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In this paper, the effects of MnO2 and ZnO additives on zircon decomposition
were investigated. The substitution of Mn and Zn into zircon lattices and the
formation of solid solutions are discussed. The additives were added at 0–
4 wt.% to zircon. The phase composition, physical properties, and
microstructural changes for the sintered samples were characterized. Results
of Rietveld refinement analysis showed that 1 wt.% of both additives retarded
the decomposition of zircon. Further addition of additives slightly accelerated
the zircon decomposition and improved sample densification. X-ray diffraction
peaks of zircon were shifted to higher angles by the addition of MnO2, whereas
ZnO did not alter zircon peaks. Energy dispersive spectroscopy analysis de-
tected the presence of Mn and Zn in zircon grains. ZnO has a lower solubility
than MnO2 in zircon, leading to the formation of a higher fraction of secondary
phases, in turn leading to the suppression of grain growth.

INTRODUCTION

Zircon (ZrSiO4) is an interesting ceramic material
due to its high stability, good corrosion resistance,
high melting point, good hardness, low thermal
conductivity, and excellent thermal shock resis-
tance. Zircon, as a common refractory material, is
widely used for high-temperature applications and
industries such as iron and steel production, energy
technology, and protective coatings.1–3

The decomposition of zircon at elevated temper-
atures is one of the most challenging topics in the
production of zircon refractories and composites.
The decomposition temperature is important for the
prediction of lifetimes of zircon and zirconia-based
refractories.4 The decomposition temperature of
zircon depends on several factors, such as purity
and fineness of the zircon.1 This temperature is
reported to be about 1673 ± 10�C, which is based on
heat treatment experiments conducted on natural
and synthetic zircon raw materials with known
grain sizes and impurity levels, as well as zircon
single crystals.2

Zircon decomposition has been investigated to
increase the working temperature of zircon refrac-
tories. Using zircon for high-temperature applica-
tions strongly depends on accurate knowledge about
its thermal stability. There are some studies on the
thermal stability of zircon without any additives.4–6

However, research is limited regarding the influ-
ence of oxides on the decomposition of zircon.
Anseau et al.7 measured the degree of zircon
decomposition and found that it starts between
1525�C and 1550�C and accelerates at 1650�C.
Pavlik et al.8 studied the decomposition of pure
and impure zircon and reported that impure zircon
decomposed after 8 h at 1285�C, while the decom-
position of pure zircon particles was still incomplete.
Sarkar and Baskey5 evaluated the effect of using
1 wt.% of different additives (alumina, magnesia,
titania, and iron oxide) on the densification and
decomposition characteristics of zircon. The results
of their study indicated that these additives had a
negligible effect on the decomposition of zircon, but
they improved densification behavior. The forma-
tion of the solid solution was not considered in their
studies. In another study, the effects of adding
1 wt.% of MgO, Fe2O3, MnO, TiO2, CaO, Al2O3, and
Cr2O3 additives on the sintering temperature of
zircon were investigated. The results showed that
Fe2O3 had a beneficial effect on decreasing the
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sintering temperature to 1500�C, but it had a
coloring effect on zircon bodies, which limited its
use. Adding 1 wt.% of MgO and TiO2 could also
decrease the sintering temperature down to 1500–
1550�C. However, they did not investigate the
decomposition of zircon in their study.1

The presence of oxide additives in zircon has a
remarkable influence on its decomposition and
sintering behavior. In many cases, sintering addi-
tives would segregate at grain boundaries and form
a glassy phase.9,10 MnO2, as one of the typical
additives, has been used in alumina, zircon, or
zirconia ceramics as an accelerator of the sintering
rate.9–11 ZnO can also be used as an additive or a
sintering aid for many ceramics,12–15 and its effect
on the improvement of densification, chemical sta-
bility, and electrical properties of ceramics has been
reported. Zhou et al.11 reported that MnO2 forms a
solid solution in zirconia crystal, and may increase
the lattice defects of zirconia, leading to the reduc-
tion of diffusion activation energy. Therefore, the
substitution of Mn in Zr sites results in fast
diffusion paths during the sintering process. It
was also reported that ZnO was effective in better
densification of ZrO2 samples through a viscous flow
sintering.16

