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Alumina-based composites have been prepared through reaction sintering of
alumina and zircon. To develop these advanced composites, the effects of the
addition of MnO; and ZnO (1 wt.% and 2 wt.%) on the sintering behavior,
phase content, microstructure, and mechanical properties of the prepared
composites were investigated. It was found that MnO,, retarded the formation
of mullite but increased the stability of tetragonal zirconia, whereas ZnO had
the opposite effect. At 1 wt.%, both additives formed a solid solution with
alumina, but using 2 wt.% resulted in the formation of a secondary phase.
Both additives restricted the grain growth of alumina and hence enhanced the
mechanical properties and thermal shock resistance of the composites. The
results also revealed that, when using the additives, the porosity content in-
creased slightly, but on the other hand, the formation of solid solution,
refinement of grain size, stabilization of tetragonal zirconia, and increase in

the mullite content were beneficial effects of these additives.

INTRODUCTION

Alumina—mullite—zirconia (AMZ) composites are
an important group of industrial ceramic compos-
ites.! They are commonly composed of an alumina
matrix with other phases such as zirconia, mullite,
or both. High strength, good thermal shock resis-
tance, high working temperature, and excellent
corrosion resistance are the main reasons for the
utilization of these composites for ferrules. These
composites are commonly prepared through reac-
tion sintering of alumina and zircon. However, the
porosity remaining in the final products can dete-
riorate the mechanical properties and restrict their
applications. Also, high thermal stability is another
important factor that can postpone failure.! Because
the microstructure of these composites is highly
sensitive to the porosity and microcracks,? the
demand for high-quality ceramic parts has motived
researchers to upgrade AMZ composites. The prop-
erties of alumina-based composites can be improved
by appropriate design and processing. Many suc-
cessful approaches have been employed to improve
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the properties of alumina-based composites, includ-
ing milling of raw materials,>* utilization of reac-
tive materials,” wet colloidal processing,® two-step
sintering,”® microwave heating,*® and spark
plasma sintering.'®!! One of the most beneficial
approaches to enhance the physical and mechanical
properties of alumina-based composites is the use of
oxide additives.

The effects of oxide additives on AMZ composites
have been extensively investigated; For example
MgO,'*** Ca0,'® TiO,,'*'® Ce0,," and 01"20326
are the most common additives used for the prepa-
ration of AMZ composites. These additives promote
the densification process through the formation of
liquid-phase sintering, ;)article rearrangement, or a
diffusion mechanism.!” MnO, and ZnO are two
important oxides that can positively influence the
sintering behavior and mechanical properties of
ceramics such as alumina®2® or zirconia.?-
Research conducted on the effect of manganese
oxide addition to alumina has shown that MnO, can
promote the densification of alumina but leads to
inhomogeneous grain growth.?! However, to the
best of the authors’ knowledge, the effects of MnO,
and ZnO addition to AMZ composites have not been
investigated.
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In the work presented herein, we investigated the
effects of addition of MnO, and ZnO oxides on the
reaction sintering of alumina and zircon. It has been
reported that MnO, is more effective for densifica-
tion of alumina than other oxides such as MgO.?
The grain boundary diffusivity of Mn is higher than
that of other dopants in alumina.?? Also, the
commercial importance of alumina with manganese
oxide is well reported.?! ZnO is a desirable sintering
aid that is compatible with alumina,?” but there is a
lack of information on the influence of MnOy on
AMYZ composites such as ferrules. Therefore, in this
work, small amounts of MnOy and ZnO additives
were incorporated into AMZ composites and effec-
tive parameters of the prepared composites such as
densification, phase composition, microstructure,
mechanical strength, and thermal shock resistance
were evaluated.

EXPERIMENTAL PROCEDURES
Materials

Alumina (Martinswerk MR70, 0.7 um, 99.8%
purity), zircon (Global, 2.1 ym, 99.8% purity), zinc
oxide (Germany, < 20 um, 99% purity), and MnO,
(South Africa, < 20 um, 99% purity) powders were
used as raw materials. Dolapix CE-64 (0.5 wt.%)
was used as a process control agent (PCA).

