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Abstract

Strength and modulus values of slip-cast alumina–mullite–zirconia and alumina-mullite refractories have been determined as a
function of quench temperature by air and water quenching. The resistance to fracture initiation and propagation caused by the
thermal stresses was increased with the addition of zircon, as supported by the R and Rst parameters. There was no catastrophic

decline in strength on thermal shock at high temperature or with repeated cycling, where a large proportion of intergranular frac-
ture in the fracture surfaces was observed. There was �50% loss of strength after the 1st cycle, and further cycling did not mark-
edly change the retained strength of the material to the 40th cycle. The inevitable cracking occurred after thermal shock testing was

kept below the critical crack length due to the transformation toughening effect of zirconia, thus maintaining a high degree of
integrity, associated with the high values of K1c and � i.
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1. Introduction

Alumina–mullite–zirconia (AMZ) and alumina–mul-
lite (AM) expendable refractories are widely used in the
forehearth, distributor, feeders, and glass melting fur-
naces, as plungers, spouts, tubes, stirrers, channels,
rotor segments, mantle blocks, and orifice rings [1,2].
AMZ refractory materials, composed of mullite and
dispersed ZrO2 particles, show a better thermal shock
resistance than other AMZ and AM materials, and even
than pure mullite [3]. AMZ refractory materials at room
temperature show a high strength and fracture tough-
ness [4,5], but these properties decrease significantly at
high temperature because of glassy phase in the grain
boundaries [6].

The starting decomposition temperature of zircon is
about 1675 �C according to the ZrO2–SiO2 phase dia-
gram [7]. The existence of some impurities in the start-
ing powder can be lowered the decomposition

temperature conspicuously [8]. During reaction bond-
ing, the zircon dissociation and mullite formation com-
mence at �1400 �C and are practically completed by
1500 �C [9]. The radial decomposition of zircon starts
from the surface to the centre of the grain, which leads
to rapid crystallisation of zirconia and to the formation
of amorphous silica [10]. The presence of a glassy phase
at some of the triple junctions will initiate at high tem-
peratures, which is responsible for the decrease of
strength of zircon at high temperature [8].

In thermal shock test by air quenching (strength as a
function of the number of cycle), a material containing
zirconia maintains a complete and solid body with a few
cracks after 30 cycles, with 50% strength loss [11].
Cracking must have occurred during cooling from
1000 �C accompanying a significant amount of volume
expansion [11]. On the contrary, cracking occurred due
to thermal expansion mismatch might be considerably
diminished by crack healing as the temperature increa-
ses due to the presence of a glassy phase [3].

A number of parameters defined by Hasselman [12]
can be used to predict the thermal shock behaviour of a
material. The most widely used of these are the R, and
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Rst. R predicts the resistance of a material to the initial
shock and is expressed as the difficulty of crack initia-
tion. R is given by the formula, {R=[�f (1��)]/(E�)},
where �f is strength, E is Young’s modulus, � is Pois-
son’s ratio and � is the mean thermal expansion coeffi-
cient of the composite. � values of refractories,
depending on the Young’s modulus, volume fraction
and coefficient of thermal expansion of each compo-
nent, can be calculated from the equation derived by
Turner [13]. If strength is high and Young’s modulus
and coefficient of expansion are low, a material will
therefore have a high resistance to crack initiation.
However, once a crack has been initiated, the control-
ling feature of thermal shock failure then becomes the
nature of crack propagation through the material [14].
Rst=[� i/(�

2.E)]1/2 parameter [12] can be used to deter-
mine the maximum allowable temperature difference
required to propagate long cracks under severe thermal
stress conditions, where � i is a measure of resistance to
the initiation of crack propagation. In both cases a high
value would indicate good resistance to thermal stresses.
Although a brittle material with very high strength
would be resistant to crack initiation, once the stress
had exceeded the fracture strength of that material,
failure would be sudden and catastrophic. On the other
hand, if crack initiation occurred at moderate stress
levels, but those cracks were then prevented from pro-
pagating through the material, thermal shock resistance
would be equally good provided adequate strength was
retained in the piece. Since most refractories are com-
posed of brittle, multigranular oxides, crack initiation
takes place with ease; adequate thermal shock is then
achieved by controlling the Rst parameter through
microstructural features such as porosity and crack sta-
bility. So that further weakening of a refractory material
with increasing severity of thermal shock can be pre-
dicted by Rst. It must be realised that the Hasselman
parameters are simply predictions of behaviour, to have
any practical value they must be capable of confirma-
tion by some independent tests.

