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bstract

he main aspects that determine flowing properties of self flowing alumina based low-cement castables are determined. From the point of view
f particle size distribution, different particle size distributions are compared by using Andreassen model according to n-value. The n-values are
aried as 0.20, 0.21, 0.22, 0.23, 0.24 and 0.25 to define which one corresponds to the best flowing properties. The prepared castables are fired
t different temperatures. Rheological and physical properties of prepared castable refractories were examined. It is found that the self flowing

efractory which is prepared by using 0.23 n-value has the best self flowing properties. In addition to these studies, different alumina types which
ffect the aggregate system, and the roles of additives (calcined alumina, microsilica) are also examined by using n = 0.23 value. Finally SEM
tudies are performed to investigate the microstructure of these self flowing castables.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

In the last decades there has been an increasing trend among
efractories towards replacement of bricks by castable refrac-
ories. Especially low-cement castables have been widely used
n steel industry due to their superior rheological and physical
roperties. Initially, castable refractories were composed of only
ement and aggregates. Then, the addition of deflocculants and
ne fillers have followed with the aim to optimize the control of
roperties such as workability as a function of time.1

In order to compose self flowing refractory, components and
he particle size distribution of the aggregate system have to
e carefully selected since the particle size distribution is one of
he most important factors that affect the refractory’s rheological
roperties.2

In this study, particle packing behaviour was evaluated by
he Andreassen model3 according to n-values between 0.20 and
.25. The flow properties were measured by the flow test com-
rising the flow cone and table. The purpose of this work is study
he influence of particle size distribution, firing temperature, alu-

ina aggregate types and other parameters on the rheological

nd physical properties of self flowing castables.

∗ Corresponding author. Tel.: +90 212 2853548; fax: +90 212 2853427.
E-mail addresses: gurcancun@itu.edu.tr, cuneytgurcan@gmail.com
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. Experimental procedure

.1. Raw materials and mixtures

The mixtures were composed with tabular alumina grades,
hite corundum, brown corundum, calcined bauxite, cal-

ined alumina, reactive alumina, microsilica, and high alumina
ement. Chemical composition of the basic materials is given
n Table 1. The phases were determined by Philips PW 3710
-Ray diffractometer.
Castable refractories which have different particle size dis-

ributions were prepared using the Andreassen equation with
-values between 0.20 and 0.25.

Andreassen equation3:

PFT = 100 ×
(

d

D

)n

PFT, cumulative percent of grains; D, maximum used grain
ize; d, the grain size; n, particle size distribution parameter.

.2. Sample preparation

All aggregate system components were mixed dry for 1 min

n Hobart mixer. After water addition wet mixing was continued
ntil getting flowing refractory about 4 min. A part of this flow-
ng refractory was taken for the flow test and the other part was
oured into the moulds of 50 mm × 50 mm × 50 mm without

mailto:gurcancun@itu.edu.tr
mailto:cuneytgurcan@gmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.050
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Table 1
Typical chemical compositions of raw materials

Tabular
alumina

White
corundum

Brown
corundum

Calcined
bauxite

Calcined
alumina

Reactive
alumina

Microsilica Cement

Al2O3 99.4 99.7 95 86 99.5 99.78 0.7 69–71
SiO2 – <0.3 1.5 7 – 0.03 97.5 0.8
CaO – – – 0.01 0.02 – 27–29
TiO2 – – 3 4 – – – 0.1
Fe2O3, alkaline 0.06 <0.3 0.5 3 0.49 0.17 1.8 1.1

P �-Al2
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When firing temperature was increased to 1300 C, in addition
oxides, C
rimary phases �-Al2O3 �-Al2O3 �-Al2O3

A, CaO·Al2O3; CA2, CaO·2Al2O3.

ibration. After demoulding, the samples were cured for 24 h at
oom temperature and cured samples were dried at 110 ◦C/18 h.
hen, they were fired at varying temperatures of 1100, 1300,
500 ◦C for 5 h.

