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Nanocrystallines of calcia-stabilized zirconia are known to reveal excellent mechanical and high ionic conductivity properties
whose depend on the calcia concentration. In this work, nanocrystallines of calcia-stabilized zirconia were synthesized from
zircon precursor and 7.5 weight % CaO at 1000 oC, 1200 oC, and 1400 oC. Phase transformation and microstructure evolution
were investigated by an X-ray diffraction and a scanning electron microscopy. Another un-doped zirconia was also synthesized
from the local zircon by following the same procedure for comparison. A fully cubic form of the calcia-stabilized zirconia and
calcium zirconate were obtained at 1200°C having the crystallite sizes ranging from 55 to 87 nm and remained stable at
1400 oC. Meanwhile, un-doped zirconia consisted of pure the monoclinic zirconia at 1200 oC and 1400 oC. High agglomeration
is found in the calcia-stabilized zirconia particles at 1000 oC, whereas grain boundaries and interconnect are observed at
1400 oC. The cubic crystal of zirconia has specific and different finger print characteristics in the infra-red spectrum compared
to the monoclinic zirconia.  
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Introduction

Zirconia is a promising material and frequently used
in many conventional and advanced applications such
as nozzles, refractories, dental materials, fuel cells, and
catalysts. Nevertheless, pure zirconia exhibits some
improper properties, low mechanical properties and a
low ionic conductivity, for instance [1, 2]. Therefore,
some lower-valence metal oxides are added to stabilize
zirconia in order to enhance its properties [3-5]. For
example, calcia is often used as a dopant in zirconia to get
the tetragonal or the cubic structures [5, 6]. These zirconia
structures have different main properties; the tetragonal
zirconia exhibits excellent mechanical properties [5],
whereas the cubic zirconia shows high ionic conductivity at
high temperatures [7, 8]. The phase composition of calcia-
stabilized zirconia depends on the calcia concentration as
the dopant [9, 10]. 

A number of techniques have been reported on the
preparation of microcrystalline and nanocrystalline calcia-
stabilized zirconia (CSZ) powders, such as solid state
reaction [4, 10], a coprecipitation method [11], a polymeric
precursor route [11, 12], a sol-gel method [13], hydrothermal

processing [14], a solution combustion method [15], milling
process [5] and calcination masking gel [6]. Most of these
techniques on calcia-stabilized zirconia synthesis
used organometallic compounds and salts as the
zirconium precursors, which were less economic than
zircon precursor. Some works on preparation of stabilized
zirconia from zircon precursor were successfully
conducted, as reported by Manivasakan et al. [16] and El-
Tawill, et al. [17]. Manivasakan, et al. [16], “synthesized
sodium stabilized cubic zirconia from raw zircon sand
using a chemical extraction process followed by a ball
mill-aided precipitation route”. El-Tawill, et al. [17],
“successfully prepared cubic zirconia from zircon sand
by firing with CaO/MgO mixture at 1500 oC and after
separating the silica by acid leaching”. The last technique
is the most relevant on synthesis of CSZ but it takes a lot
of costs because of high energy consumption. 

In this work, nanocrystallines of the cubic stabilized
zirconia was synthesized from zircon precursor with
calcia as a dopant. Duwez, et al. [18] reported that the
amount of calcia required to stabilize zirconia in the
fluorite-type cubic phase was between 8 and 17 weight
% at various temperatures between 815 oC and 1375 oC
[18]. This result seems to be different from the findings
of Stubican and Pray [19]. Stubican and Pray [19]
found crystallization of the fluorite-type cubic phase of
zirconia at a lower concentration of calcia of about 7.5
weight % at 850 oC and the calcia-stabilized zirconia
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remains cubic at temperatures 1000 oC-2000 oC. Therefore,
about 7.5 weight % CaO was used as a stabilizer on the
synthesis of CSZ nanocrystallines in this work.  However,
this work reports a simple method on synthesis of
nanocrystalline CSZ using inexpensive local precursors at
relative low-temperature calcination. Nanocrystallines of
CSZ was synthesized from local zircon precursor and
local slaked lime (Ca(OH)2) through wet milling process.
The as-synthesized CSZ was calcined at elevated
temperatures from 1000 oC to 1400 oC. The objectives of
this work are to synthesize nanocrystallines CSZ from
local precursors through wet milling process, to study its
phase transformation and microstructure evolution during
thermal treatment with X-ray diffraction (XRD) and
scanning electron microscopy (SEM) studies, and to
distinguish characteristics of CSZ’s infra-red spectrum
compared to un-doped zirconia.

Experimental Procedure

Materials and instruments
Local zircon (ZrSiO4) was obtained from PT.

