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Abstract

In this study, mullite-zirconia composites were prepared by reaction sintering of alumina, kaolinite zircon and colemanite
powder. Slip casting method was also employed for production of these composites. Two different compositions were
prepared with and without colemanite additive. The main purpose of this work was to determine the optimum conditions
for mullite-zirconia synthesis in addition to the effects of starting composition, solid concentration of aqueous suspen-
sions and sintering temperature. The resulting sintered materials were characterized in terms of bulk and relative density,
firing shrinkage, XRD and SEM. XRD peaks suggested fully developed mullite and zirconia phases by reaction sintering
of zircon, kaolinite, alumina and colemanite phases. Zircon usually dissociates at a temperature higher than 1650 °C.
However, it has been shown in this study that zircon dissociates at about 1450 °C due to the presence of colemanite. The
results of the study indicate that 90% of relative density was achieved as the solid concentration is increased up to 55%
in case for slip-casted specimens with colemanite additive (MZC55 with 55% solid concentration). The microstructure of
all composites is composed of irregularly shaped mullite grains and round-shaped zirconia grains which are distributed
intragranularly and intergranularly.
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1 Introduction

The system of Al,05-SiO, is one of the most important
binary systems in ceramics, and mullite is the only inter-
mediate compound in this thermodynamically stable sys-
tem. Mullite has recently become one of the important
materials in electronic, optical and high temperature struc-
tural applications due to its attractive properties such as
excellent high temperature strength, resistance to creep
and thermal shock, low dielectric and thermal expansion
constants [1, 2]. Although mullite is among the traditional
refractory materials, it has started to gain importance in
recent years as a candidate material for advanced ceramics
applications [3]. However, mullite has moderate rupture
strength and fracture toughness at room temperature.

Zirconia is used as an additive in order to improve these
properties [4].

Zirconia has different and superior properties in com-
parison with other oxide ceramics. It is a high-technology
ceramic with a high melting temperature of 2680 °C, high
abrasion resistance, low refractive index, low thermal
conductivity, high electrical resistance and ionic con-
ductivity at high temperature. It can be observed upon
examining the mechanical properties of zirconia that it
has high chemical and dimensional stability, mechanical
strength and toughness [5, 6]. In addition, zirconia is also
widely used as a heater element and insulating material,
in production of abrasive cutting tools, extrusion molds,
abrasion-resistant machine parts, ceramic coatings against
oxidation and in the manufacturing of thermal barriers,
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fuel cells [7], piezoelectric, electro-optical circuits and
capacitors, solid electrolyte and oxygen sensors [8].

The comprehensive use of mullite-zirconia composites
is due to the fact that zirconia dispersion in mullite matrix
improves the thermo-mechanical properties, leading to
toughness by transformation and micro-cracking [9-11].
Mullite-zirconia composites have special importance in
technological applications due to their good properties
such as toughness, chemical stability and high-creep
resistance. In practice, they are employed in furnaces (blast
furnaces, etc.) used for dissolving and application of met-
als, as refractory bricks in glass melting and ceramic sinter-
ing kilns, in waste incineration plants, in kilns for annealing
and hardening as well as in cement industry [11-14].

Various production methods, such as solid state sinter-
ing, thermal plasma fusion, sol-gel, spark plasma sinter-
ing, laser floating zone directional solidification method,
are adopted for the synthesis of mullite-zirconia com-
posites [15-20]. Generally, slip casting is exploited to
yield zirconia-toughened mullite by improving the den-
sity and microstructure of the body so that this technique
is applied in the fabrication process of many composites
and refractories [10]. Besides, slip casting is used as a con-
ventional method in order to provide good mechanical
properties and to obtain fine and homogeneous micro-
structures free of agglomerates and packing variations in
green composites [12, 21, 22].