Sample Preparation and Sintering

The samples were prepared by mixing alumina
and zircon powders with 0 wt.%, 1 wt.%, and 2 wt.%
of additive oxides in the presence of 0.5 wt.% of
Dolapix dissolved in water using a planetary mill
(250 rpm) for 3 h. Previous studies” have shown that
AMZ composites with an alumina-to-zircon weight
ratio of 85/15 exhibit better properties. Therefore, in
the current study, this ratio was selected for the
preparation of samples. After ball milling, the
mixtures were dried using a magnetic heater, then
granulated by passing through 60 mesh and 100
mesh sieves. Granules were pressed uniaxially at
250 MPa. Green samples were sintered at 1650°C
with holding time of 3 h. The sintering atmosphere
was air, and after the sintering procedure, samples
were furnaced cooled. Sintered samples were coded
as presented in Table 1.

Characterization

The apparent porosity of the sintered samples
was determined using the standard water adsorp-
tion method (ASTM C20). At least three samples
were tested to obtain a mean value for each test.
Crystalline phases in sintered samples were char-
acterized by x-ray diffraction (XRD) analysis (Sie-
mens, D500 system) using Cu K, radiation at an
accelerating voltage of 30 kV. Moreover, quantita-
tive analysis of the prepared samples was per-
formed using the Rietveld refinement technique
with Material Analysis Using Diffraction (MAUD)
software, which applies the least-squares method.
Instrumental broadening was removed using a
defect-free silicon sample. In all refinements, Sig.
and R values were less than 2 and 10, respectively.
The microstructure of the sintered samples was
studied by scanning electron microscopy (SEM,
VEGA II SCAN) on polished and thermally etched
(at 150°C below the sintering temperature for 20
min) surfaces. The grain size of samples was
estimated by using Imaged analysis software. The
sizes of individual grains were measured, a method
that can be reliable and avoids accounting for
attached grains or phase particles. About five SEM
micrographs including up to 100 measurements
were evaluated. Thermal shock resistance was
measured according to the loss of mechanical
strength after 20 min of oven heating at 300°C
and 600°C followed by quenching in air.” Five
samples with dimensions of 5 mm x 6 mm x 25
mm were used for used for each mechanical
strength test.

RESULTS AND DISCUSSION
Phase Composition of Composite A0

According to the XRD pattern of sample AO,
monoclinic zirconia (Zm), tetragonal zirconia (Zt),
and mullite (M) were the main phases dispersed in
the alumina (A) matrix. To investigate the reaction
sintering between alumina and zircon, the resulting
phases of this reaction (mullite and zirconia) must
be evaluated. The main peak of mullite is located at
20 = 26° (Fig. 1a). According to the results of the
refinement process (Fig. 2), the content of mullite in
composite A0 was insignificant (2.9 wt.%). The

Table I. Sample codes for the sintered composites

Sample code

Composition (wt.%)

Additive (wt.%)

A0 85% alumina + 15% zircon —

AM1 85% alumina + 15% zircon 1% MnO,
AM2 85% alumina + 15% zircon 2% MnOQO,,
A7Z1 85% alumina + 15% zircon 1% ZnO
AZ2 85% alumina + 15% zircon 2% ImnO
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Fig. 1. XRD patterns of prepared composites in two different ranges (a) 20 = 20° to 70° and (b) 20 = 33° to 37°. A, alumina; M, mullite; Zm,

monoclinic zirconia, Zt, tetragonal zirconia.

peaks at 20 = 28° and 20 = 30° confirmed the
presence of monoclinic (18.5 wt.%) and tetragonal
(7.6 wt.%) zirconia phases, respectively. The pres-
ence of zirconia and mullite phases indicates disso-
ciation of zircon and the occurrence of reaction
sintering, respectively. The formation of a large
amount of zirconia with a low content of mullite in
composite A0 shows that dissociation of zircon
occurred but the reaction sintering was incomplete.
The presence of Zt in composite A0 confirms that
part of the zirconia can be stabilized without any
additive. Previous studies®” have shown that small

tetragonal zirconia does not transform to the mon-
oclinic phase.

Figure 1 shows the XRD results for the prepared
AMZ composites in two different ranges. The weight
percentages of different phases were calculated by
the Rietveld refinement method (Fig. 2).

