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Abstract

The thermal shock damage resistance of Al,Os—spinel castables containing 18 wt.% -30+ 10 mm top size aggregates with 3141
wt.% -0.075 mm total fines and 6 wt.% -8 + 5 mm top size aggregates with 35 wt.% -0.075 mm total fines was investigated using the
prism quench into water technique. Experimental results indicated that castables containing no more than 35 wt.% -0.075 mm total
fines have better thermal shock damage resistance, regardless of the size and amount of the top size aggregates. The thermal shock
damage resistance parameters, R”” and Ry, can be linearly correlated with the retained strength of castables, which increases with
an increase in the magnitudes of R”” and Ry. © 2001 Elsevier Science Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

Both practice and theory [1,2] show that the thermal
shock damage resistance of refractories can be improved
to some extent by using larger size aggregates. The pre-
vious study [3] found that the thermal shock resistance
of the gap-sized castables is superior to that of the con-
tinuous-sized castables; the thermal shock damage
resistance parameter, R”” can be linearly correlated with
the trends, while the thermal shock damage resistance
parameter, Ry, was found to be inversely related to the
trends. The latest studies [4,5] on the thermal shock
resistance of castable specimens after the panel spalling
test indicated that in fine grain castables cracks propa-
gate almost straightly, while in coarse grain castables
cracks tend to be deflected or branched from the coarse
aggregates; there is an optimum amount of top size
aggregates for thermal shock resistance enhancement;
and the optimum amount of top size aggregates for
improving the thermal shock resistance of castables
decreases with a decrease in top size.

It seems that all the attention was drawn to the impor-
tance of aggregate size distribution and the amount of top
size aggregates for thermal shock resistance considerations
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with little attention directed toward the total fines content
of castables. The purpose of the present work is to
investigate the influence of the total fines content on the
thermal shock resistance of Al,Os;—spinel castables.

2. Experimental procedures
2.1. Materials

The chemical composition of the raw materials is
given in Table 1. The constituents of castables are listed
in Table 2. The sieve analyses of castables are shown in
Table 3. The selection of total fines content varing from
30 to 40 wt.% is to reflect the total fines content fluc-
tuation in commercial castables which greatly affects the
performance in the field.

2.2. Procedures

2.2.1. Specimen preparation and thermal shock damage test

These castables were cast with water (6.5 wt.% solids)
using sodium polymethacrylate (0.1 wt.% solids) as a
deflocculant with the aid of a vibrating table. Castables
were cured in air at 28-30°C ambient temperature for 24
h and then dried at 110°C for at least 16 h before firing.
Specimens 160 by 40 by 40 mm were cast for measuring
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Table 1
Chemical analyses of raw materials

Composition (wt.%)

Type A1203 SIOZ FeZO3 TIOZ NaQO MgO CaO
White fused alumina 99.7 0.016 0.013 0.004 0.15 - -
Calcined alumina 99.7 0.02 0.01 - 027 - -
Reactive alumina 99.6 0.02 0.01 - 0.26 - -
Calcined spinel 894 0.1 0.1 - - 100 0.1
Calcined spinel 94.1 0.05 0.05 - - 541 0.29
Cement 80.0 0.08 0.08 <0.01 - 0.08 17.2

the physical properties. Physical properties such as
apparent porosity, bulk density and cold modulus of
rupture of the castables fired at 1500°C for 3 h were
measured according to JIS [6]. Each properties mea-
surement was determined using three specimens.

The thermal shock damage test was conducted by
quenching a specimen into 25°C water. Prior to quenching
each specimen was heated at 1500°C for 3 h, followed by
overnight furnace cooling. One prism quench cycle con-
sisted of reheating a specimen at 1100°C for 1 h, followed
by quenching into a 25°C water barrel.

