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Abstract

Mechanical properties and thermal shock behaviour of slip-cast alumina-mullite refractories have been investigated. There was a
marked improvement in strength, Young’s modulus and fracture toughness values with the addition of finest (~5 pm) mullite
particles. The shorter length needle-like mullite particles led to some pull-out and crack deflection. More fracture surface energy
was therefore required to connect the cracks for propagation, resulting in a high value of fracture toughness. The resistance to
fracture initiation and propagation caused by the thermal stresses was increased, as supported by the R and R parameters.
Therefore, the retained strength was improved by increasing the quench temperature, showing a high resistance to thermal shock.
© 2002 Elsevier Science Ltd and Techna S.r.1. All rights reserved.

Keywords: C. Mechanical properties; D. Alumina; D. Mullite; E. Refractory; Thermal shock

1. Introduction

Mullite (3A1,05-2S10») is a characteristic constituent
of all ceramic products made from aluminosilicates, and
has recently become a candidate as a high-temperature
structural ceramic [1-4], because of its excellent physical
properties, such as low dielectric constant, low thermal
expansion, high melting point, high resistance to creep,
high temperature mechanical stability and thus high
thermal shock resistance, and chemical corrosion [3].
Sintering behaviour of mullite-containing powders has
been studied over a range of chemical compositions
(Al,05/Si0, ratio). It has been reported that [5] the
observed lattice parameters of mullite samples are sig-
nificantly influenced by minor compositional changes
and different thermal conditions such as temperature of
synthesis and both heating and cooling rate. The change
in lattice parameters might be due to the disorder
between Al and Si ions at high temperatures. Densifica-
tion measurements have been made for both liquid
phase-containing and solid state systems. Small
amounts of liquid phase have been observed to have a
significant effect on densification rate [6]. Porosity leads
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to low mechanical strength, but on the other hand, to
better thermal shock resistance. For this reason, pull-
out, crack branching and deflection mechanisms in alu-
mina—mullite (AM) refractory materials require a weak
interface between the additives and matrix, in which
needle-like mullite whiskers interlocks alumina grains.
Therefore, strong chemical bonding is undesirable if
high toughness is required [7]. This structure is appar-
ently responsible for the relatively high strength to be
retained mechanical integrity and excellent thermal-
shock resistance exhibited by AM refractory materials
[8].

Hasselman [9] defined a number of parameters that
can be used to predict the thermal shock behaviour of a
material. The most widely used of these are the R, and
Ry. R predicts the maximum allowable temperature
difference in a body under conditions of steady heat
flow and is expressed as the difficulty of crack initiation
[9]. R is given by the formula:

{R=[o-(1 - v/(E-0)} )

where o is strength, £ is Young’s modulus, v is Poisson’s
ratio and « is the mean thermal expansion coefficient of
a refractory. o Values, which depend on the Young’s
modulus, volume fraction and coefficient of thermal
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expansion of each component, can be calculated from the
equation derived by Turner [10]. Ry parameter [9] can
also be used to foresee crack stability and further weak-
ening of a refractory material with increasing severity of
thermal shock. Ry, is given by the following formula:

Ry = [/ (e E)]"" ®)

where y; is surface fracture energy. In both cases a high
value indicates good resistance to thermal stresses.

It has been reported that [11] it was found to be diffi-
cult to improve the fracture toughness of alumina cera-
mics by the addition of mullite whiskers, as minimal
crack deflection by the whiskers and pull-out of the
whiskers occurred, and because of the decrease in the
Young’s modulus; however, further studies are
required. For this reason, this present work was carried
out. This paper gives information about the relation-
ships between the microstructural characterisation and
mechanical properties with the explanation of the rea-
sons for the improvement on mechanical properties and
thermal shock behaviour of slip-cast AM refractory
materials by the addition of micron size mullite particles.

