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Abstract

Zircon—Mullite (ZrSi04—3Al1,03-2Si0,) composites are refractory materials widely employed in many industries. Thermal shock behaviour of
these materials must be considered because it is sometimes its failure mechanism.

In this work both thermal shock resistance (TSR) and fatigue (TFR) of Zircon—Mullite composites with different compositions and
microstructure configurations were experimentally evaluated by a non destructive measurement of the elastic modulus (E) and compared with
the prediction made from the theoretical parameters (R, R” and Rgr).

A typical solid brittle material behaviour was found; a simple mathematical expression facilitated the TFR analysis. Although the
microstructural configurations studied differed, the experimental behaviour of this group of materials was almost equal. This fact was satisfactorily
predicted by the theoretical parameters (R and R"”) showing the importance and potential of the evaluation mechanical evaluation of the ceramic
material that define these two parameters. On the other hand the slight difference evaluated in the TFR was correlated with the only parameter that
takes into account the fracture toughness (Rgt) showing that the significance of this property in a more deep characterization of the ceramic

materials.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Many ceramics and refractory materials are submitted to
severe thermomechanical stresses during their installation or
service. A good behaviour of the material to a sudden
temperature change is known as good thermal shock resistance.

Ceramic materials are polycrystalline and the initiation of a
crack occurs easily, the fracture mechanisms are closely related
to the microstructure, such as pores or cracks and grain
boundaries. The microstructure is a characteristic that should be
controlled in order to decrease the damage due to thermal shocks.

Zircon (ZrSiQy,) is a good refractory material because it does
not undergo any structural transformation until its dissociation at
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about 1450 to 1700 °C, depending on the present impurities. It
exhibits many attractive properties such as excellent chemical
stability and, coupled with a very low thermal expansion
coefficient (4.1 x 107°°C™" from room temperature to
1400 °C) and low heat conductivity coefficient (5.1 W/m °C
at room temperature and 3.5 W/m °C at 1000 °C). These
properties, together with good mechanical properties make this
material a potential candidate as a useful structural ceramic.
These materials are widely used mainly in the glass and molten
salts industries [1-5]. Thermal shock resistance is a behaviour
that affects the performance of Zircon ceramics due to the
important extent of damage or degradation of the material. Hence
Zircon based dense materials degradation by a thermal shock
condition is sometimes the limiting property for its applications.
On the other hand Mullite (3A1,05-2Si0,) ceramics have,
had and will continue to have a significant role in the
development of traditional and advanced ceramics [6].
Ceramic—ceramic composites can achieve a better perfor-
mance than materials processed from a single phase. Several

0272-8842/$36.00 © 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2011.01.004


http://dx.doi.org/10.1016/j.ceramint.2011.01.004
mailto:rendtorff@cetmic.unlp.edu.ar
http://dx.doi.org/10.1016/j.ceramint.2011.01.004

1428 N.M. Rendtorff et al./Ceramics International 37 (2011) 14271434

studies had been made in Zircon based composites with
different second phases. With Zirconia as a second phase the
major effect is the improvement of the composite thermal shock
resistance [7]. The author concluded that the reinforcement was
possible because of crack deviations and branching. A second
attempt was made by Shi [8], who studied the influence of
adding a 20 vol.% of stabilized Zirconia (Y-TZP) in a Zircon
matrix; 40% toughness and a 20% strength increases were
reported, the study showed that transformation and micro-
cracking were the mechanisms involved in the increase of the
toughness and strength. Zircon composites with SiC whiskers
were processed and studied by Kondoh [9]; also better
mechanical properties were achieved. Deng [10] showed that
the addition of a 20 vol.% of SiC or TiC particles into a Zircon
matrix, improves the crack propagation resistance. The
influence of Mullite—Zirconia grains (MZ) on thermal shock
resistance of Zircon based composites prepared by slip casting
has been studied [11]. When MZ proportion is over 25 wt.% it
cannot be considered as a simple additive. The addition of MZ
provided an increase in the thermal shock resistance.

Usually in the case of dispersoidal composites, the Mullite
component is used as a matrix [12—14]. But in the present work,
the Mullite is incorporated in a wide range of compositions:
from a reinforcement agent into a Zircon matrix to the Mullite
matrix with dispersed Zircon grains proportions.