Monokem Surya Indonesia consisting of 64.51% of
ZrO2, 31.31% of SiO2, and 0.95% of HfO2 as major
components, and the beneficiated Indonesian origin
limestone was obtained from Padalarang-West Java,
Indonesia. The other material utilized in this work were
sodium carbonate (Na2CO3), a 96% sulfuric acid solution,
sodium hydroxide (NaOH), an ammonia solution, and
carboxyl methyl cellulose (CMC) from the Indonesian
local chemical distributor. The laboratory apparatus used
were an alumina mill with 5 kg capacity, a hydraulic
press, a gas furnace with the maximum temperature of
1300 oC, and an electric furnace with the maximum
temperature of 1500 oC. The analytical instruments
used in this work were a Shimadzu Lab-X XRD-6000
X-ray diffractometer (XRD), ZEISS and JEOL JSM-
35C scanning electron microscopes (SEMs), and a
Shimadzu Fourier Transform Infra-Red (FT IR)
Prestige 21 spectrometer. 

Synthesis of 7.5 weight % Calcia-stabilized zirconia
Zirconium precursors, zirconium hydroxides, were

extracted from local zircon through a low cost, facile
method of sodium carbonate sintering [20]. Chemical
compositions of zirconium hydroxide at 150 oC by an
energy dispersive X-ray (EDX) spectroscopy are shown
in Table 1. A starting material of calcium oxide was
prepared from the calcined Indonesian limestone. An
XRD pattern of the beneficiated Indonesian limestone
from Padalarang-West Java is presented in Fig. 1. 

The synthesis of CSZ was initially carried out by
dissolving the zirconium hydroxide precursors in the
acid solution until the final pH 4. Single component of
calcia was prepared from limestone. The local
limestone was initially calcined at 900 oC to produce
lime. The amount of lime weighed had to produce 7.5
weight % CaO of zirconia. The appropriate amount of
lime was blended with water to give “slaked lime”,
calcium hydroxides (Ca(OH)2). The slaked lime was
then mixed with the zirconia precursors in an alumina
pot mill, then pH of the mixture was adjusted by
adding an ammonia solution to the mixture until
neutral condition under vigorous milling for 8 hrs. The
as-synthesized CSZ was then dried in an oven at
approximately 100 oC and was continuously calcined at
1000 oC, 1200 oC, and 1400 oC for 1 hr. Another batch
of un-doped zirconia was also prepared from the local
zircon by following the same procedure for comparison
of the zirconia phase transformation and infra-red
spectra. However, the calcination temperature of this
un-doped zirconia was only applied at 1200 oC and
1400 oC for 1 hr.   

Characterization 
Crystalline phases of CSZ and und-doped zirconia

were identified by an XRD instrument using Shimadzu
Lab-X XRD-6000 X-ray diffractometer at 40 Kv and
30 mA with Cu/Kα (λ = 1.54060 Å) radiation source.
The diffraction patterns were scanned from 10.0150 to
79.9750 and 90.0800 (2θ) with angular step of 0.0200-
0.0300. Crystallite sizes were estimated from XRD
peak widths using the Scherrer equation [1]. 

(1)

where D is the crystallite size, K is a shape factor with
a value of 0.9-1.4, λ is the wavelength of the X-rays
(1.540598 Å), θ is Bragg’s angle and β is the full width
at half maximum (FWHM). XRD patterns were
identified using the PDF2, JCPDS-International Centre
for Diffraction Data.

SEM analysis was carried out to observe microstructure
evolution of the calcined CSZ at elevated temperatures
using ZEISS and JEOL JSM-35C SEMs. A Shimadzu
FT-IR Prestige 21 spectrometer was used to analysis infra-
red spectra of CSZ and un-doped zirconia. 

D
Kλ
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Table 1. Chemical composition of Zr(OH)4.

Oxides ZrO2+ HfO2 SiO2 SO3 CaO Fe2O3Co2O3 ZnO

Percent (%) 90.761 4.410 4.304 0.299 0.200 0.014 0.012

Std. 0.105 0.054 0.031 0.002 0.004 0.003 0.001

Fig. 1. The beneficiated Indonesian limestone.
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Results and Discussion