In this study, density and phase analyses and micro-
structural characterization were carried out for dense com-
posite materials obtained via slip casting method from two
different mixtures prepared (non-additive and containing
colemanite). The effects of different additives on the physi-
cal, microstructure, thermo-mechanical properties and
sintering behavior of mullite-zirconia composites have
been studied by several researchers. It has been observed
that additives which do not form a solid solution with the
matrix such as CaO and MgO encourage the sintering
rate by way of a transitory liquid formation [10, 13]. Pena
et al. [23] studied the impact of MgO on mullite-zirconia
composites and determined that the addition of a small
amount of magnesia increased the rate of densification by
forming a small amount of liquid phase. Similarly, titanium
decreased the sintering temperature of this composite by
forming a small amount of transient liquid phase [10].
CeO, additive enhanced the mullitization rate [24]. In our
work, colemanite provided the dissociation of zircon at a
lower temperature as well as the formation of mullite and
zirconia. As was the case in our previous study [25], it has
also been possible in this study to use colemanite in mix-
tures favoring the reaction between alumina, zircon and
kaolinite. Main differences between our previous study
and this study can be explained as follows:
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Same mixtures were used in the previous study [25];
however, these mixtures were uniaxial pressed. Therefore,
density values of uniaxial pressed mixtures were higher in
comparison with those formed by slip casting. Depending
on the forming technique, green density of materials after
formed via slip casting was lower than by uniaxial pressed
at the same sintering temperature [26]. Thus, the relative
density values of materials in this study after sintering are
lower than those of the previous study [25]. Moreover,
it has also been possible to favor the reaction between
alumina, zircon and kaolinite using colemanite in both
mixtures.

The purpose of this study was to study the impact of
colemanite, solid concentration of aqueous suspensions
and sintering temperature on density, mineralogical and
microstructural properties of slip casts mullite-zirconia
composites.

2 Experimental

Starting powders were traditionally available zircon
(ZrSi0,, Johnsen Matthey, Sereltas, Istanbul), kaolinite
(Al,Si,05(0H),, Kiitahya Porselen, Kiitahya), commercially
available alumina (Al,O;, BDH Limited Poole, Germany)
and colemanite (Ca,B40,,5H,0, Eti Mining Company,
Turkey). The chemical compositions of the raw materials
used in this study were analyzed via X-ray fluorescence for
which the results are presented in Table 1.

A Ca,B40,,5(H,0) addition at a range of 7 wt% range
was used for studying the impact of colemanite addition
on the properties of these composites. The weight ratio
of colemanite during the preparation of the mixtures was
calculated by considering the amount of CaO (~ 14 mol%)
required for the zirconia to be partly stable.

On the brink of MZ0 (additive-free mixture) and MZC
(mixture containing colemanite), two different mixtures
were prepared. Two mixtures, MZ0-MZC, are calculated
according to Table 2. The prepared mixtures were ball-
milled on a planetary mill (Retsch PM 200) for 6 h using
ZrO, balls as grinding media in methyl alcohol as a
medium.

The obtained average grain sizes are given in Table 3 for
the prepared compositions as a result of 6-h milling pro-
cess using Malvern Instrument, Mastersizer 2000 ver. 3.01.

Aqueous suspensions at pH~9.02 containing
45-50-55% solids by weight were prepared in order to
form the prepared mixtures via slip casting using Darvan
C [PMMA (polymethylmethacrylate)] as a dispersant at
a rate of ~0.25% by weight. The prepared concentrated
suspensions were consolidated into a plaster mold to pro-
duce pellets of 20 mm diameter which were dried using
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Table 1 Chemical composition

. . Constituents Zircon Kaolinite Alumina Colemanite
of starting raw materials (wt%) (Zrsi0,) (Al,05.2510,.2H,0) (AL,O,) (Ca,B40,,5(H,0)

Sio, 29.96 53.70 0.02 5.54

Zr0, 64.08 - - -

Al,O,4 0.02 31.94 97.75 0.10

Ca0 0.11 0.11 0.40 28.96

B,0; - - - 35.69

MgO 0.03 0.04 0.02 1.80

Fe,0, 0.07 1.18 0.04 0.05

K,0 0.04 0.14 0.01 0.02

Na,O 0.1 0.10 0.04 0.05

Tio, 0.22 0.30 0.01 -

MnO - - - 0.01

SrO 0.07 - - 0.85

HfO, 1.10 - - -

P,0s 1.15 - - -

Loss of temperature 1.18 12.57 1.52 24.77

Table 2 Mixture compositions with codes

Compositions (wt%)

Zircon Alumina Kaolinite Colemanite
MZ0 30 45 25 -
MzC 40 43 10 7

Table 3 Physical properties of the compositions used in the study

Physical properties Mz0 MzC
Particle size
dig.1y MM 0.104 0.558
dig5) MM 1.758 1.956
dig0) MM 22.574 23.01
Surface area
BET, m%/g 43 4.1

an oven at a constant temperature of 100 °C after one day
of natural drying.

