology [11-13]. However 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 [8,11,13]. In the absence of impurities, only some detectable
amounts of mullite are formed when sintering above 1400 °C, with complete mullite

conversion requiring sintering at temperatures in the proximity of 1700 °C [7,8, 9].

Work by Igbal and Lee [11,13] led 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 aspect ratio (1-3:1)
grains as primary mullite “Type 1 (MI);” Secondary mullite, “Type 2 (MII)” for high aspect
ratio (3-10:1) and “Type 3 (MIII)” for very high aspect ratio (30-40:1) acicular mullite [11-13].
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 “Type 3
(MIII)” tertiary mullite [13]. Reaction sintering of stoichiometric 3:2 mullite occurs according

to the following reaction;

3A103¢s) + 2ZrSi104(s) + (CaO/TiO/MgOY/heat = AleS120013+ 2Z1O2 ..o (1)

where, CaO [14]; TiO2 [15-18]; MgO [19,20]; LaxOs [21]; Dy20s [22]; are some of the
additives employed in the starting formulation mix, as sintering agents, that have been reported

in the literature to enhance densification and/or mullitisation through liquid phase sintering



from the dissociated zircon and lowering of the mullitisation temperature [14-22]. Among these
reported additives, TiO, additions up to 4wt. % has been extensively studied and reported to
enhance mullitisation considerably through the formation of ZrTiO3 and solubility in the
evolved mullite [15-18]. However, addition of TiO; has been reported to deteriorate hot
flexural strength [15,16] of refractory bodies by about 25%. Addition of B>O3 into a biphasic
gel was also reported to lower mullitisation temperature through reduction in viscosity of the
Si0z-rich amorphous phase [23]. The mullitisation effect of pentavalent oxides V20s, Nbz Os
and TaxOs on (SiO2 and Al,O3) mullite precursors was investigated by Kong et al [24],
reporting that only V205 enhanced mullitisation while Nb2Os and Ta>Os inhibited mullite

formation.

The use of SnO; in reaction sintering of mullite has not been extensively reported although
several publications have reported on the formation of a (Zri-xSnx)O> solid solution in the
zirconia rich-end of the ZrO»-SnO> binary system [25-29]. Maximum SnO: solid solubility in
7ZrO; was found to be ca. 20 mol. %; while some studies [28,29] found out that partial
stabilization of the metastable ZrO, and suppression of its transition to the monoclinic
polymorph can be achieved at lower temperatures but not as effective to room temperature.
Kong et al, investigated the mullitisation effects of oxides such as SnO», Sb2O3 and Bi2O3 on
quartz and Al>O3, oxide mixtures [30]. They reported increased mullitisation from Sb>O3 and
Bi203 additions, but negligible effect on mullite formation in the presence of SnO2 up to 1500
°C [30]. Yin et al [31] conducted a critical evaluation and optimization of the SnO-SnO»-SiO-
system by heating and quenching techniques of SnO> and SiO, mixed powders in a Rhenium
crucible covered in a platinum outer crucible. In their studies, Yin et al [31] found no solid
solubility in the SnO2 — Si0> system however they observed a eutectic of SnO> and SiO2 in the

S10; rich regions at eutectic temperatures of 1500 °C - 1510 °C and a liquid miscibility gap in



the SnO; rich regions at monotectic temperatures of 1625 °C — 1650 °C. In the Al203-SnO>

system, the eutectic temperature is found to be at 1620 °C £ 5 °C [32].

SnO: has the same rutile structure as TiO», 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
(TiOy). In addition, it is also known that amongst non-colouring oxides, SnO> presents the
lowest solubility in soda-lime and borosilicate glasses with the order of solubility reported as;
Si0> > AlLOs3 > ZrOz > SnO; > Cr203 [33]. Therefore, incorporation of SnO; into the
AZS/AZM microstructure and matrix would be expected to enhance the chemical compatibility
of the refractory composites in glass melts. However, SnO» has a melting point of 1625 °C + 5
°C; and is known to volatise at these temperatures. Therefore, in the present study, the effect
of SnO; as a sintering aid on the reaction sintering of ZrSiO4 and Al,O3 mixtures to produce
zirconia toughened mullite composites was studied from 1500 °C — 1570 °C to avoid potential

loss of SnO» due to volatisation.

2 Materials and Methods
2.1 Materials

Three, medium to coarse commercial grade, size-fractions of tabular alumina (dso = 850um;
1040um and 1250um); reactive alumina; prime calcined zircon sand (dso = 140um) and zircon
flour (dso = 2.5um) were used as the main raw material components. Pure Reagent grade

(>99.9%) SnO; (Keeling Walker Ltd, Stoke-on-Trent) was used as the sintering aid.

For this study, an AZS refractory composition, designated AZS-01 was made from 5kg batches
of alumina and zircon starting mix formulations. To evaluate the effects of SnO- as a sintering
aid, the AZS-01 batch was incorporated with 5 wt. % SnO> to form another composition,
designated AZS-T1 by removing 5 wt. % of alumina fractions while keeping the zircon content

constant. About 1 wt.% of Kaolin clay — dso = 2.5um; with chemical analysis of (56.8 wt.%



Si02; 39.2 wt.% Al203; 3.00 wt.% K20; 0.43 wt.% Fe203; 0.48 wt.% TiO-2), was used as both
a binder and source of mullite seed nuclei. Clays, such as Kaolin and Ball clays are widely used
inorganic binders as they offer high plasticity to the non-plastic refractory raw materials and
hence, binding green strength during the forming processes [2,3;11]. Darvan 7, a sodium
polymethacrylate dispersant was used as the deflocculant and water as the dispersing medium

in slip preparation.