Table 2
Constituents and main-chemical composition of castables

2.2.2. Physical properties measurements for the
determination of thermal shock damage parameters

Specimens for measuring modulus of rupture (of),
Young’s modulus (E), notched beam fracture surface
energy (ynpr) and work of fracture surface energy
(ywor) for calculating the thermal shock damage resis-
tance parameters R” and Ry were cut from a cast 140
by 160 by 40 mm whose top surface was ground with a
diamond wheel for flatness. Prior to the cut , all of the
casts were heated at 1500°C for 3 h.

ynpr and ywor were measured by the notched beam
test and the work of fracture methods [7,8], respectively.
Specimen configurations and notch geometries are
shown in Fig. 1 [7]. The required notches were cut with
a 3-mm thick diamond blade.

ynpr Was calculating from the equation [7] using
Poisson ratio 0.18:

IP?L*C(1 —1?)
8W2D'E

2
C c\’ c\’ c\*
A0+A1<B> +A2<B> +A3<B> +A4<5>

YNBT =

Constituent (wt.%)

Composition (wt.%)

Castable type Alumina Spinel Cement ALLO3 MgO CaO

Top size 18%-30+ 10 mm 83.5 10.0? 6.5 97.38 1.0 1.12
fines 35%-0.075 mm

Top size 6%-8+ 5 mm 83.5 10.0* 6.5 97.38 1.0 1.12
fines 35%-0.075 mm

Top size 18%-30+ 10 mm 71.5 18.5° 10.0 96.78 1.0 1.72
fines 41%-0.075 mm

Top size 18%-30+ 10 mm 71.5 18.5° 10.0 96.78 1.0 1.72
fines 31%-0.075 mm
4 Spinel containing 10 wt.% MgO.
b Spinel containing 5.41 wt.% MgO.

Table 3

Sieve analyses of castables

Retained on sieve® (wt.%)

Castable type T = 3 o~ 007 —0.075

Top size 18%-30+ 10 mm 18 2 9 22 14 35
fines 35%-0.075 mm

Top size 6%-8 + Smm - 6 16 26 17 35
fines 35%-0.075 mm

Top size 18%-30+ 10 mm 18 2 11 21 7 41
fines 41%-0.075 mm

Top size 18%-30+ 10 mm 18 2 11 21 17 31

fines 31%-0.075 mm

@ Sieve openings given in mm.
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where P is the load at failure, L is the span, D and W are
specimen thickness and width, respectively, and C is the
notch depth, with C ~ 2, 49 = 1.90 4 0.0075(L/D), A =
—3.39+0.08(L/D), A, =154—-0.2175(L/D), A;=
—26.24 4+ 0.2815(L/D), A4 =26.28 —0.145(L/D), v is
Poisson ratio and E is Young’s modulus.

YWOF=| Pax/24° where [ Pdx is the area under the

load—deflection curve and A is the projected area of
each of the newly formed fracture surface.

or, ynpr and pwor of the castables fired at 1500°C for
3 h were measured at 25°C ambient temperature in a 3-
point bending on 100 mm span. yngr and pwop were
measured at a crosshead speed of 1.25 and 0.05 mm
min~!, respectively [3]. of was measured at a crosshead
speed of 0.125 mm min~! [9]. E was determined using
the sonic method [10]. Each property measurement was
determined using three specimens.

>
1 W
oy
P 1
D — — _)I i x —.
S oz ]
(020 C'V
- L -

=

WV

}

D L - -

L L e s
o~ (o4

—
R || crROSS SECTION

VIEW AT CENTER
(B) WORK-OF - FRACTURE

Fig. 1. Specimen configurations and notch geometries (after Ref. 7).

Table 4
Physical properties of castables

2.3. Equipment

The testing machine was MTS model number 10/GL
and the software used for the determination of oy and
ywor was Teamwork 3.0.

3. Results and discussion
3.1. Physical properties variation

3.1.1. Porosity and thermal expansion coefficient

Tables 2 and 4 show that the porosity of Al,Os;—spinel
castables slightly increased with an increase in cement
content. The thermal expansion coefficient of Al,Oz—
spinel castables slightly increases with an increase in
MgO content [11]. All of the castables in the present
work contained 1 wt.% MgO, based on Tables 1 and 2.
Hence, the thermal expansion coefficient difference is
due to the cement content difference as shown in
Tables 2 and 4.

3.1.2. Modulus of rupture and Young’s modulus

As can be seen from Table 4, porosity increased from
23 to 24%, while modulus of rupture increased from 8.5
to 13 MPa and Young’s modulus increased from 53 to
61 GPa.

Chan et al. [12] and Ko et al. [13] observed the growth
of some CAg crystals out of the Al,Os-rich spinel grain
in the bonding matrix of the castables fired at 1500°C
for 3 h and concluded the bond linkage between CAg
and spinel grains responsible for the hot strength
increase with an increase in either CaO or spinel, and
temperature from 1300 to 1500°C.