Pellets (MZ045, MZ050, MZ055, MZC45, MZC50 and
MZC55) were prepared from aqueous suspensions con-
taining 45-50-55% solids by weight to synthesize the
mullite-zirconia composite material by reaction sintering
and to identify the physical properties in the synthesized
material sintered at 1450-1550 °C. The sintering tempera-
ture was increased by 5 °C per minute after which it was
kept constant for a period of 5 h and was similarly allowed
to cool down at 5 °C/min. Crystalline phases present in
sintered bodies were determined via X-ray diffraction
(PANalytical, an empyrean brand model, Cu K, radiation
and Ni filter at 10-50°). The microstructures of sintered

composites were studied via scanning electron micros-
copy (FEI Nova NanoSEM 650) on the surfaces.

3 Results and Discussion
3.1 XRD analyses
3.1.1 XRD Analyses of the MZ045 composition

The results obtained following XRD analyses of the MZ045
mixture specimens sintered at 1450, 1500 and 1550 °C can
be seen in Fig. 1. As can be seen from the XRD pattern of
the MZ045 mixture (Fig. 1), the specimens were sintered at
1450 °C with the sintered specimens consisting of zircon,
corundum, quartz, monoclinic zirconia and mullite phases.
Alumina, silica and a significant amount of zircon can be
observed at 1450 °C following the decomposition.

The decomposition of zircon, which had probably
begun earlier, continued at 1450 °C; however, it was still
not completed at 1550 °C. It is thought that this causes
the reactions not to be completed especially during sin-
tering at 1450 °C since packing and intergranular interac-
tions between grains in a composition containing 45%
solids by weight are low. One possible mechanism is seg-
regation of particles of different sizes, which is increased
when solid loading is low and, thus, hindered settling
is reduced [27, 28]. Another reason for this situation is
the lack of any additive in the prepared mixture. Zircon
is the only compound in the ZrO,-SiO, two-component
phase system. It decomposes into ZrO, and SiO, before
melting. Impurities not only reduce the decomposition
temperature of zircon, but also decrease the viscosity
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Fig. 1 XRD patterns of MZ045
composition specimens
sintered at 1450, 1500 and
1550 °C. M: mullite, B: m-ZrO,,

Z:t-210,, Z: Z1Si0,, C: corun- i
dum, Q: quartz A A
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of the formed amorphous phase (silica glass) as well. It
is known that silica fluids with a high basicity ratio are
higher in fluids. Therefore, alkalis (basic oxides) from
additives such as colemanite may decrease the viscosity
of silica (high content) liquids [22, 25]. It was observed
upon comparing the XRD patterns of the mixture with
the increased temperature that the peak intensities of
mullite, tetragonal zirconia and monoclinic zirconia have

Fig.2 XRD patterns of MZC45

composition specimens

sintered at 1450, 1500 and

1550 °C. M: mullite, B: m-ZrO,,

Z:t-ZrO,, T: tridymite M
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increased due to decomposition at the peak intensity
of zircon.

3.1.2 XRD analyses of MZC45 composition
Figure 2 shows the XRD patterns of MZC45 mixture speci-

mens sintered at 1450, 1500 and 1550 °C containing 45%
solids by weight prepared from the mixture containing 7%
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colemanite by weight. The most important and distinct
difference between the mixtures coded as MZ045 and
MZC45 which were obtained via slip casting is that the
XRD patterns of the MZC45 mixture do not contain zircon,
quartz and corundum-phase peaks. The colemanite addi-
tive caused zircon to decompose at low temperatures.
Moreover, intense peaks of monoclinic zirconia in addi-
tion to the tetragonal zirconia peak were detected in the
MZC45 mixture specimen sintered at 1450 °C. In addition,
a small peak of tridymite (SiO,) was observed at 1550 °C.
The tridymite peak was probably nucleated from the liquid
phase with increased temperature and was incorporated
into the mullite formation by way of a progressive reaction.

3.1.3 XRD analyses of MZ050 composition

Results of XRD analyses for MZ050 mixture specimens
sintered at 1450, 1500 and 1550 °C can be seen in Fig. 3.
Unlike composite products obtained from a mixture con-
taining 45% solids by weight; zirconia, corundum, quartz,
monoclinic zirconia and mullite phases, as well as the
tetragonal zirconia phase, were found in the XRD pattern
of MZ050 mixture specimens sintered at 1450 °C.