2.2 Methods

In our preliminary research, consolidation of AZS refractory compositions with an initial
starting zircon content of > 35wt%; (without the use of any mineralisers); exhibited a loss of
densification of the refractories [34]. This was highlighted by the deterioration of the physical
properties as observed with an increase in the apparent porosity and subsequent decrease in
their bulk densities. Therefore, for this study, with the use of SnO as a sintering aid and
mineraliser, refractory compositions with higher ZrO, contents were formulated, representing

an initial starting zircon content of more than 35 wt.%.

2.2.1 Development of Refractory Composition

The AZS-01 refractory composition, designed from Skg batches, contained alumina:zircon
starting mix-formulations in wt. % ratio of 62:38. Therefore, to evaluate the effects of SnO; as
a sintering aid; the AZS-T1, a tin-oxide incorporated derivative of AZS-01, was produced from

an alumina-zircon-cassiterite starting mix-formulation in wt. % ratio of 57:38:5.

The corresponding composite mix formulations of AZS-01 and AZS-T1 were then optimised
using the Dinger and Funk model for particle packing to attain optimally packed self-flowing
mix fractions. The Dinger and Funk model for particle packing is used extensively for
designing the refractory castables [35] and is described by the continuous particle size

distribution equation;



CPFT/100 = (d9 — d})/ DT — d))eeoeeeeeeeeeeeeeeeeeeeeee e, ()

Where; CPFT is the (Cumulative Volume Percent Finer Than); d is the particle size; D is the
maximum particle size; d,, is minimum particle size in the distribution; and ¢ is the distribution
modulus/coefficient (g-value). The Elkem Material Mix Analyzer software (EMMA 3.5.1) was

used to determine the optimal packing ratios of each formulation.

Preliminary experiments from our previous studies had shown that a mix formulation with a ¢
value of 0.23 provided an optimised mix formulation that exhibited self-flow characteristics
with low water demand and optimal packing properties [34]. In the same studies, the use of
both zircon sand (dso = 140um) and zircon flour (dsp = 2.5um and dgo = 13.44um) in the mix
formulation was observed to provide a composite alumina-zircon mix formulation with
optimum packing, low water demand and self -flow properties when modeled using the Dinger

and Funk curve for particle packing at gq-value of 0.23.

2.2.2 Slip Preparation, Casting & Sintering

Both the AZS-01 and the tin-oxide incorporated AZS-T1 refractories were produced by slip-
casting methods. For slip preparation, the respective optimised mix formulations of AZS-01
and AZS-T1 were dry mixed in a Hobart mixer for 3 minutes. A sodium polymethacrylate
dispersant, and water were added and the mixture was mixed for 5 minutes until a homogenous

slip was formed.

The prepared slips of AZS-01 and AZS-T1 refractory compositions were slip cast into SOmm
depth x 50mm diameter cylindrical gypsum moulds for bulk density and porosity test samples;
and into 300mm x 200mm prism gypsum block moulds for refractory under load (RUL) test
samples. The test samples were left overnight in the moulds to develop green strength, and then

dried in an electric oven at 120 °C for 5 hrs.



To evaluate the effect of SnO> as a sintering aid on refractory compositions of the AZS system;
batches of the dried green cast samples from the AZS-01 and AZS-T1 refractory compositions
were each sintered for lhr; at similar heating and cooling rates of 3° C/min in a Nalbetherm

electric furnace at sintering temperatures of 1500 °C; 1550 °C and 1570 °C respectively.

2.2.3 Physical Property & Thermo-Mechanical tests
The bulk density (BD) and apparent porosity (AP) of the sintered refractory samples were
determined using the Archimedes water-immersion technique [36]. The Refractoriness under
load (RUL - Differential method with rising temperature) and the Pyrometric Cone Equivalent
(PCE) of the sintered refractory compositions were determined according to the BS EN ISO

1893:2008 and ASTM C24-09(2018) standards respectively [37,38].

2.2.4 Chemical (Glass) Compatibility tests.
100mm x 100mm static glass corrosion cup samples of AZS-01 and AZS-T1 refractories with
a 25mm diameter x 25mm depth recess cavity in the middle were cast and sintered for

Isothermal static glass corrosion tests, according to the ASTM C621 — 09 method.

2.3 Characterisation

Chemical and mineralogical analysis of the sintered refractory products was conducted by XRF
and the XRD Bruker D8 X-ray diffractometer (Oxford UNITS). For mineralogical evolution
and analysis, a Carl Zeiss EVO MAI1S variable pressure W. (tungsten tip) SEM (Oxford
Instruments) together with Oxford Instruments Aztec Energy EDX system with 80mm X-Max
SDD detector- secondary and backscattered imaging, EDX elemental mapping and line scans
plus CZ STEM detector was used on sectioned and polished samples taken off the refractory
blocks. A Hitachi SU8230: high performance cold field emission (CFE) SEM with Oxford

Instruments, Ultra high resolution, low kV, simultaneous secondary (SE), and backscattered



BSE) imaging; bright field (BF) and dark field (DF) imaging, with nanoscale resolution was

used to evaluate the microstructural evolution of the mullite grains in the matrix region.

3 Results and Discussion

3.1 Slip Flow Properties
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Figure 1: Flow decay characteristic curves of AZS-01 and AZS-T1 refractory slips.