Phase transformation of CSZ at elevated temperatures
The powder XRD analysis results of which are

shown in Fig. 2, shows the phase transformations of
CSZ at elevated temperatures of 1000 oC, 1200 oC, and
1400 oC. Based on Fig. 2, the as-synthesized CSZ from
zirconium hydroxide and slaked lime starting materials
consisted of the monoclinic and the cubic phases of
zirconia at 1000 oC. The main peaks of the m-ZrO2

appear at diffraction angles 2θ of 28.23 o and 31.55 o,
corresponding to the (111) and (111) crystal planes of
the m-ZrO2 structure, respectively (PDF-2. 830944).
Meanwhile, the peaks of the c-ZrO2 are identified at
diffraction angles 2θ of 30.16 o, 34.94 o, 50.21 o,
59.67 o, 62.57 o, and 73.70 o, corresponding to the
(111), (200), (220), (311), (222), and (400) crystal
planes of the c-ZrO2 structure, respectively, as according
to PDF-2. 811550 and PDF-2. 750359. The result is
different from the finding of Septawendar, et al. [6].
They reported low-temperature crystallization at 800 oC
of the pure fluorite-type cubic phase of CSZ using salts
as CSZ precursors. In addition, Septawendar et al. [16]
used higher concentration of calcia than that used in
our work, it was about 17 weight % calcia of zirconia. In
a case, the type of CSZ starting or precursor materials
and calcia concentration in the synthesis conditions
perhaps controlled that emergence of different zirconia
phases and crystallization temperature on CSZ. However,
according to the powder XRD analysis results at 1000 oC
of which are shown in Fig. 1, calcia stabilizer started
partially to penetrate the zirconia lattices and reacted with
the metathetically formed ZrO2 to result in a cubic solid
solution [6]. It is strongly evidenced by the existence of
the c- and the m-ZrO2 phases in CSZ sample. 

Nevertheless, by increasing temperature from 1000 oC to
1200 oC, the c-ZrO2 peaks increased and the main peaks of
the m-ZrO2 significantly disappeared at diffraction angles
2θ of 28.23 o and 31.55 o, corresponding to the (111) and
(111) crystal planes of the m-ZrO2 structure (see in Fig. 2).
At the moment, this phenomenon was also accompanied
by the appearance of calcium zirconate (CaZrO3) peaks

at diffraction angles 2θ of 31.64 o and 22.31 o,
corresponding to the (121) and (101)/(020) crystal planes
of the orthorhombic CaZrO3 structure, respectively
(PDF-2. 350790 and PDF-2. 762401). After heating the
as-synthesized CSZ at a higher temperature of 1400 oC,
the CSZ phases remains stable, consisting of the c-ZrO2

and the o-CaZrO3 phases. The phenomena on the CSZ
phases at 1000 oC, 1200 oC and 1400 oC is totally
different from the report of Stubican and Pray [19]. Based
on their finding, zirconia that stabilized with 7.5 weight %
calcia should be only consisted of the cubic solid solution
phase at those temperatures. Stubican and Pray [19] used
powder zirconium oxide and calcined calcium carbonate
in their experiment, whereas zirconium hydroxide and
calcium hydroxide were used as CSZ starting materials in
this work. Thus, the appearance of different phases due to
the specific conditions of the synthesis process, such as
the type of starting materials, medium, and mixing process
during preparation. The direct phase transformation of the
as-synthesized CSZ during thermal treatment at elevated
temperatures could be assumed as follows:

as-synthesized CSZ ⎯⎯→ m-ZrO2 + c-ZrO2(CaO) (2)

m-ZrO2+c-ZrO2(CaO)⎯⎯→ c-ZrO2(CaO) +CaZrO3 (3)

Since calcia used as a dopant in 7.5 weight % of
zirconia, the fluorite-type cubic phase of zirconia was
obtained at 1200 oC and 1400 oC along with CaZrO3 as
a minor component. However, un-doped zirconia that
synthesized from local zircon consists of a single phase
of the monoclinic zirconia at 1200 oC and it remains
stable after heating at 1400 oC, as shown by the powder
XRD analysis results in Fig. 3. Therefore, it can be
figured out that the CaO dopant has an important role
on the stabilization of the fluorite-type cubic phase of
zirconia.

Stabilization mechanism of the cubic solid solution
ZrO2 with CaO occurs through precise replacement of
Ca2+ cations to Zr4+ cations in the crystal lattice
of zirconia, resulting in one oxygen vacancy because of
the charge compensation in zirconia lattice. Using

Fig. 2. XRD patterns of the as-synthesized CSZ at elevated
calcination temperatures.

Fig. 3. XRD patterns of CSZ and un-dope zirconia at elevated
temperatures.

1000
o
C

1400
o
C
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Kroger-Vink notation [1], the stabilization mechanism
of zirconia by calcia dopant can be created as follows: 

CaO⎯⎯→ (4)

Table 2 presents the powder XRD quantitative analysis
results on the CSZ particles at 1000 oC and 1200 oC, by
ignoring an unidentified phase. The Scherrer method
was apply to calculate the crystallite sizes of the certain
crystal planes of ZrO2 and CaZrO3 phases at 1000 oC
and 1200 oC, based on the main peaks of the XRD
patterns from Fig. 2, and assisted by using an XRD
software. Table 2 shows that the average crystallite
sizes of ZrO2 and CaZrO3 are less than 100 nm at the
different elevated calcination temperatures.