To determine the flowability of the castable samples, flow
est C 230 was used which is a system including a flow cone
nd a flow table. Flow cone’s outer diameter is 70 mm, inner
iameter is 100 mm and the height is 70 mm. After wet mix-
ng, metal flow cone was filled completely with self flowing
astable without vibration. The spreading of castable on the
able was measured after a period of 10 min as the flow value
f the castable. Apparent porosity and bulk density of prepared
amples were determined by the water immersion method (DIN
1056).

. Results and discussions

.1. The effect of the difference in particle size distribution

Fig. 1 shows the comparison of the variation in flow diam-
ter with particle size distribution parameter (n) in Andreassen
quation between 0.20 and 0.25. Tabular alumina was used as
he refractory aggregate.
The test results revealed that the best flow was obtained
ith n = 0.23 value. Presumably, with this n-value, the friction
etween the grains is very low and particle packing is very
ood. Adjustment of particle size distribution is a prime fac-

ig. 1. The comparison of change in flow diameter with particle size distribution
arameter.

t
t
1

F

O3 �-Al2O3 �-Al2O3 – CA, CA2

or in obtaining self flow ability so that choosing particle size
istribution parameter 0.23 produced the most favorable results.

.2. The effect of firing temperature

.2.1. Cold crushing strength
Prepared samples were fired at 1100, 1300 and 1500 ◦C for

h after drying at 110 ◦C for 18 h and their cold crushing strength
ere determined. The effect of firing temperature on the castable

efractory’s cold crushing strength for 0.23 n-value is shown in
ig. 2.

When aggregate system is reacted with water, hydrate phases
orm which in turn decrease the refractroy’s strength. Fir-
ng results in the sintering and the formation of ceramic
onds between the particles and consequently the strength has
ncreased.

Therefore, Fig. 2 indicates that increase in firing temperature
esults in the development of the cold crushing strength. At the
ring temperature of 1100 ◦C, corundum (�-Al2O3), anorthite
CaO·Al2O3·2SiO2) and mullite (3Al2O3·SiO2) phases were
bserved in the structure of the refractory. Formation of corun-
um and mullite phases contribute to the increase in strength.

◦

o these phases, hibonite (CaO·6Al2O3) phase was observed
o form with a decrease in the content of the anorthite. After
500 ◦C firing temperature, corundum, anorthite, mullite and

ig. 2. The effect of firing temperature to cold crushing strength for 0.23 n-value.
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Fig. 4. The effect of microsilica on flow diameter of the castable refractory.
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3.4.2. Apparent porosity
Fig. 5 shows the effect of microsilica on the apparent poros-

ity of the refractory for n = 0.23 value. Microsilica is found to
ig. 3. The effect of firing temperature to the refractory’s apparent porosity for
.23 n-value.

ibonite phases were found to exist with further decrease of
northite.

.2.2. Apparent porosity
Fig. 3 shows the effect of firing temperature on the refrac-

ory’s apparent porosity for n = 0.23 value. Increase in firing
emperature first causes an increase in the apparent porosity but
t 1500 ◦C firing temperature a decrease of apparent porosity
as observed. The explanation was assumed to be that high fir-

ng temperatures caused the melting of the fine grains which
n turn had an effect in closing the porosity of the refractory
tructure.

.3. Properties of refractories prepared with different
lumina raw materials

Table 2 shows the properties of samples prepared with differ-
nt alumina raw materials. Tabular alumina seems to be the most
dvantageous raw material for the self flowing castable refrac-
oy for n = 0.23 value. Also it can be said that white and brown
orundum can be alternative for tabular alumina to produce self
owing castable. However, for the castables with calcined baux-

te, in order to obtain good flow behaviour, the application of
ibration is necessary.