Figure 1 shows the flow decay/flowability characteristic curves of composition AZS-01 and
AZS-T1 slips measured over a period of 10 minutes. For shaped or brick casts, this represents
an adequate enough period required for the installation or casting and sufficient filling of the
slip into the mould before it starts setting [2,7]. The flow characteristics of AZS-01 and AZS-
T1 refractory slips, with a solid loading of 94.5% and reduced water demand (< 5.5%),
exhibited excellent free flow properties, having a FI > 80%; which is comparable to the
standard commercial low cement castables (LCC) and no-cement (NCC) castables with water
demand of (> 8%) [2,7]. Lower water demand is deemed to be a more sustainable approach
and is also advantageous for improved mechanical and physical properties of sintered products

[2,7].



3.2 Effect on the Refractory Microstructural Evolution

The chemical composition of the sintered AZS-01 and AZS-T1 refractories is shown in Table

1.

Table 1: Chemical composition in wt. % of AZS-01 and AZS-T1 refractories sintered at 1550 °C

Chemical Composition (wt. %)

Sample ] ]
AlO3 Si0, 710, SnO» *R,0 **RO Fe, 03 TiOs Others

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 0.2 0.08 0.06 0.1 <0.32
* R20 = Na20 + K20; ** RO = CaO

Figure 2 shows the XRD patterns, and phase evolution of refractory samples of composition
AZS-01 sintered at 1500 °C and 1550 °C for 1 hr; and figure 3 shows the diffraction patterns
and phase evolution of AZS-T1 samples sintered at 1500 °C and 1550 °C for 1hr respectively.
When considering the oxide phase constituents and their relative peak intensities from the
diffraction patterns of AZS-01 and AZS-T1 refractories sintered at 1500 °C; corundum and
primary zircon are the major phases. For AZS-01, new peaks of mullite and monoclinic ZrO»
appear as intermediate to minor phases; while in the AZS-T1, the intermediate and minor
phases are mullite and (Zri-xSnx)O2 solid solution. The (Zri-xSnx)O> phase is in monoclinic form
and no high-temperature tetragonal phase is retained which is in agreement with observations
reported in the literature by other workers [23,24,39]. The presence of zircon peaks suggests
of a partial dissociation of either the zircon sand or zircon flour from the starting material.
Thus, it is apparent that complete mullitisation was not achieved at 1500 °C even in the

presence of SnO».

For the AZS-01 refractory samples sintered above 1500 °C; the diffraction pattern of AZS-01
sintered at 1550 °C; shown in figure 2, shows an increased intensity of the mullite peaks and a

decrease in the zircon peak intensities. An XRD diffraction pattern of the AZS-01 sintered at



1570 °C also showed a similar XRD pattern and no significant changes. The zircon peaks show
that the primary ZrSiO4 in AZS-01 remains as the major phase even when sintering at 1550 °C
or 1570 °C. This means that with the increased thermal energy, enhanced evolution of mullite
from a minor phase to an intermediate/major phase at 1550 °C and or 1570 °C does take place

in the absence of SnO», albeit without the complete dissociation of ZrSiOs.
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Figure 2: XRD pattern of AZS-01 refractory sintered at 1500 °C and 1550 °C for 1hr.
(M =Mullite, ZS = Zircon, A= a-Al,O3, B (Baddeleyite) =monoclinic ZrQ;, Zr-t = Tetragonal ZrQ)

However, in contrast, as shown in figure 3, no zircon peaks are present in the diffraction pattern
of the AZS-T1 refractory sintered at 1550 °C; indicating complete dissociation of the zircon
grains occurs above 1500 °C in the presence of SnO». Figure 3 shows that at 1550 °C,
corundum, mullite and Zri.xSnxO2 are the major and only mineralogical phases present. Figure

3 further shows that for the AZS-T1 refractory sintered above 1500 °C, partially stabilised



zirconia as tetragonal ZrixSnxO»; appears as a new minor phase. This shows that SnO; has a
significant effect in the dissociation mechanism of zircon and mullitisation of the alumina-

zircon refractory.
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Figure 3: XRD pattern of refractory AZS-T1 and AZS-T2 sintered at 1500C and 1550C.
A = a-ALO3; M = Al6Si2013; Zr-Sn = Zr.935n0.070:

Evidence of mullitisation of alumina-zircon refractory can be seen from the SEM, EDX and
microstructure of the AZS-T1 refractory sample from the selected yellow highlighted square
region in the SEM micrograph in figure 4 after sintering at 1500°C. The microstructure of AZS-
T1 reveals a dense sintered matrix of the refractory that comprises of well dispersed composite
grains of zirconia-tin oxide solid solution (bright/light grains-3), corundum grains (dark grey-
2), mullite (lighter dark grey-4) and partially dissociated zircon grains (light grey grains-1).
From figure 4, it can be seen that the fine-grained zircon (dso = 2.5um), has undergone a
complete solid-state dissociation while the large zircon grains (dso ~140um) are partially

dissociated. The solid-state dissociation products, ZrO2 and amorphous SiO», reacts with SnO»



and a-Al,O3 to form a Zr-xSnxO; solid solution and equiaxed mullite (MI, type 1 mullite)
respectively. SEM phase quantification of the granular mullite evolved, revealed the

AlO3:S10; ratio to be 72.06:27.94 wt. %; indicating a near stoichiometric 3:2 Mullite.

Electron Image 71 i O K series AlK series Si K series

100um ¥ 100um

Zr L series Sn L series.

Figure 4: SEM EDX elemental mapping of AZS-T1 refractory microstructure after sintering at
1500C for 1h.
(1) Zircon (light grey grains); (2) a-Al03 (Corundum dark grey grains); (3) Zr1xSnxO: solid
solution (bright light grains); (4) 3:2 Mullite (lighter dark grey.