Grain size distribution is an important parameter for
these suspensions in the slip casting method, acting
mainly on the maximum solid concentration. Small grains
must fit the pores between large ones in order to enhance
packing density. It has been determined following a litera-
ture survey that experimental results have confirmed that
bimodal or a continuous broad grain size distribution can
be used to achieve a high particle packing efficiency [29,
30]. On this basis, due to both having to bimodal grain size
distribution (Fig. 14) and increase in solid concentration,

Fig.3 XRD patterns of MZ050
composition specimens
sintered at 1450, 1500 and
1550 °C. M: mullite, B: m-ZrO,,

Z:t-Zr0,, Z: ZrSi0O,, C: corun-
dum, Q: quartz

A

Intensity
~N

it is thought to be due to the fact that grains were packed
much tighter in slip casting thereby leading to an increase
in the solid concentration of the prepared mixture as
well as faster reactions due to the subsequent sintering
process.

Moreover, unlike the MZ045 composition, no zircon
phase peaks were observed at 1550 °C in the XRD pattern
of the MZ050 composition. This indicates that the reac-
tions were completed at 1500 °C in a non-additive com-
position containing 50% solids by weight.

3.1.4 XRD analyses of MZC50 composition

Figure 4 shows the XRD patterns of at 1450, 1500 and
1550 °C for the MZC50 mixture containing 50% solids by
weight prepared from the composition containing 7%
colemanite by weight. Similar to MZC45 coded mixture
obtained via slip casting, XRD patterns of the MZC50 mix-
ture contain no zircon, quartz and corundum-phase peaks
in and besides, a small tridymite (SiO,) peak is observed
at 1550 °C.

3.1.5 XRD analyses of MZ055 composition

The results of XRD analyses taken from MZ055 mixture
specimens sintered at 1450, 1500 and 1550 °C are shown
in Fig. 5. It can be concluded upon examining the phases
in XRD patterns of non-additive composition sintered at
1450, 1500 and 1550 °C with maximum solids concentra-
tion in our study that the reactions have to a large extent
been completed at 1500 °C. This is due to the increase of
mullite peaks, m-ZrO, and t-ZrO,, observed in the XRD
pattern of the prepared mixture at 1500 °C as well as the
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Fig.4 XRD patterns of MZC50
composition specimens
sintered at 1450, 1500 and
1550 °C. M: mullite, B: m-ZrO,;
Z:t-ZrO,, T: tridymite
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Fig. 5 XRD patterns of MZ055
composition specimens
sintered at 1450, 1500 and
1550 °C. M: mullite, B: m-ZrO,;
Z:t-Zr0,, Z: ZrSi0,, C: corun-
dum, Q: quartz
w1550 °C
Z
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5 —1500°C
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presence of a very small zirconia peak. Phase analyses
results for non-additive compositions (MZ045, MZ050
and MZ055) show that the decomposition temperature
of zircon decreases with increasing solids concentration.
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3.1.6 XRD analyses of MZC55 composition

Figure 6 shows the results for XRD analyses on MZC 55
mixture samples sintered at 1450, 1500 and 1550 °C
containing 55% solids by weight prepared from a
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Fig.6 XRD patterns of MZC55
composition specimens 2
sintered at 1450, 1500 and 62000 -
1550 °C. M: mullite, B: m-ZrO,,
Z:t-ZrO,, T: tridymite
52000
~—=1550°C
> 42000 -
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composition containing 7% colemanite by weight. While
no zircon, quartz and corundum peaks were observed
at all three temperatures with colemanite addition, a
tetragonal zirconia (t-ZrO,) peak was observed at 1450°C
when XRD patterns of the mixture coded MZC55 with
colemanite obtained by slip casting is examined.

3.2 Quantitative XRD analyses of composites
obtained by slip casting

Table 4 shows the quantitative XRD analysis results for
non-additive (MZ045, MZ050, MZ055) and compositions
containing colemanite (MZC45, MZC50, MZC55) produced
by slip casting. Kaolinite, one of the starting raw materials,

