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Abstract

The effects of Mn3;0O, addition and annealing under a reducing atmosphere (N,:H,=97:3) on the microstructure and phase stability of calcia-
stabilized zirconia (CSZ) ceramics sintered at 1500 °C for 3 h in air were investigated. Undoped and MnzO4-doped 12.5 mol% CSZ (125CSZ)
ceramics were prepared via a conventional solid-state reaction process. X-ray diffraction patterns showed a single cubic phase of ZrO, in 0.3 mol
% Mn;0,4-doped 125CSZ after sintering at 1500 °C for 3 h. Monoclinic ZrO, phases were observed in 0.5 mol% Mn3;04-doped 125CSZ and
undoped 15 mol% CSZ ceramic after annealing at 1300 °C for 30 cycles in a reducing atmosphere. The amount of monoclinic ZrO, phase
observed in 0.5 mol% Mn304-doped 125CSZ was less than that found in undoped 15 mol% CSZ annealed at 1300 °C under a reducing

atmosphere.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Calcia-stabilized zirconia (CSZ) has received considerable
attention from the research community because of its excellent
features, which include high oxygen-ion conductivity, high
fracture toughness, and low thermal conductivity. CSZ is
widely applied in solid oxide fuel cells, thermal barrier
coatings, and advanced structural ceramics [1-6]. Pure zirconia
(ZrO,) has a cubic fluorite structure upon cooling from its
melting point (2680 °C) and transforms into a tetragonal
form at 2370 °C and a monoclinic form at 1170 °C [7]. The
metastable cubic phase of ZrO, is the most suitable for
application in many devices, and one of the major challenges
of working with the material is controlling and tuning its
crystallographic phase. Introduction of cations with less than
four valence electrons, such as Y**, Ca>*, and Mg?*, creates
a high concentration of oxygen vacancies that can stabilize
high-temperature structure phases at room temperature.
According to a two-component phase diagram (ZrO,—CaO)
[8,9], ZrO, can be stabilized in a cubic fluorite structure at low
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temperatures with calcium oxide (CaO) contents between 10
and 20 mol% at 1700 °C.

Manganese ions can dissolve into yttria-stabilized ZrO,
(YSZ) with a solubility limit of 5 mol% at 1000 °C and
15 mol% at 1500 °C [10]. Appel et al. [11] reported that a
single cubic structure could be retained by 7.5 mol% YSZ with
2 mol% or more Mn at 1400 °C. The valence state of Mn may
change with the oxygen partial pressure [12]. Kawada et al.
[10] found that all Mn>" in stabilized ZrO, could be reduced to
Mn?* at oxygen partial pressures lower than 10~ ' Pa. There-
fore, oxygen vacancies are generated when Mn>' ions are
substituted into the Zr** site at low oxygen partial pressures.
Moreover, oxygen vacancies have been reported to exert very
important effects that can retain the high symmetry of the
crystal phase of ZrO, at room temperature [13].

To date, no information is yet available regarding the
synthesis and phase stability of Mn-doped CSZ, which is
crucial for device applications. In the current study, the phase
stability and microstructure of CSZ ceramics doped with 0-
0.5 mol% Mn;0, were investigated. The effect of annealing
under a reducing atmosphere on the phase stability of Mn-
doped CSZ ceramics was thoroughly studied by X-ray
diffraction (XRD) and scanning electron microscopy (SEM).
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2. Materials and methods

A conventional solid-state reaction method was used to
prepare 3, 6, 7.5, 10, 12.5, and 15 mol% CaO-stabilized ZrO,
from commercial powders of ZrO, (KCM Corporation, Japan,
> 99.9%) and CaO (Strem Chemicals Inc., USA, > 99.9%).
The ZrO, and CaO powders were mixed with deionized water
and ZrO, balls having 2 mm diameter in a ball-milling bottle
for 24 h (ball-to-water-to-powder ratio, 12:2:1; rotation rate,
62 rpm). The mixture was dried at 125 °C, calcined at 1400 °C
for 6 h in air, and then crushed into powder. The powders were
mixed with the binder (polyvinyl alcohol) additive and then
pressed into disk-shaped specimens. The pellets were sintered
at 1300, 1400, or 1500 °C for 3 h in air at a heating rate of
3 °C/min. Different amounts of Mns;O, (0.1, 0.2, 0.3, or
0.5 mol%) were mixed with 12.5 mol% CaO-stabilized ZrO,
(125CSZ) powders using the same procedure, and the pellets
were sintered at 1500 °C for 3 h in air at a heating rate of 3
°C/min.