Zr can be substituted by some elements such as
Hf, Pu, U, Th, etc.; however, there is little knowl-
edge about miscibility in most of these systems.17

Studies have mostly focused on the solid solution of
Hf4+, U4+, and Th4+ in zircon.18 Considering the
remarkable advantages of increasing the decompo-
sition temperature of zircon ceramics and refracto-
ries, the present study aimed to investigate the
influence of adding small amounts of metal oxides
(manganese and zinc oxides) on the decomposition
temperature and densification of zircon. In this
case, the additive quantities should be correctly
chosen to avoid the undesired effect of liquid phase
formation. The liquid phase has been reported to
disappear during heat treatment if the appropriate
amounts of additives are used.19 In fact, the decom-
position temperature was evaluated in this study
using various amounts of two useful additives at
different sintering temperatures. Also, it is known
that solid solution formation can affect the physical
properties of ceramics.20 Therefore, the formation of
the solid solution of Mn and Zn in zircon and its
effect on the final composition, density, microstruc-
ture, and grain growth were investigated and
compared.

MATERIALS AND METHODS

Materials

Zircon powder (Global, 5 lm, 99.8% purity), zinc
oxide (Germany,< 20 lm, 99% purity), and MnO2

(South Africa,< 20 lm, 99% purity) were used as
raw materials. Dolapix CE-64 was also used as the
process control agent for the milling media.

Sample Preparation and Sintering

First, zircon powder was milled for 24 h in a
planetary mill (200 rpm, ball to powder ratio of
10:1) to reduce the particle size and improve its
sinterability. The samples were prepared by mixing
the milled zircon by 0, 1, 2, and 4 wt.% of additive
powder with 0.5 wt.% of the dissolved Dolapix in
water using a planetary mill (250 rpm) for 2 h. After
ball milling, the mixtures were dried on a magnetic
heater, then were granulated by passing through
60- and 100-mesh sieves. Zircon granules were
pressed uniaxially at 250 MPa. Green samples were
heated at 1450�C, 1550�C, and 1650�C with a
holding time of 3 h. Sintered samples were coded
according to the amount of additive and sintering
temperature (see supplementary Table SI).

Characterization

Density and apparent porosity of the sintered
samples were determined using the standard water
adsorption method (ASTM C20). At least 5 samples
were tested to obtain a mean value for each test.
Crystalline phases in heated samples were charac-
terized by X-ray diffraction (XRD, Siemens, D500
system) using Cu Ka radiation, working with 30 kV
accelerating voltage. Moreover, a quantitative anal-
ysis of prepared samples was performed using the
Rietveld refinement technique with Material Anal-
ysis Using Diffraction (MAUD) software which
works using the least-squares method. Instrumen-
tal broadening was removed using a defect-free
silicon sample. In all refinements, ‘‘Sig.’’ and ‘‘R’’
values were less than 2 and 10, respectively. The
degree of zircon decomposition was based on mea-
suring the ratio of the decomposed zirconia to the
unreacted zircon.8 The microstructure of the sin-
tered samples was observed by scanning electron
microscopy (SEM, VEGA II SCAN) on the polished
and thermally etched (150�C below the sintering
temperature, 20 min) surfaces.

