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Abstract

The microstructural evolution on firing and quenching two commercial composition castable refractories, a vibratable ultralow
cement castable and an in situ spinel low cement castable, was fully characterized and related to high-temperature properties. The
emergence of refractory phases such as calcium hexaluminate, magnesium aluminate spinel and mullite was observed to have ben-
eficial effects on hot bend strength and refractoriness under load due to the development of morphologies which interlocked other
phases and to pore filling from expansile reactions. © 2002 Elsevier Science Ltd and Techna S.r.I1. All rights reserved.
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1. Introduction

Low cement castables (LCC’s) and ultra-low cement
castables (ULCC’s) are used extensively in refractories
applications due to their excellent properties and ease of
installation [1]. Most castables are based on calcium
aluminate cement (CAC) bonding although there is a
trend away from lime-containing systems due to its
fluxing action at high temperatures in aluminosilicates
[2]. The general form of the microstructural evolution
on firing CAC-bonded castables is well understood [3].
Hydration starts immediately on mixing the castable
with water forming different calcium aluminate hydrates
with various morphologies depending on the water/
cement ratio, curing condition (especially temperature
and relative humidity) and impurities. All hydrated
compounds dehydrate by 550 °C [4] forming anhydrous,
extremely fine active lime and alumina which react to
produce calcium aluminates. The fine fractions of the
matrix phases, including products of hydration, initially
react among themselves and at higher temperature they,
or their reaction products, may react with the coarser
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aggregate phases. In conventional CAC-bonded
castables C»A7, CA and CA, form in this sequence
with increasing temperature until > 1300 °C when CA,
reacts with alumina to form hexagonal platelets of CAg
[5]. These reactions occur during the first in-service
heating after installation. By proper control of the
castable formulation formation of beneficial phases,
such as calcium hexaluminate (CAg), spinel and mullite
can occur in the refractory matrix in situ [6]. The reac-
tions leading to these in situ phases have associated
volume changes which may tighten the microstructures
texture [7]. Furthermore, the resulting phases often have
acicular or elongated morphologies which may interlock
and link other phases leading to improved properties
[8,9].

In in situ spinel forming castables fine MgO and
Al,Oj react to form spinel which (depending on the
other matrix phases present) has a variety of morphol-
ogies and which is known to improve slag resistance
[10,11]. Microsilica is generally used to improve the flow
behaviour of these castables leading to liquid formation
via low melting CAS phases at elevated temperatures
[12,13]. Lime/silica (C/S) ratio is an important factor in
determining the amount and viscosity of the liquid as
well as hot strength and creep resistance of the refrac-
tory [14]. ULCC's have increased refractoriness and
improved high temperature properties due to their lower
CAC and thus lime contents [15-17]. Several low melt-
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ing eutectics are present in the CaO—-Al,05-Si0O, (CAS)
ternary system while compositions in the high-alumina
part of the Al,0;—MgO—-CaO (AMC) ternary show high
refractoriness due to the high temperatures of the
invariant points in this region of the diagram. None-
theless, SiO, has deleterious effects on both CAS and
AMC systems and degrades their high temperature
properties [18]. As microsilica is inevitably needed for
casting, efforts were made to decrease CaO content
limiting formation of low melting CAS phases. Cement
was substituted with superfine alumina to develop a
network of in situ mullite needles in the castable bond
due to reaction of alumina and silica around 1400 °C.
The elongated needle-like mullite crystals grow and lock
the structure to create a strong refractory bond system
so improving the mechanical properties of the castable
[19,20].

The purpose of present work is to study the influence
of in situ mullite and spinel formation on micro-
structural evolution and high-temperature properties of
two commercial castables.

2. Experimental procedure

Two commercial castables were examined. The first
was a vibratable ultralow cement alumina castable (Al-
ULCC) made of sintered and fused alumina aggregates
and hydratable alumina (HA), fumed silica (~5 wt.%)
and calcium aluminate cement (~1%). The second was
a self-flowing, in situ spinel, low cement castable (Sp-
LCC) based on bauxite, fused and tabular alumina as
aggregates and hydratable alumina, magnesia (~10%),
fumed silica and calcium aluminate cement (~4 wt.%).
Table 1 shows the chemical compositions of the
castables supplied by the manufacturer. The samples
were cast in moulds after mixing with controlled water
addition (Table 1), wrapped in plastic and cured at
room temperature for 24 h. They were then removed
from the moulds and cured for a further 24 h at room
temperature and dried at 110 °C for another 24 h. They
were fired at 1000, 1200, 1400, 1500 and 1600 °C with 3
h dwell and then furnace cooled. For X-ray diffraction
(XRD) the samples were crushed and sieved <100 um