Effect of MnO, Addition on Phase
Constituents of AMZ Composites

According to the XRD patterns of samples AM1
and AM2, it was found that the main peak of mullite
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Fig. 2. Phase content of prepared composites obtained from Rietveld refinement analysis.

at 20 = 26° could not be observed with addition of 1
wt.% and 2 wt.% MnOy to AMZ composites. The
observation of zirconia peaks shows that the zircon
dissociated into zirconia and silica, but the reaction
between silica and alumina was incomplete. Com-
parison of the phase contents of samples AM1 and
AM2 samples with sample AO reveals that the
alumina content in the MnO,-doped samples was
higher than composite AO. The reason for this
phenomenon is not known.

Amorphous silica formed after dissociation of
zircon can react with Mn to form a new phase.
MnAl,O4 (20 = 66.7°), MnSiO3 (20 = 34°), and
Mn,SiOy4 (20 = 35.1°) are the common compounds in
the MnO-SiO5—Al,05 system.?** These are low-
melting phases that may be formed at the sintering
temperature.®® It was supposed that Mn silicate
amorphous phases are more likely to exist than
MnAl,;04. This idea is supported by the fact that the
Gibbs free energies of manganese silicates (about —
800 kJ/mol to —2200 kJ/mol)*® are lower than that of
MnAl,O, (about —34 kJ/mol)®” at the sintering
temperature. In this study, the amount of MnO,
was low and peaks related to the probable secondary
phases were not observed. Also, the XRD peaks of
these phases can overlap with alumina and Zm
peaks. Formation of MnAl;O4 spinel or the solid
solution of Mn in alumina has been reported by
other researchers,?"?® but this hypothesis could not
be confirmed by the corrsponding XRD patterns in
our study.

Formation of a substitutional solid solution can
increase the stress level in alumina, which can lead
to a shift in its peaks.?® Figure 1b reveals that no
shift in the main peak of alumina in samples AM1
and AM2. This can be interpreted based on the
similar ionic radii of AI%* (51 pm) and Mn** (53 pm).

Also, Farag et al.>° concluded that manganese ions

may enter the alumina lattice as Mn3*. Mn®* has
the same valency and ionic radius as Al**. Hence, a
certain amount of Mn3* dissolves in the alumina
lattice but does not result in lattice defects or a
detectable change of the alumina lattice
parameters.

Figure 2 also shows that the total amount of
zirconia decreased. The inhibition effect of MnO5 on
zircon dissociation was investigated in our previous
study.*® The Rietveld refinement results (Fig. 2)
show that, with addition of MnO,, the weight
percentage of Zm reduced slightly. On the other
hand, addition of 1 wt.% MnO, led to an increment
in the Zt content. This means that addition of 1
wt.% MnO,; had a stabilizing effect on Zt. Such
stabilization of Zt by manganese oxide was dis-
cussed previously.*® The lower content of Zt in
composite AM2 can be attributed to the fact that Mn
was consumed in the formation of new phases and
further increase of the additive did not result in
stabilization of Zt.

Effect of ZnO Addition on Phase Constituents
of AMZ Composites

As seen in Figs. 1 and 2, the content of mullite
phase was enhanced considerably after addition of 1
wt.% and 2 wt.% ZnO to the AMZ composites. For
example, sample AZ1 contained 11.4 wt.% while
sample AZ2 included 9.2 wt.% mullite, indicating a
promotion of the formation of mullite. This increase
corresponds to the decrease of the alumina content
in the AZ samples. This means that more reaction
sintering between alumina and zircon occurred in
the presence of ZnO particles.

Zn,Si0y4 (20 = 31.8°) is the likely binary compound
in the ZnO-SiOy system.**? Also, ZnAl,O,, (20 =
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86.9°)274344 {5 3 common compound that can be
observed in this system.

The Rietveld refinement results (Fig. 2) showed
that the total amount of zirconia was decreased by
addition of 1 wt.% ZnO and that further increase of
the ZnO content to 2 wt.% resulted in a slight
increase of zirconia. The decrease in the amount of
Zt in the AZ samples implies that ZnO cannot
stabilize tetragonal zirconia anymore. This can be
related to the consumption of ZnO in the formation
of a new phase.