RESULTS AND DISCUSSION

Xrd

XRD Patterns

XRD patterns of zircon sintered without any
additives (Z0 samples) and with different amounts
of additives (ZZ and ZM samples) are shown in
Supplementary Fig. S1. Tetragonal (Zt) and mono-
clinic (Zm) zirconia peaks were observed as well as
the zircon peaks. It can be seen that in all samples
the zircon dissociation was increased at 1650�C.
According to thermodynamic calculations, zircon
decomposes into ZrO2 and SiO2 oxides at about
1676 ± 7�C3: there is no general agreement on this
temperature. After zircon decomposition, zirconia
appears in the tetragonal form at the sintering
temperature and is usually transformed to the
monoclinic structure by cooling down to room
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temperature. Most experiments revealed that the
decomposition of zircon leads to the formation of
monoclinic zirconia and glassy phase as the final
products.2,8 Figure 1S shows that part of the tetrag-
onal zirconia remains at room temperature, indi-
cating that zirconia has been partially stabilized in
all samples. The stabilization of Zt is due to the
presence of additives and fine particle sizes of raw
material.21 Comparing the XRD patterns of Z0
samples and those containing additives shows that
MnO2 and ZnO had a remarkable influence on the
XRD pattern of zircon. Awaad et al.1 reported that
adding 1 wt.% of metal oxides (such as MnO) did not
cause any variation in the XRD pattern of zircon;
also, they did not observe a tetragonal zirconia peak
or silica, while the results of the present study
showed that only 1 wt.% of MnO2 and ZnO additives
are capable of retarding the decomposition of zircon
even at a high temperature (1650�C). Formation of
Zn2SiO4 (31.5� and 34�) and Mn2SiO4 (31� and 35�)
may be considered; however, their XRD peaks
overlap completely with zircon, and the formation
of these phases cannot be proved with this charac-
terization method.

Phase Composition of ZZ Samples

Figure 1 shows the Rietveld analysis of XRD
patterns for zircon sintered with ZnO. The Rietveld
refinement method using MAUD software was
conducted on the XRD patterns of all composites
to more precisely investigate the quantities of
phases of the prepared composites. Figure 1a shows
that increasing the sintering temperature leads to a
greater decomposition of zircon (less zircon remain-
ing) which is accompanied by the formation of Zm
(Fig. 1b) or Zt (Fig. 1c). Kaiser et al.2 showed the
strong dependence of zircon decomposition on tem-
perature. Due to the incorporation of the additives,
a lower degree of zircon decomposition was observed
for all the samples. The amount of remaining zircon
increased from 42% to 83% (ZZ1-1650) and from
92% to 96.7% (ZZ1-1450) after the addition of
1 wt.% ZnO. This shows the strong influence of
ZnO additive on the thermal stability of zircon. The
amounts of Zt (9.0% to 4 wt.%) and Zm (49% to
13 wt.%) were also found to be decreased in the ZZ1-
1650 sample. Increasing the amount of ZnO up to
2 wt.% led to a slight increase in remaining zircon
and Zt. The highest amount of Zt (4.5 wt.%) was
obtained in the ZZ2-1650 sample. Further increase
in the amount of ZnO (up to 4 wt.%) resulted in a
little increase of zircon stability but the Zt remained
stable. The formation of Zt due to the addition of
ZnO to zirconia has also been observed by other
researchers.22,23 Therefore, it can be concluded that
the addition of ZnO prohibits zircon decomposition,
probably due to the formation of a solid solution that
lowers the likelihood of zircon lattice transforma-
tion, or reaction of ZnO with impurities such as Al,
and formation of a secondary phase. The formation

of a secondary phase such as ZnAl2O4 has been
reported elsewhere.24

Phase Composition of ZM Samples

Figure 2 shows the Rietveld analysis of XRD
patterns for zircon sintered with MnO2. The same
trend as for ZnO is also observed with the addition
of MnO2. The amount of remaining zircon increased
from 42% (Z0-1650) to 92% (ZM1-1650). The
remaining zircon was more than 90% in other ZM
samples. Adding 1 and 2 wt.% of MnO2 additive
resulted in the lowest amounts of Zm and Zt (Fig. 2b
and c), meaning that the suppression of the decom-
position of zircon has occurred. However, it is
revealed that increasing the additive content up to
4 wt.% results in the stabilization of Zt. The forma-
tion of Zm was observed to be decreased by more
addition of MnO2. Tetragonal zirconia stability of
1 wt.% MnO2-doped TZP was also reported to be
sensitive to the sintering temperature, and it
decreased at 1400�C.10 Studies have reported that
adding MnO2 to zirconia is beneficial for the stabil-
ity of Zt.11,25 The reason for this is that MnO2 (or
ZnO) dissolves into the ZrO2 and creates oxygen
vacancies.26–28 Oxygen vacancies are responsible for
the stabilization of tetragonal zirconia.29

