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bstract

alcium zirconate (CaZrO3), because of its high melting point, low thermal expansion coefficient, high strength and excellent corrosion resistance
gainst alkali oxides, is a good candidate for a novel refractory material. CaZrO3 is mostly synthesized by the reaction in the solid state but the
aterial obtained in such a way often suffers low bulk density, high porosity and other defects which lower its potential application value. To

vercome these obstacles a novel synthesis method by an electric arc melting technique was proposed. The crystal structure of melted CaZrO3 was
ompared with a conventionally synthesized material. According to X-ray measurements the obtained material has an orthorhombic perovskite-like
tructure. Its stoichiometry was confirmed by the scanning electron microscope and EDS analysis. The material is almost poreless with its density

lose to theoretical. The estimated crystal structure parameters were used to calculate the electronic structure of CaZrO3 using the full potential
inear augmented plane wave (FLAPW) method. It has been found that CaZrO3 is an insulator with the energy band gap of 4.1 eV. The Ca–O bond
s typically ionic while Zr–O bond is of a significant covalent character.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Calcium zirconate is the only compound in the CaO–ZrO2
ystem with the melting point of 2345 ◦C.1 CaZrO3 exists in
wo polymorphic forms. At a low temperature the orthorhom-
ic form is stable up to about 1900 ◦C and the cubic form is
table at higher temperatures. The low temperature CaZrO3 has
he Pbnm perovskite-like structure with slightly deformed ZrO6
ctahedra. The high temperature calcium zirconate has the ideal
ubic perovskite structure (Pm3m).2,3

CaZrO3 is studied because of its unique physical proper-
ies. Doping by Al2O3, Y2O3, MgO or a small excess of CaO
r ZrO2 induce the oxygen ion conduction and this mecha-
ism becomes predominant.4–7 Because of its extremely high
hemical durability it might be used as a sensor to measure
xygen activity in molten steel.8 Due to its low loss tangent,
igh dielectric constant with the low temperature coefficient it

an be used in multilayer ceramic capacitors and dielectric res-
nators, especially for microwave applications. Its high melting
oint, small thermal expansion coefficient, high strength and
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xcellent corrosion resistance against alkali oxides and slags
akes it a good candidate for a ceramic refractory material
ith wide applications.9–12 CaZrO3 relatively easily incorpo-

ates actinides into its crystal structure and because of its high
hemical durability is considered as a host material for spent
uclear fuel immobilization.13

According to the ZrO2–CaO phase diagram as it was sug-
ested in,14 after calcination at 600 ◦C the CaO–ZrO2 mixture
orms such phases as the monoclinic solid solution ZrO2,
aZr4O9, CaZrO3 and CaO depending on CaO/ZrO2 mole

atios. The compound CaZr4O9 (monoclinic symmetry) was
ound to be stable at T < 1310 ◦C ± 40 ◦C where it transforms
o the cubic fluorite-type solid solution.15 The eutectoid decom-
osition of the cubic solid solution occurs at 1140 ◦C ± 40 ◦C
ith 17.0 ± 0.5 mol% CaO content.15 Moreover, when the

ample was sintered up to 2000 ◦C, two ordered phases,
aZr4O9 and Ca6Zr19O44, were found out in the ZrO2–CaO

ystem. Their upper limits of stability were determined to
e 1235 ◦C ± 15 ◦C and 1355 ◦C ± 15 ◦C for CaZr4O9 and
a6Zr19O44, respectively. According to the ZrO2–CaO phase
iagram, the liquid phase does not appear up until the tem-

erature of 2250 ◦C ± 20 ◦C and about 40 mol% CaO, which
s significantly higher than 1700 ◦C applied in this experiment.
n the other hand, according to Ref. 16, in the CaZrO3–CaO
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ubsystem the liquid phase does not appear up until the temper-
ture of 2260 ◦C and about 70 mol% CaO.

