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Microstructural evaluation of thermally fatigued
SiC-reinforced Al,03/ZrO, matrix composites
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Using the water-quenching technique, the thermal fatigue behaviour of an alumina/zirconia
and platelets- and particulates-SiC reinforced alumina/zirconia matrix composites
hot-pressed at 1500 and 1700°C has been studied. The addition of 10 wt% SiC either in the
form of platelets or particulates can obviously improve the thermal fatigue resistance of
alumina/zirconia composites. The damages present after 40 thermal fatigue cycles in the
composites was illustrated by the microstructure examinations and EDX.
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1. Introduction

The thermal fatigue resistance of ceramics is of par-
ticular importance in a variety of applications. De-
termination of this resistance is extremely important
for their failure-free operation. To meet the needs
of those applications, many different methods of
characterizing the sensitivity of the ceramic mate-
rial have been generated [1-6]. Methods for ther-
mal fatigue resistance determination are divided into
two basic groups: parameter methods and quenching
methods.

Parameter methods are based on physical properties
of the tested material (thermal expansion and heat con-
ductivity, elastic modulus, Poisson’s ratio, and mechan-
ical strength) and thermal conditions prevailing in the
given case of refractories services. From the theoretical
point of view the parameter methods is the most rational
but it is difficult and lengthy in execution, because the
physical properties mentioned above change with tem-
perature and at the same time thermal conditions of the
given refractory service are seldom known sufficiently
well.

On the contrary, quenching methods are finding
widespread use in practice. They consist in heating
up the sample to the specified temperature and deter-
mining the extent of the sample damage after a sud-
den cooling (quenching) in various media (air, water,
liquid nitrogen, etc.). Normally several thermal cycles
are required for achieving a measurable damage. The
damage caused by thermal changes is determined us-
ing a number of methods, e.g. visually, by examining
the microstructure, by weighing, by a measurements of
change in ultrasound passage velocity, by measuring
mechanical strength drop, etc.

When ceramic material is subjected to thermal fa-
tigue, mechanical stress is generated therein. On ex-
ceeding the mechanical strength threshold, elastic strain
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energy is released which is accompanied by the forma-
tion and propagation of cracks.

Silicon carbide in the form of whiskers has been
most widely used as a reinforcing agent for SizNy
or oxide ceramics such as Al,O3 or ZrO,. High
strength, high modulus and chemical inertness at el-
evated temperatures made SiC the most suitable re-
inforcing agent. In many composites substantial im-
provements in fracture toughness and slow crack-
growth resistance were obtained by reinforcement
with SiC whiskers [7, 8]. It was considerd that alu-
mina/SiC nanocomposites have been researched inten-
sively, they have significantly improved both bend-
ing strength and fracture toughness compared with
the monolothic alumina. The aspects of the thermal
shock resistance of sinterd alumina/SiC nanocoposites
was studied using indentation technique. It was found
that addition of SiC nanophase as low as 1 vol%
leads to surface damage thermal shock resistance su-
perior to that of pure alumina [9]. When SiC-particles
are added to alumina-zirconia matrix, the fracture
toughness (Kjyc) is significantly improved compared
to monolithic alumina or zirconia. For example, an
alumina-zirconia-20 vol% SiC composite has a frac-
ture toughness of Kjc =12 Mpa/m’ as compared to
8.7 Mpa/m? [10]. Analysis of reinforcing mechanisms
has indicated that crack deflection, crack bridging and
pull out by platelets-SiC are the major toughening
mechanisms with some contribution of crack propa-
gation [11]. Because of their very attractive properties,
the platelets- and particulate-SiC reinforced alumina-
zirconia composites are good candidates for use in ad-
vanced heat engine, as cutting tools, and various other
applications. An important consideration in many of
those applications is the thermal fatigue resistance of
the selected ternary system SiC-Al,O3-ZrO, ceramic
materials.
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TABLE I Characteristics of starting powders