Thermal shock testing has been traditionally carried
out by quenching samples from a predetermined tem-
perature into air, water or oil, followed by reheating in a
kiln. The first step in testing is to determine the critical
quench temperature, �Tc, which can be defined as the
minimum temperature required to produce cracking.
Further testing below this critical temperature would
not cause damage and would therefore be pointless.
Cycling in this manner is carried out until total failure
of the piece occurs. This method is rather subjective
and, at its best, is only really suitable for comparative
data. Strength testing after each thermal cycle will give
the data required, and, when combined with the deter-
mination of critical quench temperature and fracture
toughness, an overall picture of the material’s behaviour
under thermal stress can be built up.

AMZ refractories used in the glass industry are sub-
ject to thermal shock stresses during installation. Once
installed, the service life of the refractory is then deter-
mined for the most part by its corrosion characteristics.
AMZ expendables are recognised as having excellent
thermal shock characteristics being able to withstand
>40 cycles in the laboratory test without visible
damage. This paper offers an explanation of this beha-
viour by examining the microstructure and fracture
surfaces of samples, associated with the mechanical
properties of slip cast AMZ and AM refractory materi-
als under a variety of thermal shock conditions.

2. Experimental procedure

AMZ composition containing �20% zircon (sample
A), and the other batch without zircon (sample B),
whilst keeping the AM ratio constant (�3:1), were pre-
pared by slip casting. Slips were taken and cast into bars
150�10�15 mm. Samples were then dried in an oven at
�110 �C to reduce the effect of possible significant
amount of shrinkage. After firing, bulk density and
apparent porosity values were measured using the stan-
dard water immersion method [15]. Mechanical proper-
ties of those bars have been determined at room
temperature. Then, critical quench temperature was
determined by heating the bars from room temperature
to 1400 �C; quenching five bars each in air and water at
200 �C intervals. These were tested using a Mayes,
SMT50 tensile testing machine in three-point configur-
ation with a support roller span of 115 mm, at a cross-
head speed of 1 mm min�1. Using the standard equa-
tions for the strength (�) [16] and Young’s Modulus (E)
[17], these values were determined and the average taken
for each quench temperature.

� ¼ 3=2ð Þ: P Lð Þ= W D2
� �

E ¼ L3 m= 4 WD3
� �

ð1; 2Þ

where P is the load at fracture, L is the length of sup-
port span, W is the specimen width, D is the specimen
thickness, and m is the slope of the tangent of the initial
straight-line portion of the load-deflection curve. Frac-
ture toughness was then measured using the single edge
notched beam (SENB) technique [18], with a (6 mm deep)
notch cut with a 1 mm thick diamond blade producing a
notch to depth ratio of 0.25. Fracture toughness (K1c) was
then calculated from the maximum load using Eq. (3):

K1c ¼ 3=2ð Þ: P Lc1=2
� �

:Y= W D2
� �

¼ 2E�ið Þ
1=2

¼ � Y C1=2
� �

ð3; 4; 5Þ

where c is the notch depth, � i is a measure of resistance
to the initiation of crack propagation, C is the critical
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crack length and Y=[A0+A1(c/D)+A2(c/D)2+A3(c/
D)3+A4(c/D)4]. Y is a dimensionless number, which is
dependent on the geometry of the loading and the crack
configuration with L/D�8, A0=+1.96, A1=�2.75,
A2=+13.66, A3=�23.98, A4=+25.22 [18].

Thermal shock parameters R and Rst were then cal-
culated in order to predict thermal shock behaviour of
those samples. Cyclic thermal shock testing was carried
out at 1000 �C (above the critical temperature) by water
quenching to a maximum of 40 cycles. Five bars were
taken for strength testing at the 1st and 2nd cycles, and
then every 5th cycle to 20 cycles and finally every 10th
cycle. By using a CamScan 4 scanning electron micro-
scope, back scatter and secondary electron images were
then made to examine the microstructure and fracture
surfaces of samples.

