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Abstract
Two series of low- and ultra-low alumina castables were prepared from calcined Chinese bauxite and pure alumina aggregates. Both series

consisted of 90 wt.% aggregate and 10 wt.% high alumina cement (HAC), with HAC replaced by 2, 4, 6 and 8 wt.% zircon to obtain castables

containing an in situ mullite–zirconia composite in the matrix to improve their microstructure, physico-mechanical and refractory properties. The

samples were characterized in terms of densification parameters (bulk density and apparent porosity), cold crushing strength (CCS), XRD, SEM

and thermal shock resistance (TSR) to understand the effect of zircon additions on the castable composition and properties. Generally, the results

revealed that castables containing bauxite aggregate showed higher densification and mechanical properties due to the presence of some impurities

in the bauxite aggregate which help liquid phase sintering, and consequently, improved the mechanical properties. Castables containing pure

alumina exhibited higher refractory properties due to their higher purity, i.e. the absence of a liquid phase. The emergence of refractory phases such

as alumina, mullite and zirconia was observed to have beneficial effects on physico-mechanical and refractory properties due to the development of

morphologies which interlocked other phases, and to pore filling from expansible reactions.

# 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

A significant increase in the life of high alumina-based

refractory castables has been possible by decreasing the cement

content, thus avoiding liquid phase formation at working

conditions, which in turn improves the corrosion resistance and

creep strength [1–4]. Trends for increasing utilization of

monolithic refractories over the past decade have been

accompanied with the parallel trend of the replacement of

calcium aluminate cement (CAC) with CAC-free bonding

systems [5–7]. The reason for the replacement or reduction of

CAC content in monolithic refractories can be attributed to the

effect of lime on those refractory systems. Often, in the

presence of lime (CaO), low melting temperature compounds

may be formed, or lower melting eutectics may develop through

reactions in those refractory systems. For example, in the

CaO–Al2O3–SiO2 ternary system, there are five ternary

eutectics with melting points below 1350 8C [8]. These low
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melting temperatures are unacceptable for many metallurgical

processes. One approach to the replacement of lime has been to

develop or utilize CAC-free or CaO-free bonds in the refractory

linings. These advances have taken several different technical

approaches to develop satisfactory bonds within the refractory

aggregate systems. Those approaches may be classified as: (i)

the addition of a fine particle size of an oxide component that

reacts with the primary oxide of the refractory to form a direct

bond between the aggregate, or (ii) the addition of multiple

oxides that react in an in situ manner to form a high melting

point compound that serves as the direct bond between the

individual grains of the refractory system.

The attractiveness of low cement and ultra-low cement

bauxite castables for refractory applications is due not only to

their high strength, thermal shock resistance (TSR) and

corrosion resistance; but also to their economical effectiveness

coming from the use of natural bauxite resources. They have

already been successfully employed in molten iron torpedo

cars, blast furnace troughs and incinerator linings, and may still

acquire wider applications in high temperature industries [9]. In

the last three decades, there was a great deal of interest in

improving the quality of refractory castable through decreasing
d.
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Table 1

Chemical analysis of starting raw materials

Oxide Chemical analysis (wt.%)

Bauxite Pure alumina HAC Zircon

SiO2 6.70 – 0.40 32.17

Al2O3 86.00 99.6 79.00 0.88

Fe2O3 2.62 – 0.25 0.15

TiO2 3.72 – – 0.15

CaO 0.12 – 20.00 –

MgO 0.09 – 0.20 –

ZrO2 – – – 66.62

Table 2

Designed batch compositions (wt.%)

Number Aggregate HAC Zircon

Bauxite castables

Z0B 90 10 0

Z2B 90 8 2

Z4B 90 6 4

Z6B 90 4 6

Z8B 90 2 8

Alumina castables

Z0A 90 10 0

Z2A 90 8 2

Z4A 90 6 4

Z6A 90 4 6

Z8A 90 2 8
the cement content; i.e. 4–8% in low cement castables (LCC),

1–3% in ultra low cement castables (ULCC), or <1% in zero

cement castables (ZCC) [10–14]. Modern refractory castables

(LCC and ULCC) are complex mixtures of calcium aluminate

cement, ultra fine materials, aggregates and admixtures. These

castables develop very high performance during and after

heating. They are used when thermal shock resistance or

resistance against abrasion and corrosion by slags or melting

metals is required. These castables require good control

installation, i.e. rheology and hardening kinetics, which are

influenced not only by the intrinsic reactivity of the calcium

aluminate cement, but also by the interactions between fillers

and calcium aluminate cement [15–17].