This is in good agreement with observations made by other studies in literature [2-4,9,10] and
expected from a solid-state reaction at such low sintering temperatures in the presence of excess
Al>Os1n the Al203:SiOz ratio from the starting batch mixture (Table 1). Figure 4 further shows
that the partial solid-state dissociation of the large “zircon sand” grains has occurred with
decomposition initiating from the zircon grain edges and progressing towards the centre. This
is also in good agreement with similar observations made by other groups on the thermal
dissociation of zircon and the conventional accepted theory that solid-state reactions occur
faster with decreasing particle size [40]. At these zircon grain edges, precipitated SnO; enriched
Zr0O; dendritic grains appear where Si0; is depleted due to in situ mullite formation. It is known
that in the silica-rich region of the SnO»-SiO> system a eutectic appears at 1505 °*C+ 5 °C [31];
while in the alumina rich corner of the Al203-S102-ZrO> system, a ternary eutectic appears at

1550 °C; and in the presence of impurities, these eutectics may occur at even lower



temperatures [40,41]. Therefore, this suggests that the presence of SnO, enhances the solid-
state dissociation of zircon and dissolution of the amorphous SiO», and because of the limited
solubility of SnO> in the Si0O2, a (Zr1-xSnx)O:> solid solution is precipitated out in the form of
dendrites. a-Al,O3 then reacts with the SiO> to form an equiaxed type 1 or primary mullite

(MD).

When the sintering temperature is raised above 1500 °C, to 1550 °C the decomposition kinetics
of the large zircon grains is increased with dissociation starting from the grains’ edges towards
the centre. This results in an increased amorphous silica and liquid phase which accelerates the
dissociation rate of zircon and mass transfer where the free zirconia phase fraction reacts with
the SnO; to form a solid solution that has limited solubility in the siliceous phase and thereby
precipitating the (ZrixSnx)O2 solid solution as dendritic grains. This indicates that a formation
of thermodynamically more stable (Zr1xSnx)Oz solid solution in presence of SnO; has a marked
influence in aiding the dissociation of zircon resulting into a minimisation of free energy of the
system. Considering that the starting compositions of the refractories AZS-T1 and AZS-01
were produced from an alumina-zircon-cassiterite and alumina-zircon starting mix
formulations in wt. % ratio of 57:38:5 and 62:38 respectively, the quantified XRD
mineralogical analysis of the AZS-T1 and AZS-Olsamples, sintered above 1500 °C and

presented in table 2 confirm these findings.

From table 2, it can be seen that no ZrSiOy fractions are present in the AZS-T1 refractory after
sintering at 1550 °C. The AlsSi2013 and ZrO> phase fractions have increased while the

corundum fraction has decreased in comparison to the starting compositions.

Table 2: Mineralogical composition of AZS-01 and AZS-T1 refractory composites after sintering at
1550 °C.

Mineralogical Composition (wt. %)

AleS1,013

Si0» | Sn0» | (32and | zssio, | Amorphou
m | © o) s

Sample
p - A1203 ZI‘OQ (ZI‘OQ




AZS-01 44.8 11.6 0.1 - - 20.5 12.5 10.8

AZS-T1 38.3 *26.3 *0.1 - 0.5 27.7 - 6.6

*as Zr(1-xSnkO; solid solution

No cassiterite (SnO») peaks appear in the XRD pattern for both refractories. While SnO- is

known to decompose and volatise in air above 1500 °C according to reaction,

SnO2 5 —> SNO (g) + 0.502 (@) oo 3)

XRF analysis of the bulk chemical compositions of the refractories AZS-T1 sintered at 1550°C
shown in table 1 reveals that there is negligible Sn loss due to volatization. This can be
explained by the fact that literature on binary phase diagrams of SnO> and Al,O3/Si0./ZrO>
systems, albeit limited, reveals no chemical reactivity in the solid state between SnO2/Al,03
and or SnO»/Si0; binary systems; but only for the formation of ZrixSixO2 — SnixZrxO; solid
solutions from the SnO,-ZrO> binary system thereby reducing the chemical potential of SnO»
due to its stabilisation in the solid solution. Furthermore, in the Al>O3-SnO; system [32], a
eutectic is observed at 98 wt. % SnO; at a eutectic temperature of 1893 £5 K (1620 °C) and in
the presence of impurities such as Fe, Ca, Na and Ti oxides in a pseudo-quaternary Al>O3-

Si02-Zr02-SnO; system, this can be lowered to below 1828K (1555 °C).

Therefore, the presence of both ZrO, and amorphous SiO; from the dissociated zircon grains,
plus - transient eutectic liquid phases from the Al,O3-SnO2-ZrO; and SiO2-SnO> systems , may
be thought to mitigate the volatilisation of SnO> through the formation of ZrO>-SnO; solid
solution and/or reduced SnO: diffusivity in the amorphous SiO; thereby benefiting the
refractory properties constructively. High magnification SEM analysis of the AZS-TI

microstructure, as shown in figure 5 lends support to our hypothesis.

EDX semi-quantitative point analysis in figure 5 reveals the dark-grey grains (spectrum 4) as

alumina grains and the white amorphous phase at the alumina grain boundaries as a SnOx> rich,



ZrO> and Al,O3; amorphous phase. Figure 5 further shows the coalescence of alumina grains of
differing sizes, with the large grains absorbing the small grains. This is enhanced by the
presence of a SnO> rich ZrO2-Al2Os3 transient liquid phase which produces a capillary force

that brings the grains together leading to densification and coarsening of the alumina grains

[42].
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Figure 5:High magnification SEM( Hitachi SU8230) micrograph of the matrix region of the AZS-T1
refractory. A Tin oxide rich alumina-zirconia 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.