Figure 1b shows a slight shift in the alumina peak
at 20 = 35.1° to smaller angles for sample AZ1. This
means that a solid solution of Zn in alumina may be
formed. The shift of the alumina peak to lower
angles can be interpreted based on the larger ionic
radius of Zn** (74 pm) compared with AI** (51 pm).
Deformation of the alumina structure with ZnO
dopant has been reported.?® This shift was not
observed for sample AZ2. Maybe, Zn has low
solubility in alumina and 2 wt.% ZnO lies beyond
this solubility limit.

Figure 1b also shows that the alumina peak of
sample AZ2 at 20 = 35.1° was broadened slightly
compared with sample AQ. The broadening of this
XRD peak is related to the formation of the sec-
ondary phase and its grain boundary pinning
effect.”

Microstructural Study of Composite A0

SEM micrographs of the prepared samples and
the image analysis results are shown in Fig. 3 and
Supplementary Fig. S1, respectively. Figure 4
shows the SEM-EDS analysis taken from grain
boundaries of samples AM2 and AZ2. EDS mapping
analysis of the evolved phases of samples A0, AM2,
and AZ2 is shown in Fig. 5.

As seen in Figs. 3a and 5a, the grey matrix is
alumina (labeled as A) and white grains are related
to the zirconia phase. The zirconia grains are
mainly intergranular and irregular. Two types of
zirconia grain can be detected in this figure: intra-
granular spherical zirconia within the grains of the
matrix, and intergranular zirconia between grains.
Microstructural studies of this sample also con-
firmed the existence of minor fractions of fine
zirconia, mullite, and glassy phase.

Some pores and fine microcracks were observed in
the microstructure. The formation of porosities in
sample AO indicates that the densification was not
complete in this sample.

Effect of MnO, on Microstructure of AMZ
Composites

Addition of 1 wt.% manganese oxide did not cause
a dramatic change in the microstructure (Fig. 3b).
Sample AM2 contained more rounded grains, which
can be attributed to the presence of the glassy phase
(Fig. 3c). The glassy phase can facilitate grain
rearrangement and, therefore, leads to the
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formation of a homogeneous microstructure. The
existence of the Mn-rich glassy phase at grain
boundaries of sample AM2 was hard to detect
(Fig. 4a). EDS analysis taken from the grain
boundary of sample AM2 shows strong peaks of
Mn and Si (Fig. 4c), suggesting the formation of the
manganese silicate phase.

EDS mapping analysis of sample AM2 showed Mn
dispersed throughout the composite, providing evi-
dence for the formation of solid solution (Fig. 5b).
Also, Mn was present at the grain boundaries
accompanied by Si, thus as anticipated in Sect.
3.1.2, it can be concluded that Mn could substitute
at Al sites up to its solubility limit while extra Mn
was incorporated through the formation of a sec-
ondary phase (manganese silicate phase) at grain
boundaries. An additive can form a solid solution or
can function as a secondary phase, or show both
effects.’® Excess additive (beyond the solubility
limit) forms secondary phases or segregate from
the grains.>®

Effect of ZnO on Microstructure

According to Fig. 3d and e, addition of 1 wt.% ZnO
did not affect the microstructure, but addition of 2
wt.% ZnO changed the microstructure dramatically.
More rounded and smooth grains are seen in sample
AZ2. This rounded grain morphology is due to the
presence of the glassy phase,'*?? which is retained
mostly at triple junctions. The high content of glassy
phase in the AZ composites could be a reason for
their high mullite content (Fig. 2). A higher amount
of glassy phase means more melt in the microstruc-
ture, thus the dissolution of the alumina in silica
glassy phase is easier, which promotes formation of
mullite.'? Investigation of the grain structure in
Fig. 4b shows that two types of grain exist in the
microstructure. The large grains correspond to
alumina, while the small grains (around the large
ones and at grain boundaries) can be attributed to
the secondary phase (ZnsSi0O,4) or melted zinc spinel
(ZnAl,0y). It has been reported that ZnAl,O,4 spinel
melts at 1600°C and produces a glassy phase;*’
therefore, ZnO additive can promote sintering of
alumina through the liquid-phase sintering mecha-
nism. This can be the reason for the high amount of
glassy phase observed in the AZ composites. The
coarsening of grain boundaries in composite AZ2
occurred due to segregation of the additive, as also
reported by other researchers in ZnO-doped
alumina.