Alumina 3 mol% Y,0O3- zirconia «-SiC platelets «-SiC particulates
Crystal structure Corundum («-Al,O3) hexagonal Tetragonal and monoclinic ZrO; Hexagonal polytypes Hexagonal polytypes
Fired density (g/cm?) 3.97 5.99 3.22 3.18
Surface area (mZ/g) 14.10 15.00 0.11 0.30
Purity (%) 99.90 99.90 99.90 99.90
Impurities content Fe 6 ppm Y203 5.090% - -

SiO7 4 ppm Si0; 0.009%

CaO 1 ppm Na0 0.018%

MgO 1 ppm AlLO3 < 0.005%

K20 1 ppm Fe, 03 0.002%

L.I1.O0 3.530%

The main objective of the work in this paper is to
evaluate the destructive action of cyclic thermal fatigue
on the microstructure of platelets- and particulates-SiC
reinforced Al,O3/ZrO, composites.

2. Experimental procedure

The materials used in this work were ultra-fine pure alu-
mina and zirconia as well as two types of silicon carbide
powders; namely, platelets and particulates. The alu-
mina and zirconia were obtained from Boehringer In-
gelheim Chemicals, and produced by Tosho, Japan, re-
spectively, whereas platelets- and particulates-SiC were
delivered from Millennium Materials, Matrix Enter-
prises Company, (MEC) USA, and Electroschmelzw-
erk Kempten GmbH, (ESK), respectively. Table I sum-
marizes physical and chemical characterization of these
materials.

Thermal fatigue experiment was conducted on the
following hot-pressed composites: 90 wt% Al,O3 +
10 wt% 3 mol%Y,03 stabilized ZrO, sintered at
1500°C (sample AgZ;) and 80 wt% Al,O3 + 10 wt%
3 mol%Y,03 stabilized ZrO, + 10 wt% platelets- or
particulates-SiC (samples AsZ;Sip or AgZ;S|par, T€-
spectively) sintered at 1500 and 1700°C. The compos-
ite samples were prepared as mentioned in previous
study [12]. The densification parameters of the tested
samples are given in Table II.

Samples with the dimensions of 3 x 3.5 x 30 mm?
were subjected to repeated thermal fatigue cycling at
1000°C. The thermal stability of the composite sam-
ples was measured by the water quench test (sever con-
dition) as an experimental method. In each cycle the
samples were held for 20 min at 1000°C in an electric
furnace. The samples were then removed and quenched

TABLE II Densification parameters of the tested composites

Sintering temperature

1500°C 1700°C
Sample *B.D (g/cm®) AP(%) BD(glem®) *AP (%)
AgZ, 4.17 0.00 4.04 0.46
AgZS1p 4.06 0.36 4.07 0.61
AgZSipsr  4.09 0.76 4.04 0.95

*B.D = Bulk density.
*A.P = Apparent porosity.
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in water for about 3 min before returning to the furnace
at 1000°C. The procedure was repeated for 40 times.

The microstructure of the thermally fatigueed sam-
ples was investigated using scanning electron micro-
scope (SEM) model Philips XL 30 attached with EDX
unit.

3. Results and discussion

In designing ceramic materials for application where
thermal fatigue resistance is the major guiding factor
two approaches are followed. The first of these uses
in case of crucibles, turbine blades and other engine
components, etc., aims at avoiding initiation of crack
by thermal stress. However, when thermal environment
is too severe to avoid fracture initiation, as in the case
with furnace linings, combustor linings, etc., the second
approach is resorted, which tries to minimize the extent
of crack propagation. Incorporation of microstructural
inhomogeneties helps to arrest excessive crack propa-
gation [13, 14]. A crack may be arrested when it reaches
a pore. The role of porosity in enhancing the resistance
to thermal fatigue damage is well known.