Table 1

Chemical analysis (wt.%) of the commercial castables

Castable type Al-ULCC Sp-LCC
SiO, 4.9 2
CaO 0.3 1
MgO Trace 9.7
Fe,O5 Trace 0.4
TiO, - 0.6
Alkalis 0.3 0.3
ALO; 94.2 86.0
Water requirement 3.51/100 kg 61/100 kg

and the spectra recorded on a unit (model No. PW1050,
Philips Electronic Instruments, Mahwah, NJ, USA)
operating at 30 mA and 40 kV, using Ni-filtered Cuk,,
radiation. A scanning electron microscope (series 2
SEM, Camscan Electron Optics, UK) equipped with an
energy-dispersive spectroscopy (EDS) analyser (model
AN10000, Link Systems, High Wycombe, Bucks, UK)
was used for secondary electron imaging (SEI) and
back-scattered electron imaging (BSI). Mercury por-
osimetry was used to measure open pore size distribu-
tions (model 9320 pore sizer, Micromeritics Instrument
Corp., Norcross, GA, USA). Refractoriness under load
(RUL) testing was carried out by Corus (Teesside
Technology Centre, UK) according to DIN standard
EN 993-8 on 50x 50 mm cylinders under 0.2 MPa in air.
Samples were prefired 3 h at 1000 °C and cooled to
room temperature prior to testing. During the test sam-
ples were heated to temperature at 3 °C/min. Hot mod-
ulus rupture (HMOR) was measured by Vesuvius
Premier, Worksop, UK in 3-point bending on
25%25%152 mm samples according to ASTM C 583
from 1000 to 1600 °C with 3 h dwell at the test tem-
perature.

3. Results and discussion
3.1. X-ray diffraction

XRD indicated a-alumina was the major crystalline
phase in the dried AI-ULCC together with minor B-alu-
mina. The B-alumina had disappeared after firing at
1400 °C and alumina was the only crystalline phase pre-
sent after firing at 1600 °C. In the in situ spinel castable
(Sp-LCC) a-alumina and MgO were the main phases in
the dried samples and those fired at 1000 °C. Spinel was
found after firing at 1200 °C and increasingly formed at
the expense of MgO upon heating to 1600 °C as only
spinel and alumina were detected at this temperature.

3.2. Microstructural evolution

3.2.1. After drying at 110 °C

The general microstructures of both castables after
drying at 110 °C were similar except that no MgO was
present in the Al-ULCC. Fumed silica was well dis-
persed in both samples while hydratable alumina (HA)
and CAC cement (C) were partially agglomerated. Fig. 1
shows the microstructure of Sp-LCC after drying at
110 °C revealing bauxite (B), tabular and fused alumina
aggregates (TA, FA) with magnesia (M), fine alumina
(A) and agglomerates of CAC and HA in the matrix.

3.2.2. Microstructural evolution on firing
3.2.2.1. AIFULCC. After firing at 1000 °C the AI-ULCC
microstructure reveals TA aggregates with dehydrated
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agglomerates of HA and CAC much like in Fig. 1.
Fumed silica is well dispersed within the matrix with no
evidence of CAS formation. The cement agglomerates
typically contain CA and CA, at this temperature.
Increasing the firing temperature to 1200 °C sig-
nificantly changed the microstructure (Fig. 2). Low
melting calcium aluminium silicate (CAS) liquid formed
in the matrix leaving bright CAS-rich regions around
the cement agglomerates, while dispersed microsilica in
the bond started to react with alumina from HA
agglomerates forming an aluminosilicate (AS) rim
around them. CA, forms in the cement agglomerates
due to reaction of CA with alumina.