Table 4 Quantitative XRD-Rietveld analysis results (wt%) of non-additive (MZ045, MZ050, MZ055) and (MZC45, MZC50, MZC55) composi-

tions containing colemanite

Comp. Temp. (°C) Corundum Zircon Mullite Zirconia Zirconia Zirconia Cristobalite Tridymite
AlLLO; ZrSio, 3Al,0,.2Si0, Total m-ZrO, t-ZrO, SiO,
MZ045 1450 15.2 258 534 48 4.5 0.3 0.8 0
1500 0 16.8 73.2 10 8.9 1.1 0 0
1550 0 9.5 73.8 16.7 15.2 1.5 0 0
MZzC45 1450 0 0 58.2 39 36.8 2.2 2.7 0
1500 0 0 60.0 39 35.8 3.2 0 0
1550 0 0 60.0 39 357 33 0 1.2
MZ050 1450 13.7 19.2 59.3 7.8 6.4 1.4 0.1 0
1500 0 3.2 73.0 23.2 20.9 23 0.5 0
1550 0 0 73.1 26.8 24.5 23 0 0
MZC50 1450 0 0 60 36 337 2.3 2.7 1.3
1500 0 0 61.1 38.3 358 2.5 0 0
1550 0 0 62.0 38 34.0 4.0 0 0
MZ055 1450 124 18.7 58.7 9.3 7.9 1.4 0.9 0
1500 0 04 73.8 25.7 233 24 0.2 0
1550 0 0 741 259 23.5 24 0 0
MzC55 1450 0 1.6 54.6 42.7 39 3.7 1 0
1500 0 0 59.3 40 36.1 39 0.7 0
1550 0 0 59.4 40.2 36.1 41 0.3 0
SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:56 | https://doi.org/10.1007/542452-018-0061-4

is transformed into mullite and amorphous silica during
sintering. Similarly, zirconia and silica are formed when
zircon is decomposed. The mullite phase is formed as a
result of a reaction between alumina, which is one of the
starting raw materials, and silica that forms as a result
of decomposition. The values of t-ZrO,/total ZrO, ratio
are 0.06-0.18 calculated from values of Table 3, slightly
changed for composites with and without colemanite.
While the relative peak density of t-ZrO, increased with
CaO0 from colemanite, there was a decrease in the peak
density of m-ZrO, in MZC45, MZC50 and MZC55 mixtures
depending on the increasing sintering temperature. This
verifies that CaO stabilizes tetragonal zirconia at room
temperature [22].

A significant amount of inert Al,O; and ZrSiO, is
observed as a result of quantitative XRD analysis of com-
posites produced from MZ045, MZ050 and MZ055 at
1450 °C. It is thought that the Al,O; phase is incorporated
into mullite formation with progressive reaction depend-
ing on the increasing sintering temperature; ZrSiO, phase
is also thought to be incorporated into monoclinic and
tetragonal zirconia formation. In addition, the amount of
non-reacting zircon is higher than that of (MZC45, MZC50
and MZC55) composites containing colemanite in (MZ045,
MZ050 and MZ055) composites without colemanite addi-
tive. This is due to the fact that the increased post-forming
wet density and packing of particles with increased solids
concentration and the effect of colemanite addition on
the reaction completion rate during sintering. The mix-
tures in which the decomposition is completed at 1450 °C
are those with colemanite (Ca,B40,,.5H,0). Colemanite
contains more than 20% by weight of CaO, and CaO is a
basic oxide. The presence of basic oxides in silica fluids,
and especially of coarse cations such as CaO, increases
the alkalinity ratio of the silica rich liquid. The fluidity and
erosive properties of the liquids increase with the basicity
ratio. The glassy phase, which decreases its viscosity due
to both the increasing temperature and the basic oxide
content, achieves the high erosive effect and the ability to
decompose, thereby increasing the amount and kinetics
of the zircon phase. Therefore, in the sintered samples of
mixtures containing colemanite, the amount of zircon at
1450° C temperature is almost absent while the additive-
free mixture contains a significant amount of zircon. In
addition, CaO can accelerate mullite formation by low-
ering the glass viscosity [23]. Generally, zircon disassoci-
ates to yield ZrO, and amorphous SiO, on heating. The
amorphous SiO, softens with increasing temperature and
starts to dissolve Al,O5 to form an amorphous aluminosili-
cate glass. Nucleation of mullite phase takes place after
a critical alumina concentration is exceeded in the glass
phase. Consequently, Ca and B with some impurities have
reduced the decomposition temperatures of zircon, while
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increased the reaction capability of the amorphous silicate
phase and the rate of completion of reactions [22, 26].

In addition, compositions for which zircon dissociation
is completed at 1450 °C are the compositions contain-
ing colemanite (Ca,B;0,,.5H,0) in composite products
obtained via slip casting prepared with different sol-
ids concentrations. When a comparison was made, the
expected compositions (wt% 81 mullite, wt% 19 ZrO,) for
MZ0 mixtures and (wt% 72 mullite, wt% 28 ZrO,) for MZC
mixtures were calculated by assuming the complete reac-
tion. According to the Rietveld method, composition for
MZ0 mixtures (73% by weight of mullite, 27% by weight
of ZrO,) and for MZC mixtures (60% by weight, 40% by
weight of ZrO,) were found.