This kind of composites can be prepared by reaction
sintering [15]. For this work the composites studied were
obtained by direct sintering of Zircon and Mullite grains [16]
because it is simple route, and a gradual change in the initial
composition was correlated with a gradual change in the
microstructural configuration. Simple sintering due to the
action of temperature is expected and chemical transformations
are intended to be avoided. Finally, if such a kind of sintering is
achieved, the final microstructure would be of the same order
than the starting powders dimension.

Thermomechanical properties of a similar reaction
sintered Zircon—Mullite composites (=17 wt.% Mullite)
have been studied recently by Hamidouche et al. [15].
These authors concluded that the thermomechanical proper-
ties of the composite are situated in general between those of
Mullite and those of Zircon when determined separately. The
toughness and the fracture stress at room temperature of the
composite were lower than those of the monolithic Zircon. At
high temperature, the tendency was reversed. The elastic
modulus remained always lower than those of the monolithic
components whatever the temperature. Composite showed a
combination of good mechanical strength as Zircon and
suitable thermal shock resistance as Mullite materials.

The influence of the composition of Zircon—-Mullite
composites on the mechanical and fracture properties has
been recently reported [16]. Reduction in the dynamic elastic
modulus with the increasing added amount of Mullite was
higher than that predicted from a mixing rule, probably due to
the small residual porosity and the presence of microcracks
resulting from the ZrO, transformation during the cooling.
Fracture toughness and initiation energy increased with
Mullite addition from which the Zirconia formation is

enhanced. The toughness improvement was probably related
to the increase in the total amount of Zirconia involving a
microcracking mechanism rather than to a transformation
toughening because the amount of t-ZrO,, was low compared
to the m-ZrO, content.

Zircon—Mullite composite materials do not escape to this
issue because in the majority of its applications they are
submitted to sudden changes of temperature, being in several
cases its thermal shock resistance the usage limitation.

Theoretical TSR parameters R, R” and Rgr are generally
used to predict the thermal shock resistance of materials from
their mechanical properties; these were calculated for the
materials studied. A brief description of these parameters was
included in following section. No important differences
resulted from this classical analysis. Hence in this work both
thermal shock resistance (TSR) and fatigue (TFR) of Zircon—
Mullite composites with different compositions and micro-
structure configurations were experimentally evaluated by the
non destructive measurement of the elastic modulus (E) and
compared with the values of the theoretical parameters (R, R"”
and Rgt) calculated from the experimental mechanical and
fracture evaluation of these materials completed in a previous
work [16]. Finally a simple mathematical modelling of the TFR
data was also developed in this work in order to ease the data
handling.

1.1. Theoretical thermal shock resistances parameters

The classical theoretical thermal shock resistance para-
meters for brittle material are derived from three theories or
approximations, the thermoelastic approximation (TEA), an
energy balance criteria (EBA) and finally a unified theory (UT)
which contains the results of the other two and introduces a new
parameter [17-20].

1.1.1. The thermoelastic approximation (TEA)

The thermoelastic approximation proposed by Kingery
establishes that the fracture will occur when the thermal stress
equals or overcomes the fracture strength of the material [18].
The R parameter is defined, for & = co (h is the heat transfer
coefficient):

_af(l—v)
R ="k M

where o is the flexural strength, v is the Poisson ratio; E is the
elastic modulus and « is the thermal expansion coefficient. The
R parameter is the critical thermal difference for the crack
initiation ATc.

1.1.2. The energy balance criteria (EBA)

The energy balance approximation was developed by
Hasselman [17] and establishes that a sample will fracture if
the thermoelastic energy is superior to the energy required for
the creation of the crack surfaces, assuming that the only energy
transferred is the elastic energy from the thermal stresses, the



N.M. Rendtorff et al./Ceramics International 37 (2011) 1427-1434 1429

following expression is deduced for the R"” parameter:

mo__ E
k™= 0% (1 —v) @

1.1.3. The unified theory (UT)

The unified theory of thermal shock fracture initiation and
crack propagation in brittle materials [17,19] includes the
parameters mentioned before, and defines a new parameter, the
thermal stress crack stability parameter (Rst). The Rgr
parameter depends on the fracture surface energy (y;), the
elastic modulus (£) and the linear thermal expansion coefficient
(a). Once a crack has been initiated, thermal shock failure is
controlled by the nature of the crack propagation through the
material. This parameter can be used to predict the behaviour of
materials with sufficiently long cracks under severe thermal
stresses.