Heating at 1400 °C revealed evidence of extensive
CAS liquid formation in the bond (Fig. 3). The liquid
viscosity decreases on increasing temperature facilitat-
ing liquid phase sintering and helping to bond the
aggregates together. The CAS liquid has also penetrated

Fig. 1. BEI of the Sp-LCC after drying at 110 °C showing B, TA, FA
aggregates and the matrix containing magnesia (M), fine alumina (A)
and agglomerates of CAC cement (C) and hydratable alumina (HA).

the outer TA aggregate pores causing a bright ring
around them (Fig. 3a). After firing at 1500 °C (Fig. 4)
Al-ULCC shows well-developed mullite crystals formed
inside the HA agglomerates suggesting that the micro-
silica reacted with the alumina from HA agglomerates
forming aluminosilicates (bright rim in Fig. 2) which
formed mullite at 1400 °C. Consistent with the CAS
ternary phase diagram no CA4 was detected [21]. After
firing at 1400 °C and above the bond phase is pre-
dominantly alumina with some mullite crystals held
together by the solid amorphous products of cooling the
CAS melt. Firing at 1600 °C did not change the phases
present but a reduced mullite content suggests it is
beginning to redissolve in the CAS liquid.

3.2.2.2. Sp-LCC. After firing at 1000 °C the micro-
structure is similar to that observed after drying at
110 °C (Fig. 1) containing cement (C) and hydratable
alumina (HA) agglomerates and the FA and TA aggre-
gates as well as sintered MgO (M). Some MgO crystals

Fig. 2. BEI of the AI-ULCC fired 3 h at 1200 °C showing HA
agglomerate with light aluminosilicate rim (AS) and bright CAS pha-
ses around the cement (CA,) and in the matrix.

Fig. 3. BEI of the AI-ULCC fired at 1400 °C showing TA, FA grains
held together by CAS melt (a) low and (b) high magnification reveal-
ing large connected pores and fine mullite (Mu).
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were surprisingly large at 30-100 um with lime as well as
Cr, Ti and Fe oxides as grain boundary impurities
revealing it is a sintered product. After firing at 1200 °C
(ike AI-ULCC) the microstructure changed con-
siderably as low melting CMAS phases led to liquid
generation and spinel began to form on fine alumina
particles in the matrix by reaction of the fine fractions
(Fig. 5).

After firing at 1400 °C the bond converted entirely to
spinel with no alumina left in the matrix although some
MgO remains (Fig. 6). A few MgO grains located in
silica-rich areas had forsterite (Mg,SiO4) rims. Spinel
formed with various morphologies including angular/
facetted crystals (centre of Fig. 6) and tuber-like (left
side of Fig. 6). The bright CMAS phases in Fig. 6 are
probably liquid at 1400 °C. After firing at 1500 °C most
MgO grains have been consumed except those covered
by forsterite suggesting it protected them and delayed
spinel formation. Spinel formation was completed after
firing at 1600 °C with no free magnesia detected (Fig. 7).
The microstructure consisted of alumina grains

Fig. 4. BEI of the AI-ULCC fired at 1500 °C showing TA, FA grains,
black pores, elongated mullite crystals (Mu) in HA relicts and CAS in
the bond.

Fig. 5. BEI of the Sp-LCC fired at 1200 °C showing darker spinel rim
(S) formed on the edges of alumina particles (A) but not MgO (M).

surrounded by a spinel-rich matrix including some CAg¢
and CMAS containing small amounts of TiO, and other
impurities arising from the bauxite aggregates and
MgO. These are likely to decrease the CMAS liquid
viscosity [22].

3.2.3. Pore size distribution

Fig. 8 shows pore size distributions from the castables
after firing at 1000, 1400 and 1600 °C and Table 2
median pore size, bulk density and porosity data. The
smaller initial pore size and porosity level of AI-ULCC
compared to Sp-LCC after firing at 1000 °C is related to
the lower volume of water used in fabrication (Table 1)
which leaves open pores behind on its escape. However,
pores in AI-ULCC increased in size more than those in
Sp-LCC after firing at 1200—1600 °C while the porosity
level decreased more. This is believed to be due to better
sintering behaviour in Sp-LCC due to higher levels of
liquid formation (e.g. compare Figs. 3 and 6) associated

Fig. 6. Microstructure of Sp-LCC fired at 1400 °C showing spinel
bond (S) with various morphologies, CAg and CMAS phases.