3.3 Microstructure Analyses
3.3.1 Microstructure analyses of MZ045 compositions

Microstructure images of MZ045 composition specimens
sintered, respectively, at 1450, 1500 and 1550 °C are
given in Fig. 7. While a very high porosity was observed at
1450 °C for the MZ045 specimen as can be seen in Fig. 7,
it was observed that porosity decreased relatively with
increasing temperature. This is in accordance with the
increase in density and the decrease in firing shrinkage
(Table 5) depending on the temperature of MZ045 com-
position. It has been observed that porosities grew in size
due to mullite grains connecting to each other as a result
of the impact of the glassy phase at 1550 °C.

3.3.2 Microstructure analyses of MZC45 composition

Microstructure images of MZC45 composition specimens
sintered, respectively, at 1450, 1500 and 1550 °C are given
in Fig. 8. The relative increase in the density draws atten-
tion when MZC45 specimens containing colemanite
sintered at 1450, 1500 and 1550 °C are compared with
non-additive MZ045 specimen. This may be due to the
effect of the liquid phase which is increased by the effect
of colemanite addition with higher solids concentration.
When microstructure images at 1500 and 1550 °C are
examined, it can be observed that the ZrO, phases are
scattered in the fully interacting and randomly oriented
mullite matrix. This is caused by a decrease in viscosity of
the liquids formed due to colemanite addition. This liquid
phase helps the phases formed to rearrange.

3.3.3 Microstructure analyses of MZ050 composition
Microstructure images of MZ050 composition speci-

mens sintered, respectively, at 1450, 1500 and 1550 °C
are given in Fig. 9. It can be concluded as a result of
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Fig.7 a Microstructure images
of (MZ045) specimens sintered
ata 1450, b 1500 and ¢ 1550 °C
for5h

Table 5 Firing shrinkage

> MZ045 MZzC45 MZ050 MZzC50 MZ055 MZzC55
percentage, bulk density
values in g/cm? and relative 1450 °C
density values Firing shrinkage (%) 15 2 16 28 17 30
Bulk density (g/cm?) 1.69 2.61 1.82 291 1.87 3.30
Relative density (%) 47 67 50 75 52 85
1500 °C
Firing shrinkage (%) 22 31 23 32 25 33
Bulk density (g/cm3) 2.29 3.18 2.60 3.28 2.70 337
Relative density (%) 63 82 72 85 75 87
1550 °C
Firing shrinkage (%) 24 32 23 33 26 34
Bulk density (g/cm?) 247 3.25 2.60 337 3.01 349
Relative density (%) 68 84 72 87 83 20

a comparison with microstructure images (Fig. 7) of
MZ045 composition that while mullite crystals cannot
be observed distinctly at all temperatures due to the
increase in solids concentration and intergranular inter-
action in addition to the increase in density, crystals
can be observed more distinctly at 1500 and 1550 °C
in composite MZ050. The glassy phase is considered to
have been observed at a lower rate when compared with
microstructure image of MZ045 sintered at 1550 °C since
the reactions are completed faster and more efficiently
in the microstructure image for the MZ050 composition.

3.3.4 Microstructure analyses of MZC50 composition

Microstructure images of MZC50 composition specimens
containing colemanite sintered, respectively, at 1450, 1500
and 1550 °C are given in Fig. 10. When compared with the
microstructure (MZC45) composition containing 45% sol-
ids by weight (Fig. 8), it can be observed that composites
MZC50 are denser which also matches with the results of
firing shrinkage and density tests. Another difference is
that zirconia and mullite grains have been observed to
be larger in specimens with higher solids concentration
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Fig.8 a Microstructure images
of (MZC45) specimens sintered
ata 1450, b 1500 and ¢ 1550 °C
for5h

composition prepared from the same composition sin-
tered at 1500 °C. This may be due to the effect of the liquid
phase which is increased by the effect of colemanite addi-
tion with higher solids concentration. It is seen that mullite
grains are connected to each other in the form of a dense
matrix at 1550 °C. At the same time, two types of zirconia
grains are present one of which is intergranular zirconia
located between the mullite grains and the other one is
intragranular zirconia present within mullite matrix. Many
researchers [19, 31-33] put forth that spherical-shaped

Fig.9 a Microstructure images
of (MZ050) specimens sintered
ata 1450, b 1500 and ¢ 1550 °C
for5h
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intragranular particles are tetragonal ZrO,, while the inter-
granular ZrO, is mainly monoclinic.