Microstructure investigation of CSZ particles after
thermal treatment 

Nanocrystallines of CSZ particles were characterized by
SEM after thermal treatment at elevated temperatures.
Typical SEM images of the calcined CSZ nanocrystallines
are displayed in Fig. 4. Typical SEM images in the left top
and right top sides of Fig. 4, show microstructure of the
as-synthesized CSZ that was calcined to 1000 oC. It is
clearly seen that fine and uniform CSZ particles with high
agglomeration were successfully synthesized from local
precursors, having an average grain size below 200 nm.
As the calcination temperature increased to 1200 oC,
grain growth obviously occurs on CSZ sample (the left
bottom side in Fig. 4). Calcia-stabilized zirconia grains
with sizes closed to 1 µm were observed connecting
against each other. When the calcination temperature was
raised from 1200 oC to 1400 oC, the CSZ’s microstructure
evolution was clearly visible. Further grain growth took

place; grain boundary, interconnect, and necking among
the grain boundaries were found in CSZ sample. At a
high temperature of 1400 oC, it is believed that surface
diffusion and grain boundaries diffusion occurs much
faster, as shown in Fig. 4 (a SEM image on the right
bottom side). 

Fourier Transform Infra-Red analysis of CSZ and
un-doped ZrO2

The FT-IR spectra of CSZ and un-doped ZrO2 are
presented in Fig. 5, shows the FT-IR spectra in the range
from 4000 cm−1 to 340 cm−1. The FT-IR spectrum of CSZ
at 1200 oC shows specific finger print characteristics of
the strong broad bands at 424.34 cm–1 ~ 601.79 cm–1

correspond to the cubic phase characteristics of the Zr-
O bond vibrations [21]. The absorption peak of CaZrO3

is particularly situated in 532.32 cm−1 that overlap with
the Zr-O vibration band [13]. Meanwhile, CaO has
weak absorption bands at 424.34 cm–1 which overlap
with the Zr–O vibration band [22, 23], and 817.82 ~
850.00 cm–1 [24]. 

The FT-IR spectrum of the un-doped zirconia
synthesized from local zircon at 1400 oC is displayed in
Fig. 5. The various vibrations of the Zr-O bond related

Ca′′Zr V′′O Oo

x+ +

Table 2. Quantitative results from the Scherrer method on the
zirconia phases in CSZ at 1000 ο

 and 1200 οC.

Zirconia
phase

Average crystallite size (nm)
Phase 

composition (%)

1000 oC 1200 oC
1000 oC 1200 oC

(hkl) (111) (222) (111) (222)

c-ZrO2

PDF2-
811550
PDF2-
750359

55 49 55 87 68.7 60.3

(hkl) (111) (111) (111) (111)

m-ZrO2

PDF2-
830944

34 30 − − 31.3 −

(hkl) (121)
(101)/
(020)

(121)
(101)/
(020)

o-CaZrO3

PDF2-
811550
PDF2-
750359

− − 40 36 − 39.7

Fig. 4. Typical SEM images of the calcined CSZ nanocrystallines.

Fig. 5. FT-IR analysis results of CSZ and un-doped ZrO2.

ZrO2
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to monoclinic zirconia molecules they are noted in finger
prints of 424.34 cm–1, 540.07 cm−1 and 732.95 cm–1.
The bond of metal, oxygen, and metal (-Zr-O-Zr-)
corresponding to the monoclinic zirconia structure it is
observed at 540.07 cm−1. The strong sharp bands at
540.07 cm−1 and 732.95 cm–1 arise from “internal vibrations
of the monoclinic zirconia in the unit cell” [25].

According to the powder FT-IR analysis of CSZ and
un-doped ZrO2 in Fig. 5, it is obviously shown that the
significant difference between FT-IR spectra of the
cubic and the monoclinic zirconia is on their finger
print characteristics of the absorption bands.   

Conclusions

Nanocrystallines of CSZ were successfully synthesized
from local zircon precursor and slaked lime via wet
milling process and calcined at elevated temperatures.
Nanocrystallines of CSZ have a fully cubic structure at
1200°C exhibiting the crystallite sizes ranging from 55 to
87 nm and remain stable at 1400 oC. The powder
microstructure analysis of CSZ show high agglomeration
at 1000 oC, whereas grain boundary, interconnect, and
necking among the grain boundaries are observed at
1400 oC. The cubic solid solution of calcia-stabilized
zirconia show specific finger print characteristics of the
strong broad bands at 424.34 cm–1 ~ 601.79 cm–1.
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