The CaZrO3 synthesis reaction proceeds in the solid state
ith the Ca2+ ions diffusion ZrO2 structure as a dominating
ass transfer mechanism. Its synthesis starts at about 900 ◦C

nd proceeds up to 1500 ◦C.1 Calcium zirconate is the most often
ynthesized by the solid state reaction between CaO and ZrO2
t 1300–1450 ◦C. The obtained powders are then formed and
intered in the temperature range 1700–1800 ◦C. The materials
repared by the above method have high porosity and lower bulk
ensity,1 suffer from the existence of CaO inclusions and other
efects which lower their potential application value. Therefore
ther synthesis methods, such as wet chemical, amorphous pre-
ursor or mechanochemical methods are being studied.17,18 In
ur studies we propose an electric arc melting technique to syn-
hesize CaZrO3. In this technique the melted material is placed
n a well conducted crucible which is cooled by water and the
rucible is one of electrodes. The second electrode is placed
bove the melted material. High electric current, which is flow-
ng from the crucible via the melted material and protective gas
tmosphere to the second electrode, causes a formation of an
lectric arc between the material and the second electrode. The
lectric arc temperature can exceed over 3000 ◦C and starts melt-
ng materials placed in the crucible. To obtain stable electric arc
arameters the melted material should be well conducted. There-
ore this technique was limited to melting conducting materials
uch as metals and their alloys.

The aim of our studies was to test the possibility of mak-
ng refractory materials, especially using electric arc melting
echnique CaZrO3 phase. Then their crystal structure had to be
hecked and the obtained results had to be compared with the
aterial made by the standard solid state reaction synthesis.
inally, the measured crystal structure parameters were used to
alculate the electronic band structure of CaZrO3, prepared by
oth methods, to test how small changes in the crystal structure
ould affect it.

. Experimental

Two different methods were used to synthesize CaZrO3, i.e.
elting in the electric arc and the standard solid state reaction
ethod.
In both cases pure chemical CaCO3 and ZrO2 were mixed

ogether in the proportion of the CaO to ZrO2 ratio corre-

ponding to CaZrO3 stoichiometry. The specification of the
tarting materials is shown in Table 1. The obtained mixtures
ere homogenized by mechanical mixing using the vibratory

able 1
pecification of the starting materials.

pecification Reagent

CaCO3 (Chempur) ZrO2 (Merck)

ure [%] 98.81 98.08
edian particle size [�m] 2.303 20.762

pecific surface area [m2/g] 3.09 0.306
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irconium ball mill and then pellets of 10 mm in diameter were
ressed at 30 MPa.

In the first method the pellets were melted in an arc furnace in
he high purity argon atmosphere with contactless ignition. The
lectric current was slowly increased until the pellets started to
elt. In this temperature the sample was kept for about 30 s and

hen the electric current was slowly decreased. To obtain better
omogeneity of the sample it was turned over and the above pro-
edure was repeated (sample A). During the arc melting of the
aterials the temperature of the melt can be locally very high,

xceeding sometimes 3000 ◦C which can cause better mixing of
he components but, on the other hand, it causes rapid evapora-
ion of volatile elements. In the case of melting of oxides, due to
heir insulating character, the ignition of the electric arc could be
ery difficult and the size of a sample is limited to a few grams
ample. The great advantage of the method consists in its sim-
licity (it does not need any special preparation of the starting
aterials, such as using high pressure pressing, etc., because the

tarting compounds are totally melted during the synthesis).
The reaction of the CaZrO3 synthesis in the second method

as carried out by the two step firing procedure. During the first
tep the pellets were heated up to 1700 ◦C and were held at this
emperature for 10 h and then cooled down with the furnace.
fter this stage, the samples were ground to the grain size lower

han 0.063 mm and again pressed under 30 MPa. Consequently,
he samples were fired at 1700 ◦C with 10 h soaking time and
ooled with the furnace (sample B). The linear shrinkage of the
ample after the second firing was 3.48%.

The X-ray diffraction experiment was performed at room
emperature using the powder diffraction method on Panalyti-
al X’Pert-Pro diffractometer. The obtained diffraction patterns
ere analyzed using the Rietveld method,19 implemented in the
ullprof code.20

Scanning electron microscopy (SEM) has been carried out
n an electron microscope system (NovaNanoSem 200) with
he energy dispersive spectrometer (EDS).

The electronic band structures of CaZrO3 were calculated by
he ab initio self-consistent full-potential linearized augmented
lane waves (FLAPW) method as implemented in the WIEN2K
ode.21 The generalized gradient approximation (GGA) in the
arameterization of Perdew–Burke–Ernzerhof22 was employed.
he Brillouin zone integration was performed using a k mesh of
80k points in the irreducible Brillouin zone wedge. The muffin-
in radii were 2.2, 2.0 and 1.8 a.u. for Ca, Zr and O atoms,
espectively. To control the size of the basis set for the wave
unctions, RMTKMAX was set to 8.0, and the well-converged
asis sets consist of about 1872 LAPW functions. The crystal
tructure parameters and atom positions were set according to
he above XRD measurements.