The undoped 15 mol% CSZ (15CSZ) and 0.5 mol% Mn304-
doped 125CSZ (Mnl25CSZ) ceramics were subjected to
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Fig. 1. Relative density as a function of CaO addition for ZrO, ceramics
sintered at 1300, 1400, and 1500 °C for 3 h.

thermal aging tests. The samples were annealed at 1300 °C
for 2h at a heating rate of 5°C/min in flowing dry gas
(N,:H,=97:3) and subsequently cooled in a tube furnace; one
annealing and cooling procedure is considered one cycle in the
thermal aging test. The oxygen partial pressure of the dry gas
mix was about 1 x 10~ '° Pa.

The crystallinity of the sintered samples were analyzed by
high-resolution XRD (Bruker D8D, Germany), with Cu-Ka
radiation for 26 from 20 ° to 80 ° at a scan speed of 2 °/min~ .
The DIFFRAC plus TOPAS version 3.0 program was used to
determine the phase fractions of the constituent phases of the
CSZ samples. Interior microstructural observation of the
sintered ceramics was conducted using SEM (JEOL JEL-
6400, Tokyo, Japan). Average grain size measurements were
conducted using a linear intercept method in compliance with
the British Standard BS EN 623-3:2001, where the number of
grains analyzed per sample was about 400. The bulk density of
the sintered pellets was measured using the Archimedes
method; 10 samples were used to obtain average values.
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Fig. 2. XRD spectra of the ZrO, ceramics with (a) 3, (b) 6, (c) 7.5, (d) 10, (e)
12.5, (f) 15 mol% CaO addition sintered at 1500 °C for 3 h.

Fig. 3. SEM micrographs of the ZrO, ceramics with (a) 3, (b) 6, (c) 7.5, (d) 10, (e) 12.5, (f) 15 mol% CaO addition sintered at 1500 °C for 3 h.
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3. Results and discussion
3.1. Synthesis of CSZ and Mn;04doped CSZ

The relative densities of the ZrO, ceramics sintered at
different temperatures (1300, 1400, and 1500 °C) for 3 h were
determined as a function of CaO addition and are plotted in
Fig. 1. The relative densities of the specimens sintered at all
temperatures increased with increasing CaO content up to
10 mol%. Ceramics with a relatively high density of 95.7%
were obtained. Radford et al. [14] reported that enhancement
of densification may be observed in 5 wt% CSZ ceramics with
5mol% CaO. However, the relative density decreased
with increasing CaO addition at CaO contents over 10 mol%.
The relative density of 15 mol% CaO-added ZrO, ceramic
decreased to 88.3%. The decrease in density can be attributed
to the increase in CaO concentration in the samples, which
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Fig. 4. Relative density as a function of Mn3;0, addition for 125CSZ ceramics
sintered at 1500 °C for 3 h.

causes an increase in number of generated oxygen vacancies
because of the different valence states of Ca>* and Zr** [15].
The crystalline phases of the CSZ samples were determined
by XRD. Fig. 2 shows the XRD spectra of ZrO, ceramics with
3,6, 7.5, 10, 12.5, and 15 mol% CaO and sintered at 1500 °C
for 3 h. ZrO, ceramic has cubic and monoclinic phases (c-ZrO,
and m-ZrO,) when the CaO content is less than 12.5 mol%.
The intensity of the peaks of monoclinic phases decreased
significantly as the CaO content increased to 12.5 mol% and
then disappeared when the CaO content reached 15 mol%.
Fig. 3 presents SEM micrographs showing different surface
morphologies of the ZrO, ceramics with 3, 6, 7.5, 10, 12.5,
and 15mol% CaO and sintered at 1500 °C for 3 h. The
number of small grains decreased with increasing CaO content
[Fig. 3(a)-(e)]. According to the XRD analysis, the m-ZrO,
phase disappears when the CaO content reaches 15 mol%,
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Fig. 5. XRD spectra of the 125CSZ ceramics with different amounts of Mn3;0,4
addition sintered at 1500 °C for 3 h.

Fig. 6. SEM micrographs of the 125CSZ ceramics with (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.5 mol% Mn;0, addition sintered at 1500 °C for 3 h.
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which shows a consistent tendency. Therefore, the small and
large grains may be m-ZrO, and c-ZrO,, respectively.

The effects of Mn3O, doping on the relative densities,
microstructural characteristics, and phase evolution of the
125CSZ ceramic were evaluated. The relative density of
125CSZ ceramics sintered at 1500 °C for 3 h were measured
as a function of Mn30O, addition and are plotted in Fig. 4.
The relative density increased to 96.8% with increasing Mn3 Oy,
content up to 0.5 mol%. This result is similar to that of Sakka
et al. [16], who reported enhancement of densification in 3 mol
% YSZ ceramics with 0.1 mol% Mn;0,4. Addition of Mn;0y4
thus promotes the diffusion rate of Zr*' jons because the
densification rate of ZrO, ceramics depends on the diffusion
rate of Zr** [17,18].