Formation of Solid Solution

The study of the elemental substitution in zircon
revealed that cations can be substituted at the Zr or
Si sites.30 Therefore, some degree of solid solution
can be expected between zircon and the additives.
As shown in Fig. 3a, at 1650�C, the position of the
zircon peak was not changed by ZnO addition. This
can be attributed to the similar ionic radius of Zn2+

(74 pm) and Zr4+ (72 pm). Some researchers have
reported a minor change in the lattice parameters of
stabilized zirconia by ZnO doping, due to this
fact.31–33 Investigations on the effect of ZnO addi-
tion on stabilized zirconia showed that ZnO dis-
solves in the ZrO2 lattice.26,27,34 Therefore, it may be
concluded that Zn2+ can dissolve in the zircon lattice
too, and a solid solution may be formed, but more
precise studies are needed in this regard. According
to the Hume-Rothery rules,35 the solid solution
occurs if the relative difference between the atomic
radii of the two species is lower than 15%. The
mismatch parameter between Zr (72 pm) and Zn
(74 pm) radii is 2.8%. Also, a metal with a lower
valency (Zn2+) is more likely to dissolve in another
metal with a higher valency (Zr4+). Therefore, some
degree of solid solution can be expected between
zircon and ZnO; however, the different crystal
structure of zircon (tetragonal) and ZnO (hexagonal)
may the reason for a low solubility limit.

As shown in Fig. 3b, the zircon peak was shifted
towards higher angles by MnO2 addition (ZM4-1650
sample). This is attributed to the formation of a
solid solution of MnO2 in the zircon lattice. The
mentioned solid solution has a different crystal
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lattice. If ions of lower radius substitute in a lattice
(ionic radius of Mn4+ is 53 pm 29,36), they will bring
about a stretching stress leading to the shift of the
XRD peaks to higher angles.11,22 Accordingly, it can
be concluded that a solid solution of Mn is formed in
zircon. There are other studies on the shift of the
zirconia peaks towards higher angles by the addi-
tion of MnO2 which was also attributed to the
formation of solid solution.36–38 The MnO2-ZrO2

solid solution has been widely investigated; how-
ever, the present authors did not find any papers on
the solid solutions of Mn4+ or Zn2+ in zircon.

Temperature is the most important factor in the
formation of a solid solution. The formation of a
solid solution is faster at a higher temperature.20

Figure 3c and d show the effect of temperature on
the XRD peak of ZZ1 and ZM1 samples, respec-
tively. There is a little shift of the zircon peaks to
lower angles by increasing the temperature. The
zircon peak of the ZZ1-1650 sample is located at
lower angles with respect to the ZZ1-1550 sample.
The effect of temperature is also evident in Fig. 3d.

The zircon peak of the ZM1-1650 sample is at a
higher angle with respect to the ZM1-1550 and
ZM1-1450 samples. This means that sintering tem-
peratures higher than 1450�C are needed for the
observation of zircon solid solution.

Microstructure

The SEM images related to the microstructure of
the zircon samples are shown in Figs. S2 and S3.
These images indicate the presence of zircon grains
as well as dark areas or glassy phase. A porous
microstructure was observed.

SEM of ZZ samples

Figure 4a and b show the microstructure of ZZ1-
1550 and ZZ4-1550 samples at higher magnifica-
tion. The small white grains are zirconia, and the
light gray grains are the zircon matrix (Fig. 4c, d).
Dark areas are the glassy phase (point A). Energy
dispersive spectroscopy (EDS) of point A shows the
high amount of Si and O present, along with lower