The grain coarsening and densification is aided by enhanced ionic diffusion and mass transport
through the liquid phase [42]. Our findings are in good agreement with results from other

workers where, for high-solid content mixtures, boundary migration was the typical

mechanism and grain boundary migration was through a transient liquid layer [42, 43]. The



presence of a liquid phase in sintering is known to permeate the microstructure leading to

densification [43,44].

Table 3: Bulk density (BD) and apparent porosities (AP) of AZS-01 and AZS-T1 refractories.

Sample After sintering at 1500°C After sintering at 1550°C
B.D (gcm™) AP (%) B.D (gcm-3) AP (%)

AZS-01 3.34 13.6 3.29 13.0

AZS-T1 3.37 12.8 3.41 8.5

Density and apparent porosity measurements of samples sintered at 1500 °C and 1550 °C
shown in table 3 indicates that the bulk density of AZS-01 decreases slightly whereas the
porosity remains nearly unchanged for AZS-01.However, there is a slight increase in density

and significant reduction in the apparent porosities of AZS-T1.

3.3 Mullite Microstructural Evolution

Microstructure plays an important role in dictating the bulk properties of refractory materials
and therefore in this study we have looked at analysing the microstructural evolution of the
reaction sintered mullite in the AZS-T1 refractory. Mullite formation in reaction sintering of
AlO3 and SiO> is known to be dissolution-precipitation controlled. Hence, based on the above
observations and analysis, the morphology of the evolved mullite in the microstructure of AZS-
T1 refractory sintered at 1500 °C would be expected to differ from that sintered at 1550 °C.
SEM microstructural analysis of the AZS-T1 refractory products sintered at 1500 °C revealed
that the evolved mullite has an equiaxed granular structure. Figure 6 shows the microstructure
of the AZS-T1 refractory matrix region after sintering at 1550 °C. From figure 6, it can be seen
that three types of mullite, based upon their morphology and aspect ratios as defined by Igbal

and Lee [11,13] have evolved.
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Figure 6: (a) SEM micrograph showing the microstructure of the AZS-T1 refractory; and (b) The
three types of evolved mullite; MI = type 1 (primary mullite); MII = type 2 (secondary mullite); MIII
= type 3 (tertiary mullite).

The proportion of the equiaxed primary mullite MI is reduced as grain growth of the primary
mullite grains (MI) occurs, increasing in size with their aspect ratio reaching the maximum 3:1.
It is expected and known that an increased presence of a less viscous amorphous phase with
increasing temperature; and in the case of this study — an amorphous SiO: phase; will enhances
mass transport and the potential for unhindered grain growth [41-43]. Therefore, the grain
coarsening was due to the rise in sintering temperature from 1500 °C to 1550 °C as well as an

increase in a less viscous transient amorphous phase from the decomposing zircon grains which



favours mass transport and grain growth. The spatial arrangement of the MI and MII mullite
also suggest that the primary mullite MI transforms into MII due to an increase in both the
sintering temperature and amorphous SiO> phase from the dissociating zircon grains. Adjacent
to the secondary MII mullite are the tertiary MIII mullite grains, distinguishable by their needle

like morphology and very high aspect ratio grains.

From figure 6a, it can be seen that the tertiary acicular MIII mullite occurs near agglomerates
of ZrixSnxO; crystals, evolved from the dissociated zircon grains. EDX semi-quantitative
analysis reveals the Al203:S10> ratios of MIII and MII to be 77.8:22.2 wt. % and 75.5:24.5 wt.
% respectively; an increase of Al,Os content in the mullite structure from the MI mullite
AlO3:Si0; ratios. This means that the mullite compositions varies from a 3:2 mullite
composition (71-74 wt. % Al,O3) from the primary MI to a 2:1 mullite composition (> 76 wt.
% Al>0s) from the secondary MII and tertiary MIII mullite. This suggests that the occurrence
and growth of MII and tertiary MIII mullite is due to a fluid matrix, in good agreement with
numerous other studies [11-13]. Furthermore, it appears in this study that an alumina-rich
siliceous phase resulting from corundum dissolved in the amorphous silica produced by the
dissociation of zircon allows nucleation and enhanced unhindered growth of the Mullite
crystals to high aspect ratios. EDX semi-quantitative analysis reveals that the MII and MIII
mullite incorporates within their structure both ZrO> and SnO». This would be expected to

impart better corrosion resistant properties to the mullite grains in molten glass or slags.
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Figure 7: SEM micrographs of the AZS-T1 refractory showing its microstructure after sintering at
1550C.
(a) Micrograph shows the aggregate - tabular (¢-Al2Os) grains in zirconia reiforced mullite
matrix matrix. (b). Micrograph shows homegenous dispersion of zirconia grains within the
mullite matrix. (¢c) Tabular a-Al,O3 aggreagte grain with Zr;.xSnxO; dispered within the
pores of the grains. (d) High mag. SEM micrograph of Tabular a-ALO3 aggregate grain
reinforced by Zri.xSnxO; grains.

Figure 7 (a) - (d); shows SEM micrographs of the resultant microstructures of AZS-T1 sintered
at 1550 °C. From the figure 7(a), the microstructure consists of aggregate tabular alumina
grains within a mullite matrix reinforced by a dispersion of zirconia agglomerates from
dissociated zircon grain relics. The mullite matrix shown in figure 7 (b) reveals the
homogenous dispersion of Zr(1-x)SnxO2 within the M1, MII and MIII crystals. Figure 7, (c) and
(d); further reveal that the tabular alumina aggregate grains are reinforced by precipitated Zr ;-
©03nx02 solid solution grains, possibly from the transient liquid phase filling the tabular alumina
pores. Therefore, the microstructures of the AZS-T1 refractory evolve to a monoclinic Zr-
x09nx02 reinforced mullite and alumina composite with some tetragonal untransformed Zr-

x9nx02 remaining as a minor phase when sintered at 1550 °C.