In previous investigations [18–24], lower amounts of

cement, in conjunction with fine grain sized materials having

high surface area and dispersing aids, were used. Those

materials were silica fume, Al2O3, Cr2O3, ZrO2, TiO2, SiC, clay

mineral and carbon. It was concluded that the presences of such

materials promote refractory properties such as volume

stability and well balanced physical and hot mechanical

properties. The presence of zircon with fine alumina as a filler

tends to form mullite and ZrO2 after firing. The formation of

mullite and zirconia are of vital importance as these bonding

phases exhibit high refractoriness, low creep rate, low thermal

expansion, good chemical and thermal stability, and good

toughness and strength [25,26].

This work researches the refractory properties of bauxite and

alumina castables through in situ formation of mullite–zirconia

composite.

2. Materials and experimental procedures

2.1. Materials

Graded calcined Chinese bauxite and pure alumina of

particle size distribution 70 wt.% coarse; (2.36–0.6 mm),

5 wt.% medium; (0.60–0.25 mm), and 25 wt.% fine;

(<0.25 mm) were used as starting aggregate in this investiga-

tion. A constant weight of 90 wt.% of the graded aggregate was

used to prepare the castable batches together with 10 wt.% of

high alumina cement (HAC Lafarge, C-80). Other composi-

tions of castable batches were prepared by substituting 2, 4, 6

and 8 wt.% of the cement with zircon to prepare castables-

containing mullite–zirconia composites as a matrix. The

prepared castable samples are referred to as Z0B, Z2B, Z4B,

Z6B and Z8B for castables based on bauxite aggregate and as

Z0A, Z2A, Z4A, Z6A and Z8A for castables based on pure

alumina. The chemical analysis of staring raw materials and the

compositions of the prepared castable batches are given in

Tables 1 and 2.

2.2. Preparation and characterization

The dry batches were hand mixed for 3 min at 25 8C with an

adequate amount of water, which was determined for each

batch according to the standard ‘‘good ball in hand’’ test [27].

The mixed batches were then cast into cubes of 25 mm side
length in steel moulds using a vibrating table at a frequency of

50 Hz and 4 min vibrating time. The castable samples were left

in their moulds for 24 h in a 100% relative humidity cabinet.

The hydrated samples were then remolded and further cured for

7 days in the same cabinet at 22 8C. The hydrated samples were

subsequently tested for cold crushing strength (CCS), bulk

density and apparent porosity before and after firing at 1550 8C
for 2 h (58/min, heating rate), according to ASTM standard

C133-91 and Egyptian standard 1859 (1990). After hydration,

bulk density and apparent porosity were in the range 2.5–2.7 g/

cm3 and 20–30%, respectively. The fired castables were also

characterized with respect to their solid phase composition

using a Philips 1730 diffractometer with a Ni filtered Cu Ka

radiation at a scan speed of 18 min�1. A Joel XL 30 scanning

electron microscope (SEM) was used to examine the

microstructure of the fired samples. The refractory properties

were assessed by carrying out refractoriness under load (RUL)

according to ISO standard 1893 (1989), permanent linear

change (PLC) according to ISO standard 2478 (1987) and

thermal shock resistance according to an air quenching

technique [28–31]. To evaluate the thermal shock resistance

of castables, the residual strength ratio was determined after ten

thermal shock cycles from 1000 8C to room temperature

(DT = 1000 8C). Also, the critical temperature difference (DTc)

was determined from residual strength DT curves from zero to

1300 8C for two specimens (Z8B and Z8A) after one thermal

shock cycles.
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Fig. 1. XRD of hydrated alumina castables.
3. Results and discussion

3.1. Phase composition

Fig. 1 shows X-ray diffraction pattern (XRD) of the green

(20 8C) castable samples prepared from pure calcined alumina

aggregate after curing in air for 7 days at ambient temperature.

From Fig. 1, we see that the control castable (i.e. zero zircon-

containing castable) consists mainly of alumina and calcium

aluminate hydrate (CAH10) phases. The hydrated phase is

produced from the hydration of the added high alumina cement

after curing in a relative humidity of 100% for 7 days. As we

proceed from the Z0A to Z8A castable samples, CAH10 phase
Fig. 2. XRD of fired bauxit
decreases and a new zircon phase increases. A corundum phase

(a-Al2O3) was present in all samples as expected.