Fig. 1. (a) Zircon decomposition degree, (b) formation of monoclinic zirconia, (c) formation of tetragonal zirconia with ZnO additive.
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amounts of Zr and Zn elements (Fig. 4e). A second
phase was also observed in ZZ samples inside the
glassy phase (arrows in Fig. 4a). This phase was
more clearly observable in the ZZ4-1550 sample
(Fig. 4b). EDS analysis of this phase indicates the
presence of Zn, O, Si, and Al elements (Fig. 4f).
Possibly, this is due to ZnO dissolution in zircon by
forming Zn-rich grain boundaries, which increases
the ion mobility of Zr4+ within and across the grain
boundary region. Therefore, grain boundary diffu-
sivity was activated and resulted in facilitating the
consolidation of particles.39 Other researchers indi-
cated that the observed second phase is ZnAl2O4 or
Zn2SiO4 spinel.40,41

SEM of ZM Samples

Figure 5a and b show the microstructure of ZM1-
1550 and ZM4-1550 samples, respectively. Zircon
and zirconia grains are indicated by gray and white
grains, respectively. The EDS of the dark glassy
phase (point A) is also shown in Fig. 5c. The second

phase was clearly observed in the ZM-1550 sample
(point B or arrows of Fig. 5b). EDS analysis of this
phase indicates the combination of Mn, O, Si, and Al
elements (Fig. 5d). The second phase, which has
also been observed in SEMs by other researchers,
indicates the formation of spinel (MnAl2O4).42,43

The ionic radii of Zn2+ and Mn4+ are equal to 74
and 53 pm, respectively.44 Therefore, it can be
concluded that the penetration of Mn4+ ions into
the Zircon lattice (Zr4+ ionic radius is equal to
72 pm44) is easier than that of Zn2+. Also, the atomic
volume (the ratio of weight to density) of Mn is
calculated to be about 7.6 cm3/mol, which is less
than that of Zn (9.2 cm3/mol). The smaller atomic
volume of Mn led to the higher diffusion rate of this
element into the zircon lattice; therefore, it can be
said that the penetration of manganese into the
zircon lattice is more favorable than the zinc. Maybe
this is why the secondary phase mentioned previ-
ously was clearly observed in all ZZ samples, but not
in ZM1 samples. In the formation of solid solution,

Fig. 2. (a) Zircon decomposition degree, (b) formation of monoclinic zirconia, (c) formation of tetragonal zirconia with MnO2 additive.
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1 wt.% of MnO2 was incorporated. However, the
majority of ZnO doped into zircon resides at the
grain boundaries as a secondary phase, because of
the higher ionic radius of Zn2+ than Zr4+, implying
its low solubility in zircon lattice. The lower radius
of Mn rather than Zr, the similarity between MnO2

and zircon crystal structures (tetragonal), and the
same valency of these elements (4+) can be consid-
ered to be favorable reasons for the formation of
solid solutions of Mn in Zircon. On the other hand,
Zn has a different crystal structure and valency;
therefore, the formation of a solid solution of Zn in
zircon would be expected to be less than that of Mn.

MAP Analysis of ZZ and ZM Samples

Grain boundary phases (dark gray areas shown
by letter ‘‘A’’ in Figs. 4b and 5a) for each sample
were analyzed by EDS (see supplementary
Table SII and SIII). The amount of Mn increased
in the glassy phase of the sintered samples by
increasing the manganese oxide additive content, as
well as the temperature. Seemingly, Mn had pen-
etrated into the zircon lattice up to its solubility
limit; beyond the solubility limit of Mn in zircon,
extra Mn remained in the grain boundary. A similar
trend was observed for the ZnO additive. Increasing
the amount of zinc oxide additive resulted in an

increase in the amount of Zn in grain boundary
composition.

Figure 6 shows the map analysis of ZZ and ZM
samples. Distribution of Zr, Si, O, Al, Zn, and Mn
elements is reported here. As can be seen, Zr, Si,
and O are distributed all over the grains, showing
the presence of the zircon matrix. Brighter zirconia
grains show a greater concentration of Zr element.
Al is an impurity and appeared more in zircon grain
boundaries. Indeed, the successful doping of Zn and
Mn into the zircon lattice structure can be seen in
these maps. Map analysis in Fig. 6a and b show that
Zn is highly dispersed in zircon and it also exists in
grain boundaries. This indicates the low solubility
limit of Zn in zircon. According to the ZM4-1550
image (Fig. 6c), Mn is also distributted uniformly in
the sample. The ZM4-1650 image (Fig. 6d) shows
that Mn element (which is beyond the solubility
limit) is more concentrated at the grain boundaries
as well as the grains. This means that the solubility
limit of Mn in zircon is less than 4 wt.%.