The crystalline phases of the five Mn;O4-containing samples
were determined by XRD. Fig. 5 shows the XRD spectra of
125CSZ ceramics with 0, 0.1, 0.2, 0.3, and 0.5 mol% Mn;0,

Grain size (um)
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Fig. 7. Average grain size as a function of Mn3O, addition for 125CSZ
ceramics sintered at 1500 °C for 3 h.
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Fig. 8. XRD spectra of the 15CSZ ceramics sintered at 1500 °C for 3 h and
subsequently annealed at 1300 °C for 0, 30 and 60 cycles.

and sintered at 1500 °C for 3 h. A change in crystalline phase
was observed with increasing Mn;0O, content. Undoped
125CSZ ceramic has two phases: c-ZrO, and m-ZrO,.
The intensity of the peaks of monoclinic phases decreased as
the Mn3O, content increased to 0.2 mol% and then disap-
peared when the Mn;O, content reached 0.3 mol%. These
results indicate that addition of Mn;0y, is an effective approach
for stabilizing ZrO, in its cubic phase at room temperature.
The oxidation state of Mn in solid solutions with ZrO, exists
as a mixture of Mn** and Mn** when Mn-doped ZrO,
ceramics are sintered in air [11]. Two double-ionized oxygen
vacancies are formed simultaneously when Mn ions are
substituted into the Zr site, i.e.:

0, ! " oo X
Mn3;04=2Mn,, 4+ Mn,, + 2V + 404 (1)

where Mny/.is the Mn>* ion on a zirconium lattice site, Mn/
the Mn”>* ion on a zirconium lattice site, V¥ the double
positively charged oxygen vacancy, and O)(g the oxygen neutral
atom on an oxygen lattice site. The reaction shows that
increasing the Mn content in CSZ results in an increase in
concentration of oxide vacancies. Oxygen vacancies have been
reported to exert important effects that can promote retention
of the cubic phase at room temperature. Cubic to monoclinic
phase transformation is driven by a decrease in oxygen
vacancies and modification of the valence state of Mn ions
[19].

Fig. 6 presents SEM micrographs showing different surface
morphologies of 125CSZ ceramics with 0.1, 0.2, 0.3, and
0.5 mol% Mn;0, and sintered at 1500 °C for 3 h. 125CSZ
with lower Mn3;0, contents showed large grains accompanied
by small crystals [Fig. 6(a) and (b)]. With further increases in
Mn;O, content, typical equiaxial grains were obtained and
good particle packing was achieved [Fig. 6(c) and (d)]. Grain
growth rapidly increased with increasing amount of Mn3Oy,
added, as shown in Fig. 7. Thus, Mn;0,4 can affect the mobility
of the grain boundary of ZrO, phases.
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Fig. 9. XRD spectra of the Mn125CSZ ceramics sintered at 1500 °C for 3 h
and subsequently annealed at 1300 °C for 0, 30 and 60 cycles.
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Table 1

The volume fraction of the m-ZrO, for undoped 15CSZ and Mn125CSZ ceramics with annealing treatment for 30 and 60 cycles.

Sample Thermal aging cycle Volume fraction of m-ZrO, (%)
15CSZ 30 8.1

60 12.2
Mnl125CSZ 30 6.9

60 9.7

Fig. 10. SEM micrographs of (a—c) 15CSZ and (d—f) Mn125CSZ sintered at 1500 °C for 3 h and subsequently annealed at 1300 °C for 0, 30, and 60 cycles,

respectively.

3.2. Phase stability of CSZ and Mn;04-doped CSZ

A thermal aging test was conducted to understand the phase
stability of undoped 15CSZ and 0.5 mol% Mn125CSZ cera-
mics annealed in a reducing atmosphere. The sintered speci-
mens were annealed at 1300 °C for 2 h, and then cooled to
room temperature in a reducing atmosphere, which is defined
as one cycle for the thermal aging test. Fig. 8 shows the XRD
spectra of the undoped 15CSZ ceramics heat treated for 0, 30,
and 60 cycles. The as-sintered specimens showed a single
cubic structure. The peak of the m-ZrO, phase appeared after
30 thermal aging cycles, which means that c-ZrO, and m-ZrO,
coexist in 15CSZ ceramics after heat treatment. In the thermal
aging test of 60 cycles, the intensity of the m-ZrO, peak also
increased compared with that of the c-ZrO, peak, which
indicates that more m-ZrO, precipitates from the c-ZrO,
matrix. Similar results were observed in the case of the
Mn;0,4-doped CSZ ceramics. Fig. 9 shows the XRD spectra
of the Mn125CSZ ceramics sintered at 1500 °C for 3 h and
subsequently annealed at 1300 °C for 0, 30, or 60 cycles in a
reducing atmosphere. A single crystalline phase of c-ZrO, was
present in the as-sintered specimens, and two phases (c-ZrO,
and m-ZrO,) were observed in the samples annealed for 30 and
60 cycles. The phase evolution of CSZ ceramics during
sintering and subsequent lower-temperature annealing can be

clearly understood by referencing their phase diagram [9].
At 1300 °C, ZrO, with 15 mol% CaO exhibits two phases
(tetragonal+cubic phases) in the two-component system [9].
Ciacchi et al. [20] observed that annealing causes formation of
tetragonal precipitates.