Yi ]1/2 _ Kic
o’E \/EO(E

According to Hasselman [17] the first model is applicable to
brittle materials where the crack initiation is determining in the
behaviour. And the second approximation is valid where the
initiation of the cracks is inevitable. In this work, the
microstructure of the materials exhibited grains, pores, grain
boundaries, microcracks as well as other defects which are
unavoidable especially due to the processing method used.
Thus it is expected that the TSR would be adequately predicted
by the second approximation and the third theory.

Rst = | 3

1.2. Thermal shock evaluation

The TSR can be evaluated on heating or cooling, but in most
methods a sudden cooling step is used because its greater
severity. A usual method consists of heating the test probe to a
desirable temperature followed by rapid cooling to room
temperature (referred in this paper as the ‘“quenching”
method), by immersion in water. A characteristic mechanical
property, related to the microstructure integrity, like fracture
strength or elastic modulus is measured before and after
quenching. The continuity and shape of the functionality (E vs.
AT curve) depends on the microstructure of the material [21].
From this curve, the critical temperature differential (AT¢) can
be evaluated. Composites with thermal cycles below AT do
not suffer any damage because the elastic energies are less than
the fracture energies required for the crack propagation. Above
AT a marked E reduction will occur indicating that the thermal
stress induced the appearance of new microcracks or
propagated those ones originally present. This gradient
(ATc) is a typical TSR experimental parameter.

In service, refractory materials are not always submitted to a
single thermal shock, which is the one that makes a certain
piece fail; in fact the temperature changes are cyclic. In
consequence it is of interest to evaluate the behaviour of a
certain material after several thermal shock treatments.
Thermal fatigue resistance evaluation (TFR) [22] consists in

the measurement of a certain characteristic property of a
material with successive thermal shock treatments. Both
the experimental evidence and the theoretical models
show certain saturation behaviour for the TFR of ceramic
materials [23].

The effect of cracks and microcracks on the elastic modulus
was reviewed by Stiffler and Hasselman [24]. Generally the
resulting elastic modulus is a function of the number and
lengths of the cracks, so the decrease in the elastic modulus
after a thermal shock is directly related with the nucleation and
propagation of the cracks in the material.

The elastic modulus (E) of a material, if the thermal shock
treatment is severe enough, decreases in the first 3-5 cycles and
then when the energy provided by the thermal shock is not high
enough to propagate the existing cracks, the value of £ does not
change with the following thermal treatments; this stage is
called the saturation stage.

To evaluate TSR and TFR behaviours an important number
of probes and measurements have to be done especially if the
characteristic property is evaluated by a destructive test like the
bending test. Thus, other objective of this work is optimizing
the number of measurements in order to fully describe the TFR;
this was done by finding an empirical expression for describing
this behaviour.

2. Experimental procedures
2.1. Slip casting of Zircon—Mullite composite materials

The processing of the materials was extensively described in
[16]. In all the cases a commercial Zircon (ZrSiO,4) powder was
used as principal raw material. With ZrO, = 64-65.5 wt.%,
Si0; = 33-34 wt.%, Fe,03 < 0.10 wt.% and TiO, < 0.15 wt.%.
Mean diameter (Dsg) of 1.5 pm. Specific gravity of 4.6 g/cm’
and melting point of 2200 °C (Kreutzonit Super, Mahlwerke
Kreutz, Germany).

A commercial Mullite powder was used as the second raw
material. With Mullite 90-95 wt.%, glassy phase 5-10%,
apparent density of 2.80 g/cm’, true density of 3.13 g/em®,
AlL,O3 =72%, Si0, =20%, Fe,05=0.2%, CaO-
MgO = 0.3%, K,0-Na,O =0.5%, mean diameter (Dsq) of
2 pm (Synthetic Mullite M72, VAW, Veremigte, Werke AG,
Germany).