3.3.5 Microstructure analyses of MZ055 composition

Microstructure images of MZ055 composition specimens
sintered, respectively, at 1450, 1500 and 1550 °C are given
in Fig. 11. When microstructure images of MZ055 com-
position are evaluated together with increased sinter-
ing temperature and solids concentration, it is possible
to distinctly observe mullite crystals and intergranular
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Fig. 10 Microstructure images

of (MZC50) specimens sintered
ata 1450, b 1500 and ¢ 1550 °C
for5h

interaction at 1500 and 1550 °C. Zirconia (white grains)  3.3.6 Microstructure analyses of MZC55 composition
and mullite grains (gray grains) are observed to be much

larger when MZ055 specimen sintered at 1550 °Cis com-  Microstructure images and energy-dispersive X-ray
pared with microstructure images of MZ045 and MZ050  spectroscopy (EDX) analysis results of MZC55 composi-
composite specimens sintered at the same temperature. tion specimens sintered, respectively, at 1450, 1500 and

1550 °C are given in Figs. 12 and 13. The white grains in

Fig. 11 Microstructure images

of (MZ055) specimens sintered
ata 1450, b 1500 and ¢ 1550 °C
for5h
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Fig. 12 Microstructure images

of (MZC55) specimens sintered
ata 1450, b 1500 and ¢ 1550 °C
for5h

microstructure images are zirconia and the gray grains are
mullite phases in energy-dispersive X-ray spectroscopy
(EDX) analysis results as given in Fig. 13. It can be observed
when microstructure of MZC45 and MZC50 coded com-
posites (Figs. 8, 10) are compared with microstructures of
MZC55 coded composites are denser which also matches
with the results of the firing shrinkage and density tests.
Zirconia and mullite grains are larger in specimens sin-
tered at 1550 °C, and the ZrO, phases are scattered in fully
interacting and randomly oriented mullite matrix which
are in accordance with composition MZC50.

3.4 Firing Shrinkage and Density

The firing shrinkage and density values of MZ045, MZC45,
MZ050, MZC45, MZ055 and MZC55 coded composite
specimens sintered at 1450, 1500 and 1550 °C are given
in Table 5. The relative densities of the composite materi-
als can be calculated from the sum of the product of the
density of each phase and the volume fraction. The math-
ematical expression [34] for the described method is as
follows.

PaPBPc...
papsfc + papcly + pcpgfy + -

Ppsc... = (1)
where pcom,, is the density of composite, f,, f; and fc are
the volumetric percent division of the phases A, B and
G pa, pg and p. are the density of the phases A, B and C,
respectively. When the equality is adapted to the mullite/
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zirconia composite, the phases A, B and C can be consid-
ered as mullite, monoclinic zirconia and tetragonal zirco-
nia, respectively. In terms of pure phases, density of the
mullite, tetragonal zirconia and m-ZrO, is upon receipt
3.16,6.1 and 5.83 g/cm3, respectively. In this study, it can
be considered that the relative density will vary between
3.61 and 3.87 g/cm® when both monoclinic and tetrago-
nal phases of zirconia are present for most monoclinic
mullite-zirconia composites synthesized. As can be seen
from the firing shrinkage rate table and density values in
composites obtained via slip casting, the highest value has
been obtained as 3.49 while the lowest was 1.69 g/cm?
in our study. Accordingly, shrinkage percentage and den-
sity values increase with increasing solids concentration
and sintering temperature in all specimens obtained via
slip casting. The highest density value was achieved with
(MZC55) composition containing colemanite sintered at
1550 °C.

4 Conclusions

The mullite-zirconia composites containing 7 wt% cole-
manite additive were prepared by reaction sintering of
alumina, kaolinite and zircon powder. In addition, the slip
casting method was employed for producing these com-
posites. Afterward, the physical properties, phase compo-
sition and microstructure of these composites after firing
at 1450-1550 °C were evaluated.
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Fig. 13 EDX analysis of mixed (MZC55) composition

While there are no zircon peaks at almost all sintering
temperatures for colemanite containing mixtures (MZC45,
MZC50 and MZC55), zircon peaks can still be observed at
the highest sintering temperature for additive-free mix-
tures (MZ045, MZ050 and MZ055) excluding the sam-
ples of MZ050 and MZ055 mixtures sintered at 1550 °C.
A bit more tetragonal zirconia phases in all specimens of
(MZC45, MZC50 and MZC55) mixtures containing cole-
manite sintered at 1450, 1500 and 1550 °C are observed
as a result of both qualitative and quantitative XRD anal-
yses in comparison with the specimens of non-additive
(MZ045, MZ050 and MZ055) mixtures sintered at the same
temperatures. It is possible to conclude from XRD analysis
that colemanite additive significantly reduced the decom-
position temperature of zircon.