Grain Size

The interconnection of zircon grains is visible in
the ZZ1-1550 and ZZ4-1550 samples, whereas zir-
con grains in the ZZ2-1550 sample appear more
separated (Fig. S2). Separated or isolated zircon

Fig. 3. Shifting of zircon peaks (a) ZZ-1650, (b) ZM-1650, (c) ZZ1, (d) ZM1 samples.
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grains means a higher degree of zircon decomposi-
tion. The higher temperature is responsible for more
decomposition and hence the smaller size of the
zircon grains. However, grain sizes of zircon were
estimated by ImageJ software and it was found that
zircon grain sizes of ZZ-1550 samples (7 lm) and
ZZ-1650 samples (8 lm) were nearly the same. The
zircon grain size of the Z0 sample was more than
20 lm, and this shows that ZnO addition can inhibit
zircon grain growth. This is more obvious in the
ZZ4-1550 sample. The SEM observation of Liu
et al.16 shows that the addition of ZnO has a strong
effect on the microstructure and enhanced grain
growth of zirconia. On the other hand, the beneficial
effect of ZnO addition on the improvement of ZrO2

morphology31 and reduction of the grain size in
YSZ32 have been reported.

There were no remarkable differences between
ZM samples (Fig. S3). The zircon grain sizes of ZM-
1550 and ZM-1650 samples were about 12 lm and
10 lm, respectively. Extra grain growth of alumina
and zirconia due to using manganese oxide as a
sintering additive has been reported in previous
studies9,45,46; however, fortunately, the grain growth
was not observed in ZM samples. The influence of
additives in decreasing the zircon grain size was
more observable in the ZM4-1650 sample (5 lm).

The previous results demonstrate that the pres-
ence of ZnO leads to the formation of a new phase at

the grain boundary of all ZZ-1550 and ZZ-1650
samples. It was also observed that the grain bound-
aries of only ZM-1650 samples include a segregated
phase. This is why ZnO was more effective in the
reduction of zircon grain size. These second phases
can hinder the grain growth of zircon. Any grain
boundary migration should be incorporated by Zn (or
Mn) ions, indicating that it was harder for the grain
boundary to move, which resulted in prohibition of
grain growth. Mn3O4 was detected as the secondary
phase in zirconia when the amount of manganese
oxide was higher than the solubility limit.36

Porosity

The variation of apparent porosity for the zircon
sintered with different amounts of additives is
shown in Table I. Generally, the maximum density
and sinterability is accompanied by lower porosity.
Table I shows that the lower porosity is achieved at
higher firing temperatures. The total density of
zircon products is less than that of the reactant;
therefore, the decomposition of zircon increases the
porosity. Hence, additives can be beneficial in
porosity reduction.

Porosity of ZZ Samples

The porosity of zircon samples sintered with ZnO
additive (1 wt.%, 2 wt.%, or 4 wt.%) at 1450�C was

Fig. 4. Microstructure of (a) ZZ1-1550, (b) ZZ4-1550, and EDS analysis of (c) point zircon, (d) point zirconia, (e) point A, (f) point B.
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about 30% and did not change significantly by ZnO
content. This means that the sintering temperature
was too low for the densification of zircon and it
cannot even be improved by ZnO addition. The
porosity of the ZZ1-1550 sample was 24.9%; how-
ever, ZZ2-1550 showed a remarkable decrease in the
porosity (17.2%) which indicates the positive effect
of ZnO sintering aid at higher temperatures. The
increase of the porosity of the ZZ4-1550 sample
(24%) somehow related to the decomposition of
zircon. The lower porosity of the ZZ1-1650 sample
(17.9%) was due to an increase in the sintering
temperature and higher consolidation. More zircon
decomposition was observed for the ZZ2-1650 sam-
ple which was responsible for the higher porosity. It
should be noted that the lower decomposition of
zircon in the ZZ4-1650 sample resulted in lower
porosity (21.9%) than in the ZZ2-1650 sample.