On the other hand, the investigated castable samples

prepared from pure Chinese bauxite and calcined alumina

fired at 1550 8C are shown in Figs. 2 and 3. It appears that the

control castable sample [free from zircon (Z0B and Z0A)]

composed mainly of corundum with some peak lines

characterizing CA, in the case of bauxite castables, and CA6

minerals, in the case of alumina castables. CA results from the

polymorphous conversion of calcium aluminate hydrate

products to the original phases CA. The formation of CA6 in

alumina castables is attributed to the higher alumina content of

starting alumina aggregate. In both castable series (calcined
e castables at 1550 8C.
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Fig. 3. XRD of fired alumina castables at 1550 8C.
alumina and bauxite), as we proceed from Z0 to Z8, the peak

intensities of CA or CA6 phases decreased. New phases of

monoclinic zirconia (m-ZrO2), mullite (3Al2O3�2SiO2) and

quartz (SiO2) were found in the series prepared from bauxite,

while phases of monoclinic zirconia (m-ZrO2) and quartz were

detected in the series prepared from calcined alumina. This

means that, after firing at 1550 8C, zircon is dissociated into m-

ZrO2 and SiO2. Silica from zircon and silica present in bauxite

as impurities reacts with fine alumina to form mullite. The

presence of different impurities in bauxite versus alumina helps

the densification process and the formation of mullite. The

presence of quartz produced from the dissociation of zircon in

alumina samples indicates that the firing temperature was

insufficient for the sintering process.

3.2. Physico-mechanical properties

3.2.1. Water of consistency

Fig. 4 shows the water of consistency of the investigated

castable samples prepared from pure alumina. The water

addition to a castable has a significant and direct influence on

the final properties and castable specifications. Excess water
Fig. 4. Water consistency of alumina castables.
can reduce strength and increase shrinkage, while too little

water can produce voids in the castable, causes poor

consolidation and placement which will produce a weak

porous concrete [32]. Fig. 4 shows a significant decrease in

water consistency as cement content in the matrix decreases

(which is the only cementing materials consuming water by

hydration), i.e. from castable Z0A to Z8A. The water

consistency of bauxite castables was similar to alumina

castables.

3.2.2. Bulk density and apparent porosity

The density and porosity ranges for the hydrated castables

were in the range of 2.5–2.7 g/cm3 and 20–30%, respectively,

depending on the amount of high alumina cement, zircon and

the type of aggregate. Fig. 5 shows densification parameter in

terms of bulk density (BD) and apparent (AP) for both castables

investigated after firing at 1550 8C. Generally, the densification

parameters of castables obtained from bauxite aggregate are

better than that obtained from pure alumina aggregate. This is

due to the presence of some impurities in the bauxite aggregate

which enhance the densification process by forming a liquid

phase. As we go from Z0B to Z8B, an increase in bulk density

and subsequently decrease in apparent porosity was obtained.

This is attributed to the formation of mullite, which helps with
Fig. 5. Densification parameters of sintered castables.
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Fig. 6. SEM photomicrographs of (a) Z0A, and (b and c) Z0B castables fired at

1550 8C for 2 h.
the presence of a liquid phase that decreases the porosity and

consequently increases the bulk density. On the other hand,

castables prepared from pure alumina aggregate behave in the

same trend, but with lower values. This is due to high purity

alumina aggregate and the absence of a liquid phase.

Previous work [33] dealing with bauxite castables contain-

ing up to 8 wt.% SiC had a bulk density higher than that

obtained in the present investigation. This may be due to the

difference in particle size distribution of the aggregate used in

that study.

3.2.3. Microstructure

The microstructural evolution of castables fired at 1550 8C
was evaluated using the scanning electron microscope of

representative regions of cut specimens. Figs. 6–8 show

photomicrographs of castables prepared from alumina and

bauxite aggregate after firing at 1550 8C for 2 h. The

photomicrograph of Z0A castable in Fig. 6a exhibits a porous

microstructure with rounded and well-defined edges alumina

grains (point a). Hexagonal plate-like crystals (point b) were

observed and identified as calcium hexa aluminate (CA6)

resulting from the reaction of CA and CA2 phases with free

alumina. On the other hand, photomicrographs of bauxite

castables (Z0B; Fig. 6b and c) had a densely packed

microstructure; with an abundant of corundum grains of

comparable sizes (point a), embedded in the matrix. The matrix

also has CA (point e) and some of liquid phase.