Zircon and Mullite mixtures were prepared with 15, 25, 35
and 45 wt.% of Mullite and were called ZM15, ZM25, ZM35
and ZM45, respectively. The processing route chosen had been
extensively explained in a previous work [14]. Aqueous
80 wt.% suspensions of the mixtures at pH 9.1-9.2 were
prepared by adding the powder to aqueous solutions with
suitable content of dispersant (Dolapix CE64, Zschimmers and
Schwartz) and NH,OH. After mixing, the suspensions were
ultrasonicated  for 20 min.  The  prismatic  bars
7.5 mm X 7.5 mm X 50 mm were produced from well dis-
persed suspensions by slip casting in a plaster moulds. Dried
probes were fired in an electric furnace with a heating rate of
10 °C/min up to 1600 °C for 2 h.
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2.2. Characterization techniques

Density and open porosity of sintered samples were
determined by the water absorption method. Theoretical
density was calculated taking into account the density of each
component: 3.16 g/cm® for Mullite and 4.56 g/cm? for Zircon.
Crystalline phases formed were analyzed by X-ray diffraction
(XRD) (Philips 3020 equipment with Cu-Ka radiation in Ni
filter at 40kV to 20mA). The crystalline phases of the
materials were quantified by the Rietveld method [25,26]. For
the mechanical and fracture characterization prismatic bars of
7.5 mm X 7.5 mm x 50 mm were used. The dynamic elastic
modulus E of the composites was measured by the excitation
technique with a GrindoSonic, MKS5 “‘Industrial” Model.
Microstructural examination was conducted with a scanning
electron microscope SEM (Quanta 200 MK2 Series de FEI)
after polishing the probe surfaces until to 1 pm diamond paste.
Flexural strength (o;) was measured on the bars with
rectangular section using the three-point bending test with
40 mm of span and a displacement rate of 2.5 mm/min was
employed (Universal testing machine INSTRON 4483). The
fracture toughness (Kjc) and the fracture initiation energy (y;)
were evaluated by the single edge notched beam method
(SENB) [16,27] using a 3-point bending universal testing
machine. Samples were notched with diamond saw of 0.3 mm
thickness, with depth between 0.3 and 2.5 mm. The 3-point test
was carried out at room temperature with a rate displacement of
0.1 mm/min.

2.3. The thermal shock behaviour testing

The evaluation of the thermal shock behaviour of the
materials was carried out in two different experiments.

Firstly for the TSR experiments, the water quenching method
was used. Thermal treatments with quenching temperature
differentials, AT of 200, 400, 600, 800, 1000 and 1200 °C were
applied. Five of the sintered prismatic samples were heated at a
selected temperature in an electrical furnace in air atmosphere for
a period of 30 min and then cooled in a water bath at 25 °C. After
quenching, samples were dried at 100 °C and then the thermal
shock effect on E was registered. The E/E, as a function of the
temperature gradient curve is determined in the TSR experiment
(where E and E are the dynamic elastic modulus after and before
the quenching test, respectively) and from which the experi-
mental AT was evaluated.

For the TFR experiments also a repetitive water quenching
method was used for a selected temperature differential
(AT =1000 °C), each cycle was carried out in the above-
mentioned conditions. The dynamic elastic modulus was used
to evaluate the microstructure degradation after the successive
severe thermal cycles. The E/E, against number of cycles (V)
graph is reported for the TFR experiment.

2.4. Materials properties

A Rietveld quantitative analysis was carried out to evaluate
the present crystalline phases in the materials [25,26] (Table 1).

Table 1
Final composition of the Zircon-Mullite studied composites.

Material Final crystalline phases® (wt.%)

Zircon Mullite 71O, (total) t-ZrO,
ZM15 82 14 4 0.29
ZM25 73 23 4 0.35
ZM35 54 34 11 0.65
ZM45 46 44 10 0.75

? Evaluated by the Rietveld method from the XRD pattern.

The powder XRD patterns were analyzed with the program
FullProf, which is a multipurpose profile-fitting program,
including Rietveld refinement [28]. The starting crystal-
lographic data for each phase were extracted from the
literature. Finally taking into account that the amount of
Zircon decreased in this series it is also obvious that the
presence of Mullite increased both the decomposition of Zircon
and the retention of the tetragonal Zirconia phase.

The sintered densities of the composites studied are shown
in Table 2, composites presented a relative density of 91-92%
of the theoretical one. Thus a similar porosity of around 8% was
evidenced after sintering. Therefore all the materials showed to
be relatively dense taking into account that they were processed
by slip casting. The open porosity was <1.5% for all the studied
composites, hence the sintering stage can be assumed to be
equivalent for all the composites. Due to the difference in
density of each phase is that the volume proportion of the
components differs so much to the weight composition. The
phase volume (V%)) estimation was described in a previous
work [16].