3.4 Effect on Thermo-Mechanical Properties
The refractoriness and HMOR of the developed compositions AZS-01 and AZS-T1 were

evaluated and compared to understand the effect of SnO> on the hot flexural strength of the
AZS-T1 refractory. Table 4 shows the refractoriness or fusibility temperature range and the

Pyrometric Cone Equivalent (PCE), values of the developed AZS-01 and AZS-T1 refractories.

Table 4: Refractoriness (fusibility temperature range) and PCE values of developed refractories.

Refractory - Sample Refractoriness (°C) PCE
AZS-01 1775 °C 34 -35
AZS-T1 1724 — 1743 °C 32.5-33

AZS-01 and AZS-T1 have high refractoriness, typical of high alumina refractories
[2,3,5,7,10,44]. From the chemical composition of the refractories, AZS-01 and AZS-T1 given
in table 1, both refractories contain similar low concentration of flux impurities such as alkali
and alkaline earth metal oxides (R>O and RO), as well as TiO> and Fe»Os. These impurity
compounds are known to introduce low melting liquid phases which affect the thermal stability
of the refractory. While it is known that the fusion point of cassiterite is low (1625 £ 5 °C),
when considering the refractoriness of the tin oxide incorporated refractory, AZS-T1 (1743 °C
max) and that of AZS-01 without any dopant (1775 °C), it can be concluded that the addition
of SnO> (m.p. 1625 = 5 °C) lowers the refractoriness of the AZS refractories only by about
1.7%. This can be related to the observed microstructure, as shown in figure 6, of the evolved
Zr0>-Sn0O; solid solution and high alumina 2:1 acicular mullite grains (MII and MIII mullite),
which yields a three dimensional reinforced network of the microstructure that enhances the
thermal stability and resistance to shearing or deformation at high temperatures [13,44]. Under
service however, refractories are constantly subjected to loads and as explained earlier, their

refractoriness is lowered. Therefore, the refractoriness under load (RUL) of AZS-01, and AZS-



T1 were evaluated. Figure 8, shows the RUL curves of the developed refractory compositions

AZS-01 and AZS-T1 from room temperature to 1700 °C (1973K).
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Figure 8 Refractoriness under load curves of AZS-01, AZS-T1 and AZS-T2 refractories.

There are two significant event specific temperature domains observed in figure 8, namely;

1) The linear expansion curves of AZS-01 and AZS-T1 and points of inflection that
correspond to the allotropic phase transformation in zirconia; and,

2) The region of subsidence of the AZS-01 and AZS-T1 from 1350 °C — 1700 °C that
presents the maximum expansion and, beginning and end of the softening temperature

range.

The allotropic phase transformation of zirconia from monoclinic to tetragonal phase is known
to occur in the temperature range of 950 °C to 1180 °C which is close to that observed in figure

8.
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Figure 9: (a) Linear expansion curve of AZS-01 and AZS-T1 refractories showing the expansion
paths of the two AZS refractories and the points of inflection that correspond to the zirconia
allotropic phase transformation.

(b) Refractoriness under load curves of AZS-01, AZS-T1 refractories in the temperature range of
maximum expansion and end of subsidence.

From figure 9a it can be seen that for the AZS-T1 refractory, with SnO> dopant, the
transformation occurs between 910 °C — 980 °C; whereas for AZS-01 (without any SnO»
additions) the phase transformation occurs between 1080 °C — 1180 °C. This decreased
monoclinic — tetragonal transformation can be attributed to the formation of solid solution of
SnO; in t-ZrO, which transforms to monoclinic (Zr;-xSnx)O; as observed in the XRD pattern
of AZS-T1 presented in figure 4. This occurrence is analogous to observed decreased zirconia
allotropic transformations temperature from TiO» additions [18]. This shows that SnO, has a
marked effect in stabilising the tetragonal phase to a much lower transformation temperature
range of 910 °C — 980 °C from 1050°C - 1120°C which is beneficial for the extended high
temperature durability of AZS refractories in service.

However, when considering the region of subsidence of the refractories on the RUL curve,
shown in figure 9b, the effect of SnO2 on the thermal stability of SnO> incorporated AZS
composition (AZS-T1) can be seen from the slope of RUL-curve for AZS-T1 and the calculated
RUL results presented in table 5. From table 5, the maximum expansion of AZS-T1 is reached

at 1560 °C under a 0.2N Load and is maintained until 1645 °C, where subsidence of the



refractory starts. The Ta or To.s; which is quoted and taken as the temperature of appearance at
which 0.5% subsidence of the refractory occurs; is given 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.

Table 5: Calculated RUL values of the developed refractory compositions.
(Dmax = maximum expansion temperature; Tos(Ta) = temperature of appearance)

Refractory Dy Elnear Expansion- Tos Tio
°C) ! °0) °O)

(%)
AZS-01 1640 - 1672 1.1 >1681 >1681
AZS-T1 1560 — 1645 0.9 1651 1659

In contrast, AZS-01 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 AZS-01 refractory, without any SnO» doping, has a narrower temperature range in which
it resists against high temperature stresses before subsiding, while for the AZS-T1 refractory,
it presents a wider range temperature of thermal stability. This can be attributed to the formation
or evolution of the acicular 2:1 mullite; with much lower and less anisotropic coefficient of
thermal expansion [8], and as well forms a reinforcing interlocked network within the

refractory microstructure [8,11-13].