3. Results and discussion

The density and apparent porosity values of samples
were 3.0 g cm�3 and 19% for A, and 2.7 g cm�3 and
23% for B, respectively. The presence of zircon pro-
moted the densification and thus reduced the porosity
significantly, which was considered to be as an impor-
tant factor for the increase in mechanical properties.
Mechanical properties of the AMZ and AM refractory
materials prepared by slip casting are presented in
Table 1. It has been found that removing zirconia from
the AMZ refractory composition whilst keeping the
alumina:mullite ratio constant, reduces the strength,
Young’s modulus and fracture toughness by a factor of
�2.4 and the fracture surface energy by a factor of 2.7.
Knowledge of the fracture toughness and strength also
allows the calculation of critical crack length (C) from
Eq. (5), which is the crack length beyond which there is
no arresting of cracks, propagation takes place with
ease and the material loses strength. As can be seen
from Fig. 1, the observed crack length for the AMZ
refractory material was in general <0.5 mm, which was
much smaller than the value of calculated critical crack
length, 1.3 mm (Table 1). This is because a volume
increase takes place and shear strains develop, which
together absorb energy from the crack, thereby pre-
venting the crack length from extending to the critical
crack length. As predicted from the R parameter, mate-
rial containing zirconia appeared to have higher thermal
stress resistance with temperature gradients up to �200

K, showing high resistance to crack initiation (Table 1).
In addition, Rst parameter also supported that sample A
would show a significant improvement (by a factor of
�3.5) in the maximum allowable temperature difference
required to propagate long cracks under severe thermal
stress conditions, in comparison with sample B
(Table 1). It would be expected on the basis of the R and
Rst parameters to show a high resistance to fracture
initiation and propagation caused by the thermal stres-
ses in consequence of the presence of zircon.

Zircon appears to be the controlling factor in
mechanical properties, because of thermal contraction
mismatch between the phases, and volume expansion
associated with zirconia transformation and mullite
formation. The significant improvement in K1c value of
sample A can be correlated to increase in the fracture
surface energy (� i) due to a reduction of crack tip stress
intensity in the plastic zone ahead of the crack, by
energy dissipation through relaxation occurring in the
grain boundary phase.

Scanning electron microscopy shows that there were
mostly intergranular, with some transgranular, cracks
after strength testing prior to thermal shocking the
samples (Fig. 2a); however, samples quenched from
1200 �C showed a large proportion of intergranular
fracture (Fig. 2b). This change in fracture path to a
marked intergranular fracture with increasing quench
temperature, is thought to be the main reason for the
increase in fracture surface energy required to initiate
crack. Therefore, more fracture surface energy was

Fig. 1. Map distribution of the AMZ refractory.

Table 1

Mechanical properties and thermal shock parameters of AMZ and AM refractories

Sample � (MPa) E (GPa) K1c (MPa m1/2) C (mm) � i (J m�2) R (K) Rst (m1/2 K1/2)

A 16.5	1.5 15.2	2.2 1.2	0.1 1.3	0.2 44.3	0.2 191	32 2.7	0.2

B 6.8	0.6 6.5	0.7 0.5	0.1 1.1	0.1 16.3	0.2 102	6 0.8	0.0
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required in AMZ refractory materials to connect the
cracks for propagation. This can be attributed to high
K1c value of the AMZ refractory material, indicating
high resistance to fracture of a material, which is sup-
ported by the R and Rst parameters (Table 1).

After calculating thermal shock parameters R and Rst,
the behaviour of materials was predicted on that basis,
and these predictions were compared with the experi-
mental thermal shock test data. Fig. 3a shows the
determination of critical quench temperature. It can be
seen that the strength remained relatively constant
throughout the range indicating that little or no damage
was being done to the material by air quenching. Under
the more severe thermal shock of the water quench, the
strength decreased gradually as the quench temperature
rose. The implication of this result is that as the quench
temperature is increased, the number of cracks initiated
in the sample also increases, hence the gradual decline in
strength. It should also be noted that under water
quench conditions, there was no significant decline in
strength until the quench temperature was >400 �C for

sample A and >600 �C for sample B; this is evidence for
the existence of microcracking in the sample after initial
firing. This is an inevitable consequence of mismatch in
thermal expansion coefficients of the constituent phases
in the material and the possibility of phase transforma-
tions in the zirconia. For example the coefficients of
thermal expansion are, �8.2 MK�1 for alumina, �5.1
MK�1 for mullite and �7.6 MK�1 for zirconia [19,20],
whilst the tetragonal to monoclinic phase transformation
of zirconia which takes place at �1000 �C is generally