2. Experimental procedure

Two types of batches were prepared: (i) one contain-
ing coarse (—3+1 mm) and medium (—1000+20 pm)
alumina-mullite particles, including ~5 pm fine mullite
particles (A), and (ii) the other containing only coarse
and medium particles, whilst keeping the alumina:mullite
ratio constant, without using ~ 5 um fine mullite particles
(B). Slips were then taken and cast into bars 150x10x15
mm, dried at 110 °C and fired at 1600 °C for ~3 h. Bulk
density and apparent porosity were measured using the
standard water immersion method [12]. Mechanical and
thermal shock testing by water quenching five bars from
1200, 900, 600 and 300 °C to room temperature were
carried out. Those bars were tested using a Mayes,
SMTS50 tensile testing machine in three-point configur-
ation with a support roller span of 110 mm, at a cross-
head speed of 1 mm min~!. Strength, o [13], and Young’s
Modulus, E [14], values were determined using the stan-
dard equations, and five specimens were normally tested
to obtain a mean value for each quench temperature:

3 PL
2 WD?

o =

(3)
E=L’m/(4WD?) 4)

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. The R

and Ry parameters were also calculated to envisage the
resistance to fracture initiation by the thermal stresses
and further weakening of a refractory material with
increasing severity of thermal shock. Fracture toughness
was then measured [15,16] using the single edge notched
beam (SENB) technique, 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 (K;.) was cal-
culated from the maximum load using Eq. (5):

3PLcV2
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(5,6,7)

where c is the notch depth, C is the critical crack length,
and Y is a dimensionless number, which is dependent on
the geometry of the loading and the crack configuration:

Y=[4o+ Ai(c/D) + Ax(c/ D)’ +A3(c/ D)’ +Aa(c/D)*]
®)

with L/D ~8, Aqg=+1.96, A;=-2.75, A,= +13.66,
A3=-23.98, A,= +2522 [16]. Secondary and back
scatter electron images were then made to examine
microstructure and fracture surfaces using a CamScan 4
scanning electron microscope.

3. Results and discussion

The density and apparent porosity values of samples
were 2.7 g cm > and 23% for A, and 2.6 g cm— and
25% for B, respectively. Chemical compositions of these
samples were given as follows: 91.4% Al,O3, 8.6% SiO,
(A); and 86.1% AlL,Os3, 13.9% SiO, (B). A general
microstructure of AM refractory materials with a map
distribution of each element has been given in Fig. la
and b, showing distribution of pores and formation of a
crack (Fig. la). Thermal expansion mismatch led to
large tensile hoop stresses and crack development
between alumina and mullite grains, during cooling
from fabrication temperature of ~1600 °C, because of
the significant difference on the coefficients of thermal
expansion, which are ~5.1 MK~! for mullite and ~8.2
MK~! for alumina [17,18]. Microcracks have been
observed within both the alumina and needle-like mul-
lite grains, where when the crack reached the needle-like
coarse mullite grains, crack propagation decreased
steadily (Fig. 1a). On the contrary, when there was no
coarse mullite grain between the two coarse alumina
grains, cracks propagated rapidly (Fig. 2). The pores,
resulting in a weak interface, in these refractory materi-
als, are mainly located close to the interface between the
coarsest alumina and mullite grains (Figs. la and 2).
This indicates that when cracks propagate between the
coarse grains and come across to the pores, crack
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Fig. 1. Map distribution of sample A.

blunting occurs, and thus the resistance to further crack
extension increases because of crack deflection and
branching mechanisms.

Mechanical properties of samples A and B have been
given in Table 1. There was an ~30% increase in the
strength of sample A in comparison to sample B. The
addition of fine mullite particles provided an improve-
ment in strength, though to a lesser degree, through a
reduction in porosity and by faster sintering and hence
improved bonding of the matrix. There was also similar
improvement observed in the elastic modulus of sample
A, indicating that slow crack propagation occurred
between the alumina and mullite grains. The calculated
critical crack size (C) of sample A was 20% higher than
that of sample B. Fracture surface energy (y,) of sample
A confirmed that ~50% more energy was required to
initiate the cracks for propagation compared to B. The
R parameter values showed that the difficulty of crack
initiation caused by the thermal stresses under condi-
tions of steady heat flow in sample A was > 15% higher
than that of sample B (Table 1). Furthermore, Ry
parameter, indicating the maximum allowable tempera-
ture difference required to propagate long cracks under
severe thermal stress conditions, supported that it would
be approximately 40% improvement in the crack stability

and further weakening of sample A, with increasing
quench temperature, with regard to sample B (Table 1).
It would be expected on the basis of the R and Ry
parameters to show a high resistance to fracture initia-
tion and propagation caused by the thermal stresses as a
result of the presence of fine mullite particles. It appears
that the amount of cracking and crack size in sample A
were limited, and pre-existing cracks could not propa-
gate easily, which is associated with ~40% improve-
ment in fracture toughness of material.