As shown in Table 2, the castables of top size
—30+10 mm with 31 wt.% -0.075 mm fines and the
castables of top size —30+ 10 mm with 41 wt.% -0.075
mm fines contained 1.72 wt.% CaO and 18.5 wt.% spi-
nel, while the castables of top size —30+ 10 mm with 35
wt.% -0.075 mm fines and the castables of top size

Castable type Apparent porosity Bulk density Modulus of rupture Young’s modulus Thermal expansion coefficient
(%) (g/em?) (MPa) (GPa) cch
Top size 18%-30+ 10 mm 23.1 2.98 8.424+0.45 53.243.6 8.0x10~°
fines 35%-0.075 mm
Top size 6%-8+ 5 mm 23.3 2.99 8.51%1.62 53.54£5.5 8.0x10~¢
fines 35%-0.075 mm
Top size 18%-30+ 10 mm 24.3 293 13.61+1.28 60.9+1.8 8.5x107°
fines 41%-0.075 mm
Top size 18%-30+ 10 mm 24.2 293 12.08+0.80 61.9+3.0 8.5x107¢

fines 31%-0.075 mm
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Table 5

Fracture surface energies and thermal shock damage data of castables®

Retained strength (%)

Castable type ywor (J/m?) yngT (J/m?) R" (cm) Ry (cm!/2C) One-quench Three-quench
Top size 18%-30+ 10 mm 61.03£13.85 12.8245.65 4.58 42.34 41 29
fines 35%-0.075 mm
Top size 6%-8 +5 mm 59.54+7.30 7.42+1.49 4.40 41.70 36 27
fines 35%-0.075 mm
Top size 18%-30+ 10 mm 74.90£10.02 12.724+2.91 2.46 41.26 28 18
fines 41%-0.075 mm
Top size 18%-30+ 10 mm 78.444+8.14 11.71£1.21 3.33 41.88 33 28

fines 31%-0.075 mm

4 Quenching at the temperature difference A7=1100°C.

—8+5 mm with 35 wt.% -0.075 mm fines contained
1.12 wt.% CaO and 10 wt.% spinel. The former contain
more CaO and more spinel than the latter. This explains
why the former have greater magnitudes of modulus of
rupture and Young’s modulus than the latter as shown
in Table 4. Although the castables containing 18.5 wt.%
spinel of 95 wt.% Al,O5; and those of 10 wt.% spinel of
90 wt.% Al,O3 have the same amount of MgO, the
castables of higher spinel content have more spinel sites,
which contribute more to bonding strength.

3.2. Fracture surface energies

Plots of work of fracture surface energy against both
Young’s modulus and modulus of ruptuer, based on the
data as shown in Tables 4 and 5, indicate that the work
of fracture can be linearly correlated with both Young’s
modulus and modulus of rupture as shown in Figs. 2
and 3. The magnitudes of work of fracture increase with
an increase in both Young’s modulus and modulus of
rupture.

The work of fracture is a measure of the total energy
dissipated during fracture and the increase in work of
fracture is a consequence of an increased degree of
microcracking and the formation of more tortuous
fracture paths [3]. It is believed that a high strength
bonding matrix of castables is required for enhancing
the magnitude of work of fracture surface energy.

The notched beam fracture surface energy is a measure of
the energy necessary to initiate movement of a pre-existing
flaw [3]. As can be seen from Table 5, the magnitudes of
notched beam fracture surface energies of castables of
top size —30+ 10 mm nearly remain constant at 12 J/m?,
while that of castables of top size —8+5 mm is 7 J/m?.
Apparently the magnitudes of notched beam fracture
surface energy of castables are dictated by the size and
amount of top size aggregates. The present work indicates
that fracture initiation is a much easier process in the
castables containing a smaller size and a less amount of
top size aggregates.

3.3. Thermal shock damage behavior

Table 6 gives the strength degradation of castables
after prism quench tests. Figs. 4 and 5 show the typical
variation of retained strength with prism quench cycles.
According to Homeny et al. [3], strength degradation of
castables generally levels off after 3-5 cycles. It is
believed that a fairly accurate strength degradation can
be obtained after three quench cycles to provide a basis
for comparison. The relationship between retained
strength and total fines content of castables is shown in
Fig. 6. Castables containing no more than 35 wt.%
-0.075 mm fines generally have a higher percentage
retained strength than those containing 41 wt.% —0.075
mm fines, regardless of the size and amount of top size
aggregates after one-quench and three-quench tests. It is
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Fig. 2. Variation of work of fracture surface energy with Young’s
modulus of castables.