Fig. 2. Fracture surface of the AMZ refractory: (a) at 25 �C (scale bar:

200 mm), (b) after water quenching at 40th cycle (scale bar: 100 mm).

Fig. 3. Mechanical properties of the refractories, as a function of

quench temperature: (a) strength, (b) Young’s modulus, (c) fraction of

initial strength and modulus values* of the AMZ refractory.
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regarded as giving a�5% to expansion, but will only do
so if there is sufficient elasticity or space to
accommodate this expansion. The development of a
microcrack on thermal shock gives this necessary space
for the transformation to occur and in so doing
actively prevents the propagation of the crack by lead-
ing to a transformation zone which surrounds the
crack, as a result of the transformation toughening
mechanism.

Young’s modulus values (Fig. 3b) confirm these find-
ings showing that there was no crack propagation
observed by air quenching. However, none of these
cracks actually reach the critical size at which cata-
strophic failure would occur. There is evidence here that
the microcracking increased from 200 to >600 �C by
water quenching, resulting in a 50% reduction in
Young’s modulus over this range. Increasing the sever-
ity of the shock beyond this point gave only a marginal
decrease in modulus up to 1400 �C. The significant
incline (>2) in modulus of sample A, at the maximum
quench temperature used, with the addition of zircon
indicated a higher resistance to microcrack propagation,
and therefore better thermal shock resistance than that
of sample B.

Furthermore, these effects are shown more clearly in
Fig. 3c, where fraction of initial strength and modulus
data (e.g. after quenching relative to initial values) are
given with respect to quench temperature. Since many
refractory materials fail suddenly and catastrophically
when thermally shocked beyond the critical temperature
there is clearly an important mechanism involved here
which results in the AMZ refractory retaining a good
proportion of its strength and modulus far beyond that
point. The calculated R and Rst parameters for those
refractory materials showed a good correlation with the
fraction of initial strength and modulus values after
thermal shock testing. It has been confirmed that ther-
mal stress resistance parameters, R and Rst, can be used
to characterise thermal shock damage of those refrac-
tory materials for an industrial applications. The effect
of the porosity on mechanical properties and thermal
shock behaviour must also be taken into account in
characterising and determining the service performance
of slip-cast refractory materials.

Fig. 4 shows that there was approximately 50% loss
of strength after the 1st cycle. Subsequent cycling did
not significantly alter the retained strength of the mate-
rial to the 40th cycle. Fracture surface of sample A
subjected 40 cycles by water quenching showed an
intergranular fracture path similar to that of the 1st
cycle (Fig. 2b). The fracture of the AMZ material is
semi-stable, but never catastrophic. This can be attrib-
uted to high values of � i, indicating that more fracture
energy is required to connect the cracks for propaga-
tion, and K1c, showing higher resistance to fracture of a
material.

4. Conclusions

The incorporation of zircon powder into the alumi-
nosilicate refractory provided more improvement in
strength through a reduction in porosity by void filling
and by faster sintering with the improvement of inter-
particle bond strength, leading to high-density values.
AMZ refractory material showed a high resistance to
crack initiation and propagation, which was supported
by the thermal shock parameters. There was no cata-
strophic decline in strength on thermal shock at high
temperature or with repeated cycling. The prominence
of intergranular cracking observed following thermal
shock is indicative of a high value of the amount of
energy required to initiate crack propagation and is
attributable to the high value of K1c. Crack propagation
is limited to short distances through the material due to
the transformation toughening effect of zirconia. The
inevitable cracking, which does occur on thermal shock,
is kept below the critical crack length, thus maintaining
a high degree of integrity. These results confirm the
AMZ refractory material to be highly resistant to ther-
mal shock in severe environments.
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