It has been reported that a small addition of ZnO
was effective in reducing the sintering temperature
and increasing the densification of ZrO2 sam-
ples23,27,31 through viscous flow sintering.16 Proba-
bly, the viscous flow promotes the diffusivity rate of
the zircon, thus ZnO can enhance the densification
(ZZ2-1550). In addition, at lower ZnO content, the
formation of the solid solution and inhibition of
zircon decomposition are beneficial effects of ZnO.
Despite these beneficial effects, there is a contra-
dictory result in some samples, showing that adding
ZnO inhibited the sintering process of zircon. The
higher melting point of ZnO,23 the formation of
secondary phases at grain boundaries, and high
sintering temperature which accelerates zircon
decomposition are the reasons for lower densifica-
tion. On the other hand, the ionic radius of Zn2+ is
higher than Zr4+. At high ZnO content, possibly Zn

Fig. 5. Microstructure of (a) ZM1-1550, (b) ZM4-1550, and EDS analysis of (c) point A, (d) point B.
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Fig. 6. Map analysis of (a) ZZ4-1550, (b) ZZ4-1650, (c) ZM4-1550, (d) ZM4-1650.
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ions or the secondary phase sited in the grain
boundaries, inhibit the migration of Zr and also
suppress grain growth; therefore, the lower densi-
fication of zircon can be attributed to the high
amount of ZnO at high temperature.

Porosity of ZM Samples

Table I shows that MnO2 addition results in a
decrease in zircon porosity. Previous studies
reported the beneficial effect of MnO2 in the densi-
fication of other ceramics such as zirconia.10

Ramesh et al.39 showed that MnO2 doping resulted
in relatively high density and enhanced the consol-
idation process of stabilized zirconia. A transient
liquid phase was found in the MnO2-doped zirconia
during sintering in their work. Zhou et al.11

reported that MnO2 forms a solid solution in
zirconia crystal, and may increase the lattice defects
of zirconia, leading to a reduction of diffusion
activation energy. Therefore, the substitution of
Mn in Zr sites results in fast diffusion paths during
the sintering process.47 Formation of the solid
solution and liquid phase5 as well as inhibition of
zircon decomposition can be considered to be the
reasons for the improvement of zircon densification.

CONCLUSION

The present study aimed to evaluate zircon
decomposition and formation of solid solution using
1 wt.%, 2 wt.%, and 4 wt.% of ZnO and MnO2 as
additives at different temperatures. Using 1 wt.% of
these additives retarded zircon decomposition and
developed its thermal stability. Maximum decom-
position was achieved at a temperature of 1650�C.
Formation of tetragonal zirconia was promoted as
the ZnO or MnO2 amount increased up to 2 wt.% or
4 wt.%, respectively. The sintered zircon using
4 wt.% of MnO2 or 2 wt.% of ZnO had the lowest
porosity. There was a little shift of the XRD peaks of
zircon toward higher angles through the use of
MnO2; however, ZnO did not result in any remark-
able shift. Increasing the sintering temperature
resulted in a clear shift of the XRD peaks of zircon.
Microstructural analysis and shifting of XRD peaks

showed that Mn element is located all over the
zircon grains, assuming to form a solid solution due
to its low ion radius and small atomic volume. The
solubility limit of Mn in zircon is higher than that of
Zn. ZnO also dissolved in zircon; however, because
of its higher ion radius and higher atomic volume
compared with Mn ions, its solubility was seen at
higher temperatures. A secondary phase was
observed more in zircon samples containing ZnO
than in those containing MnO2. Both additives
inhibited the grain growth of zircon. In this, ZnO
was more effective than MnO2, due to the formation
of greater amounts of secondary phase.
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