As we proceed from Z0B to Z8B as shown in Figs. 6–8,

some needle-shaped mullite (point c) and rounded (ellipsoid)

zirconia crystals (point d) are distributed from place to place,

which reinforce the matrix and explained the high strength and

refractory properties of the bauxite castables. The presence of

such in situ formed mullite creates an interlocking micro-

structure in the bauxite castable castables. The Z4B sample

(Fig. 7c and d) show locally agglomerated zirconia particles,

but all other samples (Figs. 7a,b and 8a–d) exhibited well-

distributed zirconia crystals. On the other hand, the impurities

and high alumina cement present in the bauxite castables

(especially higher content HAC batches) may form a low

melting glass and tend to decrease the refractory properties. The

structure of these samples appeared as partially diffused in

some regions. The influence of trace impurities present during

the processing of ceramics is well known and has been

exploited in the control of densification, grain growth and

morphology during sintering [34]. The ability to control

microstructure is of central importance in achieving desired

properties. The microstructure of the castables prepared from

pure alumina was found to be relatively the same as that

prepared using bauxite aggregate, but with higher porosity,

well-defined grains and without a liquid phase in the matrix.

3.3. Mechanical properties

Mechanical properties in terms of cold crushing strength of

the hydrated (20 8C) and fired (1550 8C) castables (bauxite and

alumina) are shown in Figs. 9 and 10. It can be seen that CCS of

the hydrated specimens, i.e. green castables, decreases as the
content of zircon increases at the expense of high alumina

cement, which is responsible cold strength. It also appears that

both hydrated castables have similar CCS after hydration. In

both castable series, it appears that with increasing additions of

zircon, the strength linearly deteriorates due to the decrease of

cement content. Fired specimens show an improved CCS

compared to the corresponding non-fired alumina and bauxite
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Fig. 7. SEM photomicrographs of Z2B (a and b) and Z4B (c and d) castables fired at 1550 8C for 2 h.
castables. This is due to the breakdown of weak hydraulic

bonds and the formation of new strong ceramic bonds with

increasing zircon content during firing at 1550 8C. In bauxite

castables, the dissociation of zircon to m-ZrO2 and SiO2 helps

in the formation of a composite material consisting of m-ZrO2

and mullite (3Al2O3�2SiO2) due to the reaction of SiO2 with

fine alumina in the matrix. The presence of a m-ZrO2–mullite

composite in the matrix, which is characterized by high
Fig. 8. SEM photomicrographs of Z6B (a and b) and
mechanical properties, is reflected on the strength of the whole

castable sample. Figs. 9 and 10 show a great increase in strength

of the fired samples as the contents of zircon increase.

Generally, castables prepared from bauxite show higher CCS

than those prepared using alumina aggregate. This is attributed

to a higher content of impurities in the bauxite aggregate, which

increases the liquid phase sintering and decreases the porosity,

which consequently, tends to increase the room temperature
Z8B (c and d) castables fired at 1550 8C for 2 h.



M.F. Zawrah / Ceramics International 33 (2007) 751–759 757

Fig. 9. Cold crushing strength of bauxite castables.

Fig. 10. Cold crushing strength of alumina castables.
mechanical properties. Also, the presence of a higher content of

mullite (as indicated from XRD Fig. 2) in the castables

prepared form bauxite rather than that prepared from alumina,

improves the mechanical properties of that castables at that

firing temperature. Alumina castables need a higher tempera-

ture for sintering to give higher CCS.

3.4. Refractory properties

3.4.1. Refractoriness under load and permanent linear

change

Table 3 summarizes the refractory properties of both

sintered refractory castables. Refractoriness under load (RUL)
Table 3

Refractory properties of prepared castables

Zircon content (wt.%) TSR (cycle) CCS (MPa)

Bauxite

castable

Alumina

castable

Before

TSR test

After

TSR te

Bauxite Alumina Bauxite

0 >10 >10 38 33 23

2 >10 >10 46 42 31

4 >10 >10 55 51 43

6 >10 >10 63 58 55

8 >10 >10 71 66 65

TSR: thermal shock resistance; CCS: cold crushing strength; PLC: permanent line
results are expressed in terms of T0 and T0.5, i.e. temperatures

corresponding to the maximum expansion and 0.5% sub-

sidence, respectively. These data confirm the improved

loadbearing capacity of fired castables with decreasing HAC

cement and increasing m-ZrO2–mullite–corundum or m-ZrO2–

corundum composite in the matrix of (Z0B and Z0A), (Z4B and

Z4A) and (Z8B and Z8A) samples. T0 gradually increases from

1400–1450 8C to 1500–1550 8C in both castable series.