The mechanical and fracture characterization of the
materials are shown in Table 3 and was extensively studied
and described in a recent work [16]. Toughness and crack
initiation surface energy increased with the amount of Mullite
phase in the composite. The presence of Mullite decreased the
value of E. Finally, the flexural strength of the composites
(ZM15-45) decreased with the amount of Mullite.

SEM micrographs of the ZM15 and ZM45 materials are
shown in Fig. 1. The samples had a dense microstructure with
low residual porosity which is similar to that reported in
previous works [11,15]. There is no a preferential direction in
the microstructures of these materials. The microstructure of
this materials obtained by slip casting of aqueous concentrated
suspensions was similar to the one obtained by different
processing methods.

Table 2
Texture properties and final volume composition of the Zircon—Mullite studied
composites.

Material ~ Apparent density (g/cm®)  Final crystalline phases (vol.%)
Zircon  Mullite  Zirconia (total)

ZM15 3.99 79.8 16.7 35

ZM25 3.85 69.6 27.0 34

ZM35 3.70 51.2 39.6 9.2

ZM45 3.55 42.2 49.6 8.2
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Table 3
Mechanical and fracture properties of the Zircon—-Mullite composites.

Table 4
Values of the theoretical TSR parameters of the studied materials.

Material E (GPa) ot (MPa) Kic (MPam'?) y; (J/m?) Material R (theoretical ATg, °C) R” (MPa™) Rgr(m'? °C)
ZM15 200 (£5) 142 (£10) 2.04 (+0.25) 10.3 (£3) ZM15 99 142 143
ZM25 191 (+5) 144 (£10) 2.08 (£0.25) 11.3 (£3) ZM25 106 13.1 1.54
ZM35 180 (&5) 128 (£10) 2.45(+0.25) 16.7 (£3) ZM35 100 15.6 1.93
ZM45 172 (£5) 131 (£10) 2.72 (+£0.25) 21.4 (£3) ZM45 106 143 223

Processed in the same conditions, composite materials
(ZM15-45) show a high and similar degree of sinterization and
low porosity. Different crystalline phases were observed and
characterized by EDAX: dark grey grains of Mullite, middle
grey grains of Zircon. In all the cases rounded Zirconia white
grains can be observed as a product of the thermal
decomposition of the Zircon. These are associated or near to
the Zircon particles.

The two first composite ZM15 and ZM25 revealed a similar
phase configuration, with a continuous Zircon matrix and well
dispersed Mullite (5-10 wm) and Zirconia (1-2 pm) grains and
corresponds to a Zircon—Mullite composite [16].

The volume percentage of Mullite (Table 2) of the ZM45
material is around 50%, this is concordant with the fact that in
this case the phase configuration was opposite, there is a clear
Mullite matrix with Zircon (5-10 pm) and Zirconia (/2 pm)
dispersed grains. This material should be classified as Mullite—
Zircon composite material.

3. Results and discussion
3.1. Thermal shock resistance theoretical parameters

The theoretical parameters described above (Eqgs. (1)-(3))
were calculated from the experimental mechanical and fracture
properties of the materials (Table 3), and the values are shown
in Table 4. The mechanical and fracture properties of Zircon
and Mullite as unique phases are comparable, then it is
expectable that composites with different proportions of these

»
wD mag HV det mode
\M | 9.4 mm | 2 030 x120.00 kV| DualESD | A+B

phases as principal constituents present similar mechanical and
thermomechanical properties.

Particularly the mechanical properties of these materials
depend on the phase composition and follow a kind of a mixing
rule [16]. But the dependence of E and o on Mullite content are
parallel, therefore the E/o; ratio remained almost constant and
compensated the TSR predictions from the TEA and EBA
approximations (Eqs. (1) and (2)).

A contradiction is found from the parameters results. The
first two parameters (R and R"') predict that TSR of these
composites should be equivalent (values do not differ
significantly) indicating a similar thermal shock behaviour
for all the composites. On the other hand, the Rgr parameter
predicts a clear improvement in the behaviour with the increase
of the Mullite content in the composite. The higher value of this
parameter observed for the 45 wt.% Mullite composite,
anticipated a better behaviour. Consequently the need of an
experimental examination was conclude in order to provide a
confirmation of the predictions.