Another case is that conversion of the tetragonal (and
cubic) zirconia phase, which is stable at high tempera-
ture depends on the grain size of zirconia. It is put forth
in many sources that if tetragonal zirconia converted
into monoclinic phase at room temperature if it is larger
than a pure and certain (critical) dimension [13, 29, 35].

As can be seen in Figs. 1, 2, 3, 4, 5, 6 and Table 4, the
fact that monoclinic zirconia phase is dominant in XRD
analyses results from the facts that fragmentation prod-
uct tetragonal zirconia grains are large in size and/or
impurities such as CaO, MgO, B,0;, Al,0;, Na,O are prob-
ably dissolved in the mullite structure rather than the
zirconia structure. The amount of impurities dissolved
in tetragonal phase is very low which is not sufficient to
make all the zirconia in the composite structure stable
in the tetragonal phase [13].

As can be seen from the firing shrinkage percentage
and bulk density values given in the findings section
(Table 5), the highest and lowest density values are 3.49
and 1.69 g/cm?, respectively. The grain size distribution
(GSD) is an important parameter for these concentrated
mixtures, acting mainly on the maximum solid volume
fraction. To enhance particle packing, small particles must
fit the interstices between large ones. Similar to the study
carried out by Garrido et al. [30, 31] in our study experi-
mental results have confirmed that bimodal or a continu-
ous broad particle size distribution can be used to achieve
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Fig. 14 Grain size distribution graphs of non-additive (a) and composition containing colemanite (b)

a high particle packing efficiency and to minimize the vis-
cosity (Fig. 14).

There are no zircon peaks excluding those for the
highest sintering temperature (1550 °C) of non-additive
(MZ045, MZ050 and MZ055) mixtures and the MZ050 and
MZ055 mixture specimens sintered at 1550 °C. The tem-
porary liquid phases formed brought mullite and zirconia
grains closer to each other during the reaction sintering
of (MZC45, MZC50 and MZC55) specimens containing
colemanite, as can be seen in SEM images of specimens
(Figs. 8,10, 12).

While MZ045, MZ050 and MZ055 have a very high
porosity at 1450 °C, the porosity decreases with increas-
ing temperature; it can be said that MZC45, MZC50 and
MZC55 specimens containing colemanite exhibit a denser
and homogeneous microstructure at all temperatures due
to the effect of both temperature and colemanite additive.

Microstructure images show that zirconia grains are
larger than others and that some of them are very small,
while some are medium-sized. Mullite grains (inter-
granular) are the large and medium-sized grains. It can
be stated that intergranular zirconia grains are mono-
clinic due to their large size. There are very small zirconia
grains in mullite grains (in the form of sedimentation
products, and intragranular). It can be put forth that they
are in the tetragonal phase as a result of (1) the size of
these very small grains, (2) the environmental stress of
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the mullite crystals and (3) impurity ion contents such as
Si*4, Ca*? Na* [13, 36].

Ca0 in colemanite (CaB;0,(0H);-H,0) has a significant
impact on the stabilization of tetragonal zirconia (t-ZrO,)
in the mullite matrix. Changes such as a volumetric
growth of ~4% and shear stress of 0.16 (~7%) take
place during the polymorphic conversion from t-ZrO,
to monoclinic zirconia (m-ZrO,). Such reversible poly-
morphic transformations absorb the diffusion energy
of the crack formed on the material. Therefore, zirconia
ceramics doped with low amounts of additives makes
the material the tetragonal phase of which is the subject
of discussion important in terms of toughness [13, 22].

Consequently, it can be said in accordance with the
study carried out by Aydin in 2013 that colemanite is an
effective additive for mullite-zirconia composites pro-
duced with different solids concentrations of slip cast
zircon, kaolinite and alumina mixture with regard to a
comparison of the bulk and theoretical density values
as well as the phase and microstructure properties [13].
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