The XRD spectra in Figs. 8 and 9 show that the m-ZrO,
phase appears as a secondary phase in undoped 15CSZ and
Mn125CSZ annealed for 30 and 60 cycles. The volume
fraction of m-ZrO, is presented in Table 1. As heat treatment
progressed, the amount of m-ZrO, observed increased. After
heat treatment, Mn125CSZ showed less m-ZrO, formation
than 15CSZ, which indicates that addition of a small amount of
Mn;0,4 to CSZ produces higher temperature phase stability
than pure CSZ.

Minor precipitates of the Mnl25CSZ specimens were
obtained after thermal aging in a reducing atmosphere.
Kawada et al. [10] suggested that Mn ions in stabilized ZrO,
have a valence of 2+ at oxygen partial pressures lower than
107 'Pa. Mn ions are reduced to lower valence states
according to [21]:

1 - /
2Mnj,, + O = 502+ VY +2Mny, 2)

where Mny is the Mn>* ion on a manganese lattice site, Mny,,
the Mn>* ion on a manganese lattice site, V7’ the double
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Fig. 11. Average grain size as a function of thermal aging cycle for 15CSZ
and Mn125CSZ ceramics.

positively charged oxygen vacancy, and Og the oxygen neutral
atom on an oxygen lattice site. Extra oxygen vacancies are
generated when Mn>* jons are substituted into Zr** sites
during heat treatment, resulting in the stable presence of the c-
ZrO, phase at room temperature.

Although substitution of Ca®* and Mn®* for Zr** in the
ZrO, lattice could generate oxygen vacancies, the contribution
of Mn*" to the stabilized ZrO, is higher than that of Ca®",
which could be ascribed to the different ionic radii of the
cations (Ca’*=0.112nm, Mn**=0.096 nm) [7,22]. Barker
et al. [23] suggested that the amount of added stabilizer could
be reduced in the case of fully stabilized ZrO, when the radius
of the cationic stabilizer is close to that of Zr** (0.084 nm).
Jones et al. [24] and Leoni et al. [25] investigated changes in
the formation of monoclinic ZrO, with respect to the stabilizer
and reported that scandia-YSZ shows better phase stability
than conventional YSZ; here, the ionic radii of Y>* and Sc**
are 0.102 nm and 0.087 nm, respectively.

SEM micrographs of 15CSZ and Mnl25CSZ ceramics
subjected to annealing treatment for 0, 30, and 60 cycles are
presented in Fig. 10. Fig. 10(a) and (d) shows the morphology
of undoped 15CSZ and Mn125CSZ ceramics without anneal-
ing treatment, respectively. XRD results indicate that typical
equiaxial grains of c-ZrO, were obtained. Grain boundaries
were clearly observed, and the grain sizes of 15CSZ and the
Mn125CSZ were about 4.7 and 7.6 pm, respectively. Fig. 10
(b), (¢), (e), and (f) shows that the fine grains may represent
the m-ZrO, phase in the c-ZrO, matrix, similar to Fig. 3(e).
The grain sizes of 15CSZ and Mn125CSZ annealed at 1300 °C
for 60 cycles were approximately 8.4 and 11.8 pm, respec-
tively. The grain size data of 15CSZ and Mnl125CSZ after
annealing for 0, 30, and 60 cycles are shown in Fig. 11.

4. Conclusions

In this study, the effects of doping with Mn;O, and
annealing under a reducing atmosphere on the phase evolution,

microstructure, and phase stability of CSZ ceramics were
investigated. A single c-ZrO, phase was successfully prepared
by the solid-state reaction of 0.3 mol% Mn3;0,4-doped 125CSZ
ceramic at a sintering temperature of 1500 °C. The m-ZrO,
phase was precipitated within the ¢-ZrO, matrix when undoped
15CSZ and Mn125CSZ as-sintered ceramics were annealed at
1300 °C for 30 cycles in a reducing atmosphere. These results
suggest that the stability of the ¢-ZrO, phase of Mn3;04-CaO-
stabilized ZrO, is better than that of commercial 15CSZ at
1300 °C. Mn304-doped 125CSZ showed significant grain
growth, which is attributed to oxygen vacancies that enhance
the atomic mobility of the grain boundaries.
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