3.2. Experimental thermal shock resistance (TSR)

The microstructure degradation of the material was
evaluated by a non destructive and dynamic method, the
impulse excitation technique for testing the elastic modulus
[29,30]. The results obtained by this method are comparable
with the ones obtained by 3 or 4 points bending tests [31].

As mentioned previously, the presence of cracks and defects
in the microstructure will decrease the value of E, therefore
both the initiation and propagation of cracks will be followed

Fig. 1. Typical microstructure of the Zircon—-Mullite materials ZM15 and ZM45 (A and B respectively).
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Fig. 2. TSR of the Zircon—-Mullite composites.

by this technique. In Fig. 2 the effect of the temperature
gradient (AT) on E/E, is plotted. Following a classical analysis
[18], the critical temperature gradient (ATc) for all the
materials was between 200 and 400 °C. In addition between
ATc and 1000 °C the decrease in the elastic modulus was
constant and equivalent for the four composites up to
AT =1000 °C, retaining in this condition the 60% of the
elastic modulus. Its important to point out that the micro-
structural configurations of this group of materials defers
considerably (Fig. 1) moreover the continuous ceramic matrix
changes from Zircon to Mullite; however the thermal shock
resistance is equivalent up to this temperature (1000 °C).

With the most severe submitted thermal shock (1200 °C) the
damage was more important; although the composites
remained with no catastrophic damage, the Zircon—-Mullite
composites (ZM15, ZM25 and ZM35) lost the 80% of the
dynamic elastic modulus evidencing an important damage after
this treatment. With this level of severity the thermal shock
resistance of the Mullite matrix material (Mullite—Zircon
composite; ZM 45) was better, retaining almost the 40% of the
original elastic modulus.

3.3. Thermal fatigue resistance (TFR)

Fig. 3 shows the relation E/E, (where E and E, are the
dynamic elastic modulus after and before the quenching test
respectively) as a function of the number of quenching tests of
AT =1000 °C for the different compositions. As mentioned
previously E decreased and corresponded to the microstructure
degradation. For all the materials studied the TFR behaviour is
similar to the reported in previous works for brittle solid
materials and refractories [11,14,22,23]. An important decrease
in the E/E, ratio after the second or third cycle is observed
showing the microstructure was damaged. After that, with the
successive thermal shocks the E value remained almost
constant showing that there was no further damage, the
development of the cracks stopped. The thermal energy from
the thermal shock which is always the same is not high enough
to propagate the great amount of cracks present in the
microstructure.

1.0 ——
—n - ZM1
ZM25
0,8 ; |
: ZM35
i —v— ZM45
w 0,6 |
LLl
04 S —
_.,_,_,_7_7|
0,2 : ; : :

0 2 4 6 8 10
N(AT=1000°C)

Fig. 3. TFR of the studied materials. AT = 1000 °C.

The first three composites (ZM15-35) presented an
equivalent behaviour retaining 35% of the elastic modulus.
And no catastrophic damage was observed after ten cycles.
Again the Mullite matrix composite (ZM45) presented a better
behaviour in this case a superior TFR, retaining more than the
45% of the original elastic modulus. This material reached this
saturation condition after the first two cycles while the other
composites did it after three.

3.3.1. Mathematical modelling of the TFR
It is clear that the E/E, ratio should have a simple
mathematical expression in terms of the number of quenching

cycles (N).
E
—=F(N 4
== F) @
The curve proposed is an exponential decay with 3
parameters.
E
— =B+ Cel™ (5)
Ey
Taking into account the experimental conditions and the
curve shape given by Eqs. (6) and (7).

Limy _, o F =cte =B (6)
FO)=1=B+C (7N

Eq. (5) is simplified to Eq. (8) and the non exponential
parameter is not independent, resulting in the thermal fatigue
resistance expression for typical brittle materials evaluated by
the elastic modulus:

E By (1 — B)el="N) (8)
Ep

where E and E, are the elastic modules after and before the
quenching in water; N is the number of successive thermal
treatments of AT = 1000 °C. Finally (B) and (b) are experimen-
tal parameters for TFR at 1000 °C which represents this
behaviour. The parameter B is the final asymptotic or saturation
value of E/E, named E{/E,. Moreover b is linked with the
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Fig. 4. Comparison between the experimental and theoretical TFR for the
ZM15 composite with AT = 1000 °C.

initiation resistance of the material and B is related with the
propagation allowed be the material with a certain thermal
shock. A higher B and a lower b represent better thermal fatigue
behaviours.