Y.-C. Ko | Ceramics International 27 (2001) 501-507 505

80

75+ .

=
S
T

Work of fracture (J/m?)
-
wn

60

8 10 12 14
Modulus of rupture (MPa)

Fig. 3. Variation of work of fracture surface energy with modulus of
rupture of castables.

Table 6
Strength degradation of castables after quench into 25°C water

Modulus of rupture (MPa)?

Castable type Furnace One-quench  Three-quench
cooling
Top size 18%-30+10 mm  1540.3 6.2+1.0 4.3+0.3
fines 35%-0.075 mm
Top size 6%-8 +5 mm 17+0.4 6.14+0.2 4.54+0.8
fines 35%-0.075 mm
Top size 18%-30+ 10 mm  2140.1 5.9+0.4 3.9+1.6
fines 41%-0.075 mm
Top size 18%-30+10 mm  18%1.9 6.0£1.5 5.1+0.6

fines 31%-0.075 mm

@ Strength was determined in accordance with JIS (Ref. 6).
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Fig. 4. Variation of retained strength with the water quench cycle of

castables containing 18 wt.% -30+ 10 mm top size aggregates with 35
wt.% -0.075 mm fines.
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Fig. 5. Variation of percentage retained strength with the water
quench cycle of castables containing 18 wt.% -30+ 10 mm top size
aggregates with 35 wt.% -0.075 mm fines.
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Fig. 6. Variation of percentage retained strength with the total fines
content of castables.

particularly noticed that the castables containing 41
wt.% -0.075 mm fines have the lowest percentage
retained strength after each quench test.

Field experience indicates that the Al,Os—spinel
castables containing around 40 wt.% -0.075 mm fines
for use in steel ladle linings are liable to serious spalling
after around 35 heats, which resulted in a shortened life
or a prematured failure. Normally the castables con-
taining no more than 35 wt.% -0.075 mm fines should
last at least 160 heats without gunning treatments in a
secondary steelmaking environment at China Steel.

A careful study of the work of Homeny et al. [3]
revealed that the total fines content of the gap-sized
castables varied from 24.2 to 34.2 wt.% -0.075 mm
fines, while that of the continuous-sized castables varied
from 40.2 to 50.2 wt.% -0.075 mm fines; the gap-sized
castables containing 34.2 wt.% -0.075 mm fines showed
the best thermal shock damage resistance; and the ther-
mal shock damage resistance of the continuous-sized
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castables decreased with increasing wt.% -0.075 mm
fines.

Two parameters R and Ry [14,15] are often used to
asses the thermal shock damage resistance of refrac-
tories as follows:

1, EVWOF
R// :T
f
1
YWOF\2
R = (a2E>

where E is Young’s modulus, ywor is work of fracture
surface energy, oy is modulus of rupture and « is thermal
expansion coefficient.

The validity of the parameters used to asses the thermal
shock damage behavior of refractories has been amply
verified [16—-18]. Figs. 7 and 8 show the variation of
percentage retained strength with R” and Ry. The
magnitudes of percentage retained strength of castables
can be linearly correlated with those of R” and Ry,
which increase with an increase in the percentage of
retained strength.
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Fig. 7. Percentage retained strength of the castables subjected to water
quench with AT=1100°C as a function of the thermal shock damage
resistance parameter, R"”.
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Fig. 8. Percentage retained strength of the castables subjected to water
quench with A7=1100°C as a function of the thermal shock damage
resistance parameter, Ry.

4. Summary and conclusions

1. Castables containing 31-35 wt% -0.075 mm total
fines have better thermal shock damage resistance
than those containing 40 wt.% total fines, regard-
less of the size and amount of top size aggregates.

2. The thermal shock damage resistance parameters,
R” and Ry, can be linearly correlated with the
percentage retained strength of castables, which
increases with an increase in the magnitudes of R"””
and Ry.

3. The experimentally observed work of fracture sur-
face energy of castables increased with an increase
in Young’s modulus and modulus of rupture,
while the notch beam fracture surface energy was
dictated by the size and amount of top size aggre-
gates and the larger size and amount of top size
aggregates resulted in a higher magnitude of the
notched beam fracture surface energy.
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