The A¢Z; samples sintered at 1500 and 1700°C
showed the lowest thermal fatigue resistance (5 cy-
cles). This may be due to the difference of thermal
mismatches between alumina (8.1-9.1 x 107%/°C) and
tetragonal zirconia (11.6 x 107/°C). In composite ma-
terials, the difference in thermal expansion coefficient
of the components is responsible for generating the mi-
crocracks [15]. In fact, the phase inversions of zirconia
during thermal cycling offer an effective stress relief
mechanism. During the heating cycle, the transforma-
tion of the monoclinic phase to the tetragonal phase
is accompanied by an appreciable reduction in vol-
ume while the bulk material is expanding. During the
cooling cycle, the tetragonal form reverts to the mono-
clinic form without consequent increase in volume in a
contacting body. These volume changes during thermal
cycling introduce extensive microcracks, which prop-
agate through the whole body [16]. The incorporation
of 10 wt% of either platelets- or particulates-SiC to
AyZ, sample, on the expense of alumina, rises its ther-
mal fatigue resistivity from 5 to more than 40 cycles.
The low coefficient of thermal expansion coupled with
a high thermal conductivity of SiC contributes to the
high thermal fatigue-resistance of samples AgZ; Sy, and
ASlelpar-



Figure 1 Scanning electron micrographs of thermally fatigueed AgZ;S;, sample: (a, b) sintered at 1500°C and (c, d) sintered at 1700°C.

SEM micrographs of the AgZ;Si, and AgZ;S par
samples after 40 thermal fatigue cycles are shown in
Figs 1 and 2, respectively. Table III shows the stais-
tics of approximate crack density of the thermally fa-
tigued samples. Figs 1a and b show the microstructure
of thermally fatigueed AgZ; S, hot-pressed at 1500°C.
It can be seen that a massive cracking is observed which
propagate through the whole sample (Fig. 1a). Cracks
occasionally branched out from the main cracks. It was
reported [17] that residual thermal stresses, in platelets-
SiC reinforced Al,O3/Y-TZP composites, are created
at the platelets/matrix interface during cooling from
the sintering temperature due to thermal mismatch be-
tween the SiC platelets (@ =4 x 107%/°C), and phases
of the matrix: AlL,O3 (¢ =8 x 107%/°C) and yttria sta-
bilized tetragonal zirconia polycrystals (Y-TZP) (¢ =
10 x 107%/°C). Since tmagix > Aplatelets» 1t 1 expected
that the SiC platelets are subjected to compressive stress
and Al,O3/Y-TZP matrix to tangential tensile stresses,
resulting in radial microcracks around the platelets. The
appearance of a plate-like morphology over the surface
of the sample is possibly as a consequence of the re-

TABLE III Statistics of approximate crack density

Area Crack Crack Crack

Sample type (mm?) no. length (um) opening (m)
AgZ;S1, (1500°C) 4945 9 13 1.11-1.33
AgZSp (1700°C) 119 7 100-250 0.806-35
ARZ S 1par (1500°C) 119 3 10-25 0.298-0.547
AgZSipar (1.7500°C) 1932 5 40-80 109

moval of the carbon interface allied with oxidation of
the SiC. Since the specific volume of silica is almost
twice that of carbon then the silica is likely to exude out
of the interface and over the surface. Fig. 1b reveals that
the crack is opened forming a very large pores with a di-
ameter ranged from 1.11 to 1.33 um. A crack bridging
by viscous glassy phases was observed (marked by an
arrow). These glassy phases may be due to the oxidation
of SiC into SiO,, which in turn reacts with the surround-
ings Al,O3 forming aluminosilicate glassy phases.

Figs 1c and d show a typical morphology of ther-
mally fatigueed AgZ; S p sample hot-pressed at 1700°C
observed with SEM. It is clear that the cracks prop-
agated through the whole sample (Fig. 1c). The
width of these cracks and the volume of the bright
phase (ZrO;particles) are increased as compared with
the same thermally fatigueed sample hot-pressed at
1500°C. This increment in volume of ZrO, particles
may be attributed to its transformation. A very large
cavity like void with a rounded edge is shown in Fig.
1d. The thermal mismatches between alumina and zir-
conia aggravated the stress and caused a rounded con-
tour formation. The pores served as sink for absorption
of stress and strain. It was shown earlier [18] that pore
size increased with the progress of thermal-fatigue cy-
cling and pseudoplasticity developed in Al,O3/ZrO,
composite.