Simultaneously, T0.5 rises form 1500 and 1550 to >1550 and

>1600 8C as we going from zero to 8% zircon additions in the

bauxite and alumina castables. This is certainly a result of

enhanced m-ZrO2–mullite or m-ZrO2–corundum formation, as

confirmed by the investigation of phase composition and

microstructure of the fired samples. The castables prepared

from alumina aggregate show higher loadbearing capacity than

that prepared from bauxite aggregate due to the higher purity of

these castable and the formation of new refractory phase (CA6)

which also improve the high temperature refractory properties.

The high loadbearing capacity of the bauxite castable forming

zirconia–mullite composites is supported by their volume

stability, i.e. limited permanent linear change (PLC) when firing

for 2 h at 1500 8C; as well as high thermal shock (TSR), as

illustrated also in Table 3. All castables show less than 1.0%

contraction after firing for 2 h at 1500 8C and survived more than

10 cycles of successive sudden cooling for 10 min in air.

3.5. Thermal shock resistance (TSR)

3.5.1. Residual strength ratio at DT = 1000 8C
The thermal shock resistance properties are influenced by

prefiring conditions and determined on specimens heated to a

predetermined temperature (T), then quenched in air (Tair).

After air cooling, the residual cold crushing strength (CCSr) is

measured and compared to the original strength (CCSo). A

residual strength ratio (CCSr/CCSo) at temperature difference

DT = T � Tair is the criterion for evaluating TSR.

The residual cold crushing strength ratio at DT = 1000 8C of

the alumina and bauxite castables was determined by

measuring CCS before and after thermal shock cycling. The

results shown in Fig. 11 demonstrate that the residual strength

ratio of zircon-containing castables is increased with increasing

zircon content. The maximum strength is attained in castables

with 8 wt.% zircon.
PLC (2 h, 1500 8C) RUL (8C)

st

Bauxite

castable

Alumina castable

Alumina T0 T0.5 T0 T0.5

18 <1 1400 1500 1450 >1550

25 <1 – – – –

33 <1 1430 1550 1500 >1550

46 <1 – – – –

57 <1 1500 >1550 >1550 >1600

ar change; RUL: refractoriness under load.
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Fig. 11. Residual strength ration of sintered castables.
3.5.2. Critical temperature difference (DTc)

The samples (Z6B and Z8B) and (Z6A and Z8A) were

selected for determining changes in cold crushing strength after

thermal shock for DT from 0.00 to 1300 8C. As seen from

Fig. 12, there was no change in strength for either the bauxite

and alumina castables up to about 850 8C; however, at higher

temperatures, the strength decreased considerably. It is

concluded that the critical temperature difference (DTc) for

both specimens is approximately 800–900 8C. According to

Hasselman theory [35], DTc indicates the ability of material to

withstand abrupt temperature variations. In this case, when DT

is from RT to 900 8C, the interior of the castables is not affected

by thermal shock, and remains intact. Whereas when DT is in

the range of 900–1300 8C, the castable is affected by thermal

shock as the high thermal stresses generated in the material

extend existing cracks and initiate new cracks, leading to lower

strength. The improvement of TSR in these castable through

zircon additions may be due to the higher thermal conductivity,

lower thermal expansion, or the higher strength of m-ZrO2–

mullite composite, as well as to the presence of prismatic and

elongated grains in the microstructure of alumina and bauxite

castables. The formation of those crystals in castable matrices
Fig. 12. Critical temperature difference of Z6B and Z6A castables.
produce reinforced, but flexible structures; which lead to an

increase in the strength and spalling resistance. The castables-

containing no zircon showed the same trend but with lower

values.

4. Conclusion

Castables containing bauxite aggregate showed higher

densities and room temperature mechanical properties due to

the presence of impurities in the bauxite aggregate. These

impurities helped liquid phase sintering, and consequently

improved the mechanical properties. In contrast, castables

containing pure alumina aggregate exhibited higher refractory

properties due to greater aggregate purity and the presence of a

CA6 phase. The emergence of refractory phases such as mullite

and zirconia or CA6 was observed to have beneficial effects on

mechanical and refractory properties due to the development of

morphologies, which interlocked other phases, and due to pore

filling from expansible reactions.
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