RUL results in table 5 further shows that AZS-01 has high refractoriness under load than the
SnO; doped compositions. This is expected based on the refractoriness or PCE values of the
refractory compositions presented in table 5. The temperature of subsidence (T or 10% of
refractory slagging) of the AZS-01 is ca.1681 °C which is ca. 100 °C lower than the
refractoriness values of AZS-01 presented in table 4. In comparison, the temperature of
subsidence of AZS-T1 is 1622 °C. This suggests that SnO> dopant affects and lowers the high

temperature stability of the AZS refractories by about 3%. These results show that SnO> as a



sintering aid does not significantly reduce the high temperature properties of the AZS

refractories.

3.5 Effect on Refractory Chemical Compatibility in Soda lime Glass

The effect of the dopant, SnO», on the corrosion resistance of AZS refractories compositions
was evaluated in SLS glass melt at 1370 °C for 72 hrs. Although, static isothermal test
conditions are not experienced in actual service by the refractory materials during glass
production, they were used in this initial study, simply to compare the relative corrosion

resistance of the AZS-01 and AZS-T1 refractories.

Melt-line
corrosion

Figure 10: Static cup test samples and finger refractory samples of AZS-01 and AZS-T1 after static
corrosion glass test in SLS glass. The increased corrosion resistance of the AZS-T1 refractory, doped
with SnO2 compared to the AZS-01 is shown by presenting the flux/melt line corrosion cuts on the
respective refractories.

Figure 10 shows the static cup test samples and finger samples of AZS-01 and AZS-T1 after
static glass corrosion in SLS glass at 1370 °C for 72hr. AZS-01 presents enhanced flux line
corrosion from both the sectioned static test cup samples and the finger sample, as compared

to AZS-T1. This comparison shows clearly the increased corrosion resistance of SnO»



incorporated AZS refractories. The effect of SnO2 on the corrosion resistance of the AZS
composition doped with tin dioxide was also evaluated and validated by investigating the Zr-
«3nx02 solid solution grain from the AZS-T1 composition and the ZrO> grain from the AZS-
01 composition that have come to chemical equilibrium with the glass after the static glass
corrosion tests. Figure 11 shows the AZS-0ISLS glass interface and AZS-T1-SLS glass
interface respectively. Table 6 shows the SEM point EDX semi-quantitative analysis of the

zirconia grains at equilibrium with the glass.

Refractory-glass interface

)
25pm

25pm

Figure 11: (a, top left-right) Refractory — Glass Interface of AZS-T1 and SLS glass; showing grains
of Zr1xSnx0; solid solution in chemical equilibrium with the SLS glass.
(b, bottom left-right) AZS-01 Refractory and SLSL Glass Interface revealing ZrO,
grain from the AZS-01 refractory in chemical equilibrium with the SLS glass



In table 6, it is observed that about 1.1 wt. % of Zr (1.5 wt. % ZrO3) from the (Zr;-xSnx)O2
solid solution has dissolved from the AZS-T1 refractory into the glass at the interface that
makes up the boundary layer. However, no signatures of SnO> or Sn** ions were detected by
SEM EDX quantification method to be present in the glass or at the interface. In contrast, from
table 6 it is apparent that about 4.9 wt. % Zr (6.6 wt. % ZrO>) has dissolved from the zirconia
grain within the AZS-01 refractory into SLS glass at the interface. This clearly demonstrates
the potential of SnO, stabilising ZrO> due to the mutual solid solution formation in AZS-T1
refractory composition. The stabilisation effect of SnO also manifested in the form of reduced
flux line corrosion of AZS-T1 compared with the AZS-01 in the finger and static cup tests as

shown in figure 10.

Table 6: SEM EDX semi-quantitative analysis Zirconia grain in equilibrium with SLS glass
highlighted in figure 11.

AZS-T1 Interface AZS-01 interface
Element Grain Glass Grain Glass
Spectrum 44 Spectrum 43 Spectrum 34 Spectrum 35
wt.% wt.% wt.% wt.%
Q) 26.2 46.9 26.7 46.9
Al 0.00 13.2 0.0 5.8
Si 0.9 26.7 1.2 31.9
Zr 66.3 1.1 72.2 4.9
Sn 5.6 0.0 - -
Ca 0.0 2.8 0.0 5.6
Na 0.9 9.3 0.0 4.9
Total 100.0 100.0 100.1 99.9

4 Conclusion

In this study, we have convincingly demonstrated and proved successfully the use of SnO: as
sintering additive to develop and evolve reinforced alumina and mullite refractory composite

AZS-T1 of the Alumina-Zirconia-Mullite system from reaction sintering of Alumina and



zircon starting mixtures can enhance the corrosion resistance of AZS class of refractories in
contact with soda-lime-silica (SLS) glass at 1370 °C. Three types of mullite crystals classified
based on the morphology and aspect ratios namely primary mullite (MI), secondary mullite
(MII) and acicular tertiary mullite MIII are evolved and make up the matrix microstructure
during the sintering of refractory compositions at 1550 °C. The MII and MIII mullite crystals,
of 2:1 mullite composition, evolve in regions of aluminosilicate amorphous phases from the
decomposed zircon grains and widely contribute to HMOR values of the refractories. The
presence of a liquid phase enhances densification and mullitisation of the refractories and SnO-
has a considerable influence in the enhancement of the kinetics of dissociation of zircon and

subsequent reaction sintering of alumina and zircon refractories.
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1 List of Figures