Figure 4d shows that Zn, Al, and Si elements were
present at grain boundaries. EDS mapping analysis
of composite AZ2 showed that Zn was highly
dispersed in both the alumina matrix and zirconia
grains. These results thus support the idea of a
reaction between Zn and alumina to form zinc
aluminate rather than zinc silicate. However, Mn
and Zn did not segregate at the grain boundaries
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Fig. 3. SEM micrographs of prepared composites: (a) A0, (b) AM1, (c) AM2, (d) AZ1, and (e) AZ2.
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Fig. 4. SEM-EDS analysis taken from grain boundary of composites (a, c) AM2 and (b, d) AZ2.

along with Si. This suggests that Mn has greater
affinity to react with silica compared with Zn.

Grain Size of Prepared Composites

The average grain size of the alumina and
zirconia grains is presented in Table II. The results
show that MnOs and ZnO addition did not result in
alumina grain growth. In fact, addition of 2 wt.%
ZnO resulted in the minimum grain size in the
prepared AMZ composites (6.2 um for composite
AZ2). 1t was supposed that grain boundary migra-
tion was restricted by the secondary phase formed
at the grain boundaries due to its pinning effect.
The manganese silicate phase and ZnAl,O4 spinel
act as barriers to the diffusion of boundaries and
hindered alumina grain growth. Higher grain size of
the zirconia phase was observed for all the compos-
ites. This growth occurs because the mentioned
additives improve zircon dissociation. More zircon
dissociation leads to more zirconia phase, which can
aggrefate to form large zirconia grains.15

Mechanical Properties of Composite A0

Table III presents the physical and mechanical
properties of the prepared composites. The compos-
ite sample processed without additive (sample AO)
showed a porosity of about 1.8%. The porosity of the
prepared composites generally increased with incor-
poration of additives. The porosity remaining in the
AMZ composites can be attributed to: (1) formation
of secondary phase and inhibition of ion migration,
(2) promotion of the reaction sintering process
between alumina and zircon, which increases the
porosity content, and (3) the lower density of the
products (mullite) compared with the raw materials.

Effect of MnO; on Mechanical Properties

Addition of 1 wt.% manganese oxide led to a slight
decrease in the porosity (1.4%) but an increase in
the density (3.26 g/cm® of AMZ. The density
increase can be related to the elimination of the
low-density mullite phase (3.2 g/cm?®) in the prod-
ucts. Also, the formation of the solid solution of Mn
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Fig. 5. EDS mapping analysis of composites (a) A0, (b) AM2, and (c) AZ2.
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Table II. Average grain size of alumina (+4 ym) and zirconia grains (+2 ym) in the AMZ composites

Composite Grain size of alumina (um)
A0 10.6
AM1 10.1
AM2 8.4
AZ1 9.0
AZ2 6.2

Grain size of monoclinic zirconia (um)

Table III. Physical and mechanical properties of prepared composites

Density  Porosity MOR at MOR after 300°C MOR after 600°C Loss of
Composite (g/cm®) (%) RT (MPa) Thermal Shock (MPa) Thermal Shock (MPa) MOR (%)
A0 3.11+£0.05 1.8+0.3 170 + 22 85 + 25 80 + 27 53
AM1 3.26 £ 0.03 14+02 191 £+ 18 175 £+ 22 149 + 26 22
AM2 293 +0.05 2.7+03 225+ 20 192 + 23 156 + 24 30
AZ1 3.560£ 004 24+02 209 £ 16 171 £+ 20 150 £ 22 28
AZ2 3.48+0.03 37+02 231+15 171 + 19 168 + 23 27

in alumina was beneficial for the densification,
because the formation of a solid solution results in
close bonding between grains.*® Therefore, the 1
wt.% manganese oxide can act as a sintering aid.
The enhanced grain boundary diffusion leads to
better densification.'®

Further addition of MnO, (2 wt.%) had the
oppposite effect (2.7% porosity and 2.93 g/cm?
density). There are various reasons for the increase
of the porosity of Mn-doped alumina bodies (beyond
a certain amount of Mn): (1) retention of closed
pores in alumina grains,*® (2) formation of cracks
due to addition of manganese oxide,?® and (3)
formation of a secondary phase.'®?13847 Secondary
phases can block the movement of grain boundaries
and hinder densification.