Fig. 7. BSI of Sp-LCC fired at 1600 °C showing the alumina grains
held together by a spinel-rich matrix, including TiO,-containing CAg
and CMAS.
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Table 2
Porosity/density data after firing at 1000-1400 °C

Median pore size (um), BD (g/cm?) and P (vol.%) after firing at:

Castable 1000 °C 1400 °C 1600 °C
Al-ULCC 0.34 3.24 11.16 3.7 3.5 6.7 12.9 3.58 7.07
Sp-LCC 0.65 3.06 19.71 1.7 2.84 21.44 3.1 3.5 13.52
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0.001 0.01 04 1 10 100 1000 partly to the re-dissolution of mullite in the CAS melt.
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Fig. 8. Pore size distributions of (a) AI-ULCC and (b) Sp-LCC after
firing at 1000, 1400 and 1600 °C.

with impurities from the magnesia and bauxite (alkalis,
TiO,, Fe,05 and silica). CAS liquid filled many pores as
well as facilitating coalescence of others (Figs. 3b and
4). Porosity levels remain high (over 20%) in Sp-LCC to
1400 °C (see Fig. 6) but decrease substantially by
1600 °C. This is likely explained by volume expansions
associated with formation of spinel and CAg4 (Fig. 7) in
the matrix as well as liquid generation.

3.3. Property measurements

3.3.1. HMOR

Al-ULCC has a much higher HMOR than Sp-LCC
after firing to 1000 °C (Fig. 9) attributable to its lower
porosity level (Table 1) and CAC content leading to less
low melting CAS phases [16,19]. However, it showed a
sharp decrease in HMOR on heating to 1200 °C attri-
butable to more extensive formation of CAS liquid at
this temperature consistent with the microstructures
(Fig. 2) and density data (Table 2). This decrease con-

Sp-LCC showed a slight increase in HMOR from 1000 to
1200 °C followed by a decrease to 1500 although this
level was maintained at 1600 °C. The spinel which starts
to form between 1000 and 1200 °C (Fig. 5) is known to
improve the hot strength of such castables [5]. The
HMOR decrease between 1200 and 1500 °C is due to
CMAS melt formation and decreased viscosity while
CAg formation (Fig. 7) may explain the retention of hot
strength from 1500 to 1600 °C. The HMOR values of the
both castables are similar at 1600 °C in spite of the
greater amount of melt believed to be present in Sp-LCC.

3.3.2. RUL

RUL data for the two castables (Fig. 10) were similar,
revealing a small expansion up to 1100 °C while Sp-
LCC showed better behaviour than AI-ULCC from
1100 to 1500 °C. However, Sp-LCC showed a particu-
larly poor RUL response between 1500 and 1600 °C. In
refractory castables deformation of the matrix system is
believed to play the major role in their high temperature
properties [16]. Generally, HMOR and RUL behaviour
of refractories can be attributed to deformation of the
matrix since the aggregates are mostly rigid at the test
temperature [23]. The matrix of Sp-LCC contains fine
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Fig. 10. Refractoriness under load (RUL) data for both castables.

alumina, magnesia, CAC and silica which react with
impurities from bauxite and MgO to give a fluid CMAS
liquid leading to the poor RuL observed at high tempera-
ture. The matrix of AI-ULCC contains fine alumina which
reacted with CaO and SiO, to form CAS at 1200 °C
affecting its pore size distribution and HMOR. Mullite
formation is associated with a volume increase [7] which
leads to pore filling and the acicular, interlocking mor-
phology leads to improved RUL and HMOR at 1400 °C
and above. Recently, Zawarah and Khalil [24] studied the
effect of mullite formation on properties of refractory
castables containing different amount of alumina/silica
and CAC contents. Consistent with the present work they
showed that mullite formed at 1500 °C in the matrix of
castables containing 2% CAC leading to outstanding
thermo-mechanical properties.

4. Conclusions

e High-temperature properties of AI-ULCC were
generally better than those of Sp-LCC.

e CAS formation at 1200 °C resulted in increased
pore size and a dramatic decrease in HMOR for
Al-ULCC.

e [n situ mullite formation above 1400 °C led to
improved HMOR in AI-ULCC.

e Formation of in situ spinel and CAg¢ in Sp-LCC
compensated the deleterious effect of its higher
CAC content on HMOR and RUL and gave it

better RUL than AI-ULCC from 1200 to
1400 °C.

e The poor RUL of Sp-LCC above 1400 °C was
likely due to the presence of impurities from the

bauxite and MgO increasing fluidity of the
CMAS melt.
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