1. Figure 1: Flow decay characteristic curves of AZS-T1 and AZS-T?2 refractory slips.

2. Figure 2: XRD pattern of refractory AZS-01 sintered at 1500C and 1550C.
A = 0-ALO3, M = AlsSi»O;3; B (Baddeleyite) = monoclinic ZrO», Zr-t = Tetragonal ZrO, ZS =
ZrSiOy4
3. Figure 3: XRD pattern of refractory AZS-T1 sintered at 1500C and 1550C.
A = a-ALO3; M = AlsSi2013; Zr-Sn = Zr.93S10.0702 ZS = ZrSiO4
4. Figure 4: SEM EDX elemental mapping of AZS-T1 refractory microstructure after sintering at 1500°C
for 1h. (1) Zircon (light grey grains); (2) a-Al03 (Corundum dark grey grains); (3) Zr;xSncO» solid
solution (bright light grains); (4) 3:2 Mullite (lighter dark grey.
5. Figure 5: High magnification SEM( Hitachi SU8230) micrograph of the matrix region of the AZS-T1
refractory. A Tin oxide rich alumina-zirconia 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.

6. Figure 6: (a) SEM micrograph showing the microstructure of the AZS-T1 refractory; and (b) The
three types of evolved mullite; MI = type 1 (primary mullite); MII = type 2 (secondary mullite); MIII =
type 3 (tertiary mullite).

7. Figure 7: High to low magnification SEM micrographs of the AZS-T?2 refractory showing its
microstructure after sintering at 1550C. (a). Micrograph shows the aggregate - tabular (a-Al,Os) grains
in zirconia reiforced mullite matrix matrix. (b). Micrograph shows homegenous dispersion of zirconia

grains within the mullite matrix. (c) Tabular a-Al,O3 aggreagte grain with Zr(.SnxO, dispered within
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the pores of the grains. (d) High mag. SEM micrograph of Tabular a-Al,O3 aggregate grain reinforced

by Zr1-xSncO» grains.

8. Figure 8: Refractoriness under load curves of AZS-01, AZS-T1 and AZS-T?2 refractories.

9. Figure 9: (a) Linear expansion curve of AZS-01 and AZS-T1 refractories showing the expansion paths

of the two AZS refractories and the points of inflection that correspond to the zirconia allotropic phase

transformation.

10.

(b) Refractoriness under load curves of AZS-01, AZS-T1 refractories in the temperature range

of maximum expansion and end of subsidence.

corrosion glass test in SLS glass.

Figure 10: Static cup test samples and finger refractory samples of AZS-01 and AZS-T1 after static

11. Figure 11: (a) Refractory — Glass Interface of AZS-T1 and SLS glass; showing grains of Zr1-xSnxO2

solid solution in chemical equilibrium with the SLS glass. (b) AZS-01 Refractory and SLSL Glass

Interface revealing ZrO2 grain from the AZS-01 refractory in chemical equilibrium with the SLS glass

2 List of Tables

1) Table 1: Chemical composition of AZS-01 and AZS-T1 refractories sintered at

1550°C by XRF.
Chemical Composition (wt. %)
Sample ]
A1203 SiOz ZI'Oz Sl’lOz *Rzo **RO F6203 T102 Others
AZS-01 61.8 12.8 24.9 - 0.21 0.08 0.06 0.09 <0.12
AZS-T1 | 57.79 12.96 24.55 4.02 0.2 0.08 0.06 0.1 <0.32

* R20 = Na20 + K20; *#* RO = CaO

2) Table 2: Mineralogical composition of AZS-01 and AZS-T1 refractory composites
after sintering at 1550 °C.

Mineralogical Composition (wt. %)
Sample 710, | (Zr0, . AleSixO3 .
a-AlLOs (m) ® SiO; SnO» (3:2 and 2:1) 7Z1Si04 | Amorphous
AZS-01 44.8 11.6 0.1 - - 20.5 12.5 10.8
AZS-T1 38.3 *26.3 *0.1 - 0.5 27.7 - 6.6

*as Zr(1xSnkO; solid solution

3) Table 3: Bulk density (BD) and apparent porosities (AP) of AZS-01 and AZS-T1

refractories.

\ Sample

After sintering at 1500°C

After sintering at 1550°C ‘




B.D (gem™) AP (%) B.D (gcm-3) AP (%)
AZS-01 3.34 13.6 3.29 13.0
AZS-T1 3.37 12.8 3.41 8.5

4) Table 4: Refractoriness (fusibility temperature range) and PCE values of developed

refractories.
Refractory - Sample Refractoriness (°C) PCE
AZS-01 1775 °C 34-35
AZS-T1 1724 — 1743 °C 32.5-33

5) Table 5: Calculated RUL values of the developed refractory compositions. (Dmax =

maximum expansion temperature; Tos (Ta) = temperature of appearance).

Refractory Dinax B::ial' Fxpansion- Tos T1o
°C) °C) °C)

(%)
AZS-01 1640 — 1672 1.1 >1681 >1681
AZS-T1 1560 — 1645 0.9 1651 1659

6) Table 6: SEM EDX semi-quantitative analysis Zirconia grain in equilibrium with

SLS glass highlighted in figure 7-8 and 7-9.

AZS-T1 Interface AZS-01 interface
Element Grain Glass Grain Glass
Spectrum 44 | Spectrum 43 | Spectrum 34 | Spectrum 35
wt. % wt. % wt. % wt. %
(0 26.2 46.9 26.7 46.9
Al 0.00 13.2 0.0 5.8
Si 0.9 26.7 1.2 31.9
Zr 66.3 1.1 72.2 4.9
Sn 5.6 0.0 - -
Ca 0.0 2.8 0.0 5.6
Na 0.9 9.3 0.0 4.9
Total 100.0 100.0 100.1 99.9