Composites AM1 and AM2 both showed higher
mechanical strength (modulus of rupture, MOR)
compared with composite A0 (170 MPa). The higher
MOR of composite AM1 (191 MPa) can be attributed
to its enhanced densification and the formation of a
solid solution. Also, composites with more Zt phase
showed higher mechanical strength. It has been
shown that the polymorphic change of Zt to Zm
causes microcracks that degrade the mechanical
strength.?%3%

Although it is known that porosity degrades
mechanical strength, the improvement of the
mechanical strength of AM2 composite (225 MPa)
can be attributed to the formation of a solid solution
and the evolution of a finer microstructure. Com-
posite AM2 showed a smaller alumina grain size
compared with composite AQ.

Effect of ZnO on Mechanical Properties

Zn0O is known to act as a sintering aid that
improves alumina densification through: (1)
decreasing pore diameter,2®?" (2) coarsening of

grain boundaries, which facilitates ion migration,
and (3) increasing the formation of the liquid phase.
On the other hand, it was believed that migration of
grain boundaries can be restricted by the formation
of secondary phases located at grain boundaries,
thus hindering densification t00.”® The porosity of
composites AZ1 (2.4%) and AZ2 (3.7%) were higher
than that of composite AO; Samples AZ1 and AZ2
also showed higher densities (3.50 g/cm?® and 3.55 g/
cm®, respectively). Formation of ZnAl,O, spinel
phase occurred before densification of alumina.**
The volume changes during the formation of this
new phase accompained by mullite formation can
produce pores in the microstructure.

It is of interest that the mechanical strength of
the composites was also increased by addition of
Zn0O. The improvement of the mechanical strength
of 2 wt.% ZnO-doped alumina can be inter-
preted®”?® as being due to the refinement of the
grain size, good dispersion of ZnO in alumina
matrix, and formation of the secondary phase.
Solid-solution strengthening has also been men-
tioned as a reason for the improvement of mechan-
ical properties. In addition to these facts, composites
AZ1 and AZ2 have also higher mullite content;
completion of the solid-state reaction (mullite for-
mation) is the other reason for the improvement of
the MOR value.'?

Thermal Shock Resistance of Prepared AMZ
Composites

Table III also presents the decrease of the MOR of
the prepared composites after thermal shock tests
at 300°C and 600°C. The loss of MOR of composites
AM1 and AM2 was 22% and 30%, which is better
than the result for composite A0 (53%). This means
that addition of manganese oxide increases the
thermal shock resistance of AMZ composites. AZ
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composites also showed better thermal shock resis-
tance than composite AQ. This improvement of the
thermal shock resistance can be attributed to the
enhanced mechanical streng7th and porosity remain-
ing in the microstructure.” Zm and Zt are both
beneficial for the thermal shock resistance of a
composite through microcrack or transformation
mechanisms, respectively. Higher mullite content of
AZ composites can also enhanced the thermal shock
resistance’ as mullite has a lower thermal expan-
sion coefficient (4 x 1075/°C to 5 x 1075/°C) com-
pared with alumina (7.5 x 107%/°C to 8.5 x 10-%/°C).

CONCLUSION

Alumina—mullite—zirconia composites were pre-
pared through reaction sintering of alumina and
zircon powders. MnO, and ZnO (1 wt.% and 2 wt.%)
were added to the composites, and their effects on
the sintering behavior, phase content, formation of
solid solution, microstructure, and mechanical prop-
erties of the prepared composites investigated. The
results revealed that MnO, retarded the formation
of mullite. However, the reaction of ZnO with
alumina resulted in acceleration of the formation
of mullite. MnO, was beneficial for stabilization of
tetragonal zirconia. Both additives formed a solid
solution with alumina at 1 wt.%, but with further
addition up to 2 wt.%, formation of a secondary
phase was observed. The secondary phase was
probably manganese silicate (on addition of MnOg)
or zinc aluminate (on addition of ZnO) according to
microstructural observations. Grain growth of alu-
mina was restricted by incorporation of these addi-
tives. The results also revealed that, although the
porosity was increased slightly, the formation of
solid solution, refinement of grain size, stabilization
of tetragonal zirconia, and increase of the mullite
content were beneficial effects of these additives,
thereby improving the mechanical properties and
thermal shock resistance of the composites.
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