.4. The effect of addition of microsilica

.4.1. The flow diameter
The effect of the microsilica on flow diameter of castable
efractory for n-value of 0.23 is shown in Fig. 4. It can be
bserved that the increase in microsilica content also increased
he flow diameter but when the content is increased to 12%,
he flow diameter decreased. In this type of systems if fines and

able 2
he properties of prepared with different alumina raw materials for 0.23 n-value

Tabular
alumina

Brown
corundum

White
corundum

Calcined
bauxite

low diameter (mm) 238 220 223 127.5
ensity (g/cm3) 2.98 3.12 3.1 2.86
pparent porosity (%) 17.1 15.8 16.1 16.7
ater demand (%) 5.19 5.58 5.4 6.01
ig. 5. The effect of microsilica to the apparent porosity of the refractory.

uperfines are added in increased quantities, flocculation tends to
ccur which causes a decrease in the flow behaviour. Microsilica
s an attractive alternative in improving particle packing, reduc-
ng water consumption and leading to low-porosity castables
ith suitable mechanical strength by filling the porosity in the

efractory structure.
Fig. 6. The effect of the calcined alumina on flow of the refractory.
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ecrease the apparent porosity due to its equiaxed and superfine
orphology, the porosity in the structure is closed.
.5. The effect of calcined alumina

Fig. 6 shows the effect of calcined alumina on the flow
ehaviour of the self flowing castable. Calcined alumina

ig. 7. SEM photomicrographs of tabular alumina based self flowing castable
red at different temperatures at 5 h: (a) 1100 ◦C; (b) 1300 ◦C; (c) 1500 ◦C. C,
orundum; A, anorthite; M, mullite; G, gehlenite; H, hibonite; Ce, cement; CAS,
aO·Al2O3·SiO2.
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ncreases the flow diameter, but as mentioned above as this type
f material is added to the system more, the flocculation starts
o occur.

.6. Microstructural evaluation

.6.1. Microstructural evaluation on firing
Fig. 7a is the micrograph of tabular alumina based self flow-

ng castable fired at 1100 ◦C. Corundum (�-Al2O3) is the main
atrix of the refractory. It is revealed that there is extensive
AS formation as the binder liquid phase. Also it is shown that

he mullite (3Al2O3·2SiO2) crystals was formed in the structure
f the refractory by the reaction of alumina and the microsil-
ca. In addition to this, cement grains, blanks and blistering are
bserved in the microstructure of the refractory. The micrograph
f structure fired at 1300 ◦C is shown in Fig. 7b, where the same
hases as at 1100 ◦C firing were found to exist. Fig. 7c shows

he micrograph of the refractory which was fired at 1500 ◦C. In
his case, existence of low melting glassy phases like gehlen-
te (2CaO2·Al2O3·SiO2) and anorthite (CaO·Al2O3·SiO2) are
een.

ig. 8. SEM photomicrographs of different alumina types fired at 1300 ◦C at
h: (a) white corundum; (b) calcined bauxite. H, hibonite (CaO·6Al2O3); B,
omplex compound with CaO, Al2O3, Fe2O3, TiO2, SiO2.
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.6.2. Microstructural evaluation of alumina types
Fig. 8a is the micrograph of white corundum based self flow

astable refractory. The main matrix is corundum and it has sili-
ate phases as shown before. In addition to these phases hibonite
hase is seen in the structure which takes shape by the reaction
f calcium oxide and alumina above 1300 ◦C. This phase have
n important role that it improves the mechanical strength of the
efractory. Fig. 8b shows the micrograph of the calcined baux-
te based self flowing castable refractory. Since the bauxite raw

aterial includes impurities in its structure, compounds formed
y these impurities (B) are observed in the figure.

. Conclusions
Based on the above given results, it can be concluded that the
roperties of self flowing castables develop with:

the use of 0.23 and 0.22 for n-value;

2

3
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the use of microlica to 9%;
the use of calcined alumina to 12%;
the use of tabular alumina, white corundum and brown corun-
dum;
the use of high firing temperature.
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