The experimental data for all the materials studied was fitted
with this expression. In Fig. 4 the theoretical and experimental
TFR of the ZM15 material are compared. The values for the
different materials studied of B and b, resulting from the mean
square analysis are shown in Table 5.

The difference between the calculated and the experimental
data was always under 1%. The good fitting results with
R*>>0.99 (Table 5) for all the materials indicates that the
proposed equation was successfully used for characterizing the
TFR of these materials. In order to extent this equation to
several brittle materials, more materials should be analyzed,
this is being carried out in our laboratory with satisfactory
results, the outcome will be published in future publications.

The experimental parameters (b and B) evidenced that the
behaviour of the first three composites materials are similar,
and that the Mullite matrix composite material ZM45 presents a
slightly better TFR. This together with the results obtained in
Sections 3.2 and 3.3 show that this material (ZM45) presented
better general thermal shock behaviour both TSR and TFR.

This could be related with the lower elastic modulus (E) and
higher toughness (Kjc) and initiation fracture surface energy
(y,) as a consequence of the higher Zircon dissociation and the
microcracks developed by the dispersed m-ZrO, grains [16]. A
clear indirect correlation between the elastic modulus and the B
experimental TFR parameter is observed in Fig. 5A. Also a
direct correlation between the fracture toughness and the same

Table 5
Values of the experimental TFR parameters of the studied materials.
Material AT =1000 °C

Biooo biooo R?
ZM15 0.29 0.78 0.996
ZM25 0.31 0.78 0.992
ZM35 0.32 0.79 0.982
ZM45 0.40 0.98 0.990
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Fig. 5. Correlation between the thermal resistance saturation ratio (B) with: (A)
the elastic modulus (E); (B) the fracture toughness.
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Fig. 6. Correlation between the thermal resistance saturation ratio (B) with the
theoretical parameter Rgr.

experimental parameter is evident in Fig. 5B. In consequence,
as shown in Fig. 6, the correlation between the experimental
TFR and the Rgr taking into account the parameter definition
showed Eq. (3) is expected assuming that the thermal
expansion coefficient of these composites is invariant. This fact
illustrates the merits of this parameter and particularly confirms
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the benefit of the fracture toughness evaluation in the
characterization of this kind of ceramic materials.

In a previous work [16] a clear correlation between the phase
composition and the mechanical and fracture behaviour of these
composites was shown, in the present work the relation between
the mechanical and fracture properties and the thermal shock
behaviour was established showing that the three are strongly
related.

4. Conclusions

In a previous work [16] a clear correlation between the phase
composition and the mechanical and fracture behaviour of these
composite was revealed. In the in present study the relation
between the mechanical and fracture properties and the thermal
shock behaviour was established showing that the three
(composition-mechanical and fracture properties-thermal
shock behaviour) are strongly related.

Both the TSR and TFR of slip cast Zircon—-Mullite and
Mullite—Zircon composite materials were evaluated by a
dynamic elastic modulus measurement. All the materials
studied showed typical brittle behaviours with similar AT
between 200 and 400 °C.

A mathematical modelling of the TFR experimental data
permitted to do a comparison of the materials and contrast them
with the outcome of the theoretical analysis. This was achieved
with a simple empirical expression with very good agreement
between the calculated and the experimental data. From which
an experimental thermal fatigue parameter (B) was derived
which is the saturation value of the elastic modulus ratio (Ey/
Ey). Higher value of B parameter indicates an improvement in
the TFR. The B parameter of this series of composites slightly
increased with the Mullite content.

Although the microstructural configurations studied differed
considerably, the experimental behaviour of this group of
materials was similar. This fact was satisfactorily predicted by
the theoretical parameters (R and R”') showing the importance
of the mechanical evaluation of the ceramic material, that
define these two parameters. On the other hand the slight
difference evaluated in the TFR was correlated with the only
parameter that takes into account the fracture toughness (Rsr)
showing that the significance of this property in a more deep
characterization of the ceramic materials.
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