After thermal shock parameters R and Ry were cal-
culated, the behaviour of materials was predicted on
that basis. These predictions were compared with the
experimental thermal shock test data. Thermal shock
tests showed that there was a significant rise in the
strength of sample A, compared to that of sample B,
with increasing quench temperature (Fig. 3a). Fraction
of initial strength values (e.g. the portion of retained
strength), which are the strengths of bars after quench-
ing relative to initial strengths, were then determined as
a function of quench temperature in order to provide a
direct indication of resistance to further damage caused
by thermal shock. Fraction of initial strength values
defined as relative strength have also confirmed that
there was an ~50% loss in strength of sample A, but

Table 1

Mechanical properties of samples A and B

Samples o (MPa) E (GPa) K. (MPa m'/?) y: I m~2?) C (mm) R (K) Ry (m!? K1/2)
A 10.04+0.7 9.7+1.2 0.7+0.1 25+0.1 1.24+0.2 115+9 1.1£0.1

B 7.84+0.6 74+1.1 0.5+0.1 18+0.1 1.0+£0.1 99413 0.8£0.1
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Fig. 2. Microstructure of sample B (scale bar: 500 um).

~65% loss in strength of sample B, at the maximum
quench temperature used (Fig. 3b). Elastic modulus
values showed a decreasing trend with increasing
quench temperature (Fig. 3c). When the number of
cracks and crack lengths increase, the actual area sup-
porting the applied force decreases. Hence an increase in
stress for a given load may produce more microcracks.
The greater the extent of cracking, the greater the
decrease in Young’s modulus. On the contrary, modulus
of sample A had still slightly higher value than that of B
(Fig. 3c¢). This improvement in strength and Young’s
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modulus values indicates a limited crack size and slow
crack propagation as a result of the addition of finest
mullite particles. Therefore, the thermal shock resis-
tance of sample A was better than that of B provided
adequate strength was retained in the piece.

Crack initiation resistance gives information about
the ability of materials to withstand thermal shock, as
defined by experience of a rapid temperature change
without the initiation of a crack. The assessment of
thermal shock damage can be achieved using strength
and Young’s modulus values. The predictions made
from the R and Ry parameters were tested by measure-
ments made on thermally shocked refractory materials.
The calculated R and Ry parameters for those refrac-
tory materials showed a good correlation with the
retained strength (i.e. strength loss values) after thermal
shock testing. It has been confirmed that thermal stress
resistance parameters, R and Ry, can be used to char-
acterise thermal shock damage of those refractory
materials for an industrial applications.

Fracture examination of sample B quenched from
1200 °C showed entirely intergranular fracture in the
microstructure (Fig. 4a). Fig. 4b showed that mainly
intergranular, but some transgranular cracks occurred
through the alumina grains in sample A, where mullite
particles were located both at the grain boundaries and
within the alumina grains. There was no significant
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Fig. 3. Mechanical properties as a function of quench temperature: (a) strength, (b) fraction of initial strength*, (¢c) Young’s modulus.
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Fig. 4. Fracture surface of samples, quenched from 1200 °C: (a) sam-
ple B (scale bar: 100 pm), (b) sample A (scale bar: 20 pm).

agglomeration of mullite particles associated with non-
uniform dispersion that prevents the formation of large
microstructural defects. Shorter length, needle-like mul-
lite particles have been observed in the microstructure
of sample A (Fig. 1b), which led to some pull-out
(Fig. 4b) and crack deflection because of a weak inter-
face between the mullite particles and alumina matrix,
associated with the high values of fracture surface
energy and fracture toughness. It is also noted that
strong chemical bonding is undesirable if high tough-
ness is required, for the applications where high thermal
shock resistance is essential. The needle-like fine-grained
particles in the microstructure of a material, leading to
some pull-out, and interlocking the grains, are appar-
ently responsible for the relatively high strength and
fracture toughness, and thus a high thermal-shock resis-
tance exhibited by a slip-cast alumina—mullite refractory.

4. Conclusions

The addition of fine needle-like mullite particles
into the slip-cast alumina—mullite refractory materials

significantly improved both mechanical and thermal
shock properties. Values of strength and elastic modulus
increased by about 30%. Fracture behaviour showed a
change from mainly intergranular to some transgra-
nular fracture. The amount of energy required to pro-
pagate cracks therefore increased by a factor of 1.5,
which is associated with a high value of fracture tough-
ness. Pull-out, due to the weak interface, and crack
deflection, due to the effect of porosity in the micro-
structure, both occurred. An improvement in the
retained strength with increasing quench temperature
indicated that the addition of ~5 pum mullite increased
the resistance to crack propagation.
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