Figs 2a—c show the microstructure of the thermally
fatigueed AgZ;S;py sample hot-pressed at 1500°C.
Fig. 2a reveals a microcracks with different widths
ranged from 298-547 nm through the whole sample.
The variations in crack length and width after thermal
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Figure 2 Scanning electron micrographs of thermally fatigueed AgZ;Sp,r sample: (a, b, c) sintered at 1500°C and (d, e) sintered at 1700°C.

cycling was attributed to the initiations of cracks in the
regions of tensile stress (cold regions) and propagate
into the regions of compressive stress (hot region) [19].

Viscous glassy phases in the form of a fibrous alu-
minosilicate are seen (Fig. 2b). The spectra of EDX-
point analysis confirmed that the chemical composi-
tion of the fibrous structure is an Al,O3-rich alumi-
nosilicate (Fig. 3a). Also, the generated SiO, tends to
form a plate-like morphology over the whole surface
(Fig. 2¢). It was concluded [20-22] that an aluminosil-
icate glassy phases (54—66% Al,O3 and 33-45% SiO,)
are formed at the grain boundaries of alumina grain
in contacts with SiC particles. The composition, crys-
tallinity and amount of these glassy phases depend on
the time and temperature of oxidation [23]. It was sug-
gested [24] that the incorporation or in situ formation
of lower melting point glassy phases into the refractory
ceramics could improve the body life. Such phases can
promote additional improvements in the ceramic body
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life by extending the temperature regime for strain ac-
commodation/relaxation by viscous flow and possible
crack-bridging and/or crack-sealing phenomena down
to lower-temperature.

The microstructure of AgZ;Sp,r sample hot-pressed
at 1700°C is illustrated in Fig. 2d and e. It is clear that a
thin, dense and vitreous layer of glassy phases is signifi-
cant and adjacent to the SiC particles, this glassy phase
was flowed uniformly all over the sample Fig. 2d. If
Fig. 2a and d are compared, it can be seen that sintering
of AgZ;Spy sample at 1700°C results in more dam-
age as it is obvious from crack width measurement.
This may be attributed to more zirconia transforma-
tion upon sintering at 1700°C. As shown in Fig. 2e, the
zirconia particles undergoes a martenistic tetragonal to
monoclinic phase transformation (as marked by a solid
arrow). This transformation is accompanied by volume
increase, followed by twining of particles. It was re-
ported [25] that the transformation from ¢- to m-ZrO,
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Figure 3 Energy dispersive X-ray analysis of (a) fibrous structure
(Fig. 2b) and thread-like structure (Fig. 2e).

on cooling shows a high volume expansion of 3-5%. A
thread-like structure (as marked by a dashed arrow in
Fig. 2e) is observed of an Al,O3-rich aluminosilicate
composition as was analyzed by EDX (Fig. 3b).

4. Conclusion

This work has studied the effect of introducing 10 wt%
SiC on the ability of Al,03/ZrO, composite to resist
thermal fatigue cycling through examining their mi-
crostructure. The investigated composites showed that
the increase in the lifetime of 5 thermal cycles for AgZ,
composite to more than 40 thermal cycles for AgZ;S,
and AgZ; Sy, composites is mainly due to the incor-
poration of SiC either in the form of platelets or par-
ticulates and the presence of glassy phases as detected
by EDX. The glassy phases can have at least two po-
tential beneficial effects. First, The phases are likely
to accommodate or relax thermal/residual stress dur-
ing up quenching or down quenching. Second, the vis-

cous glassy phases can be used to promote crack tip
shielding by bridging cracks under thermal cycling con-
ditions. Thermal mismatches and zirconia inversions
in the tested composites under thermal cycling lead to
microcracking.
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