. Results and discussion

The measured diffraction patterns of samples A and B are

resented in Figs. 1 and 2, respectively. In both cases there
s no evidence of existence of secondary phases on the mea-
ured XRD patterns. The investigated CaZrO3 crystallizes in
he orthorhombic crystal structure Pbmn space group in which
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Fig. 1. The XRD pattern of the melted CaZrO3 (sample A).
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Fig. 2. The XRD pattern of the sintered CaZrO3 (sample B).

he atoms occupy Wycoff’s positions: Ca (4c) (x, 1/4, z), Zr (4b)
1/2, 0, 0), O (4c) (x, 1/4, z) and O (8d) (x, y, z). The obtained
attice parameters are summarized in Table 2.
As it can be clearly seen, the crystal structure parameters
nd atomic coordinates are in good agreement with the litera-
ure data.3 The CaZrO3 structure is composed of almost regular

able 2
rystal structure parameters of samples A and B.

Sample A Sample B Literature[3]

[Å] 5.5974(3) 5.5890(1) 5.5912(1)
[Å] 8.0271(1) 8.0140(3) 8.0171(1)
[Å] 5.7691(4) 5.7586(2) 5.7616(2)
a 4(c)
x 0.0108 0.0114 0.0121
z 0.0478 0.0520 0.0496
4(c)
x 0.5806 0.6090 0.6032
z −0.0223 −0.0399 −0.0381
8(d)
x 0.3002 0.3116 0.3026
y 0.0459 0.0504 0.0548
z 0.3069 0.3048 0.3007
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Fig. 3. Coordination spheres for Ca and Zr in CaZrO3.

rO6 octahedra which are rotated in relation to their positions in
n ideal perovskite structure. Because of this rotation, the coor-
ination of the Ca2+ ions is reduced from 12 in ideal perovskite
o 8 in CaZrO3.

Coordination spheres for Ca and Zr in CaZrO3 are pre-
ented in Fig. 3. In Table 3 Zr–O distances are shown inside the
rO6 octahedra and inside the Ca coordination sphere, Zr–O,
a–O angles are presented in Table 4. The evaluated mean Ca-
distances were 2.602 Å and 2.678 Å for sample A and B,

espectively, and Zr–O 2.079 Å and 2.038 Å, respectively.
The scanning electron microscopy (SEM) micrograph of the

rc melted sample is shown in Fig. 4a. As it can be seen from
ig. 4a, the microstructure of the arc melted CaZrO3 is dense,
oreless with the regular shape different size crystals. Their size
aries from several to several tens of microns. In Fig. 5a, the
icrostructure of the sintered sample (sample B) is shown and its

btained density is about 90% of theoretical value (4.95 g/cm3).1

s it can be seen while comparing Figs. 4a and 5a in the melted
aterial, there are almost no pores and the density of the melt
hould be very close to the theoretical one. Stoichiometries of the
ample in both cases were confirmed by the EDS measurements
Figs. 4b and 5b).

able 3
he Ca–O and Zr–O interatomic distances in coordination spheres for different
cations as described in Fig. 3.

Sample A [Å] Sample B [Å]

r–O(1) 2.049 2.031
r–O(2) 2.126 2.039
r–O(3) 2.061 2.044
a–O(1) 2.746 2.720
a–O(2) 2.781 2.752
a–O(3) 2.532 2.585
a–O(4) 2.395 2.635
a–O(5) 2.442 2.457
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Table 4
The Ca–O and Zr–O interatomic distances in coordination spheres for different
O cations as described in Fig. 3.

Sample A [◦] Sample B [◦]

O(2)–Zr–O(3) 89.91 88.04
O(3)–Zr–O(1) 91.69 90.81
O(2)–Zr–O(1) 89.44 89.02
O(1)–Ca–O(2) 69.94 62.85
O(1)–Ca–O(3) 65.55 66.27
O(1)–Ca–O(4) 117.61 118.13
O(1)–Ca–O(5) 132.21 129.05
O(2)–Ca–O(3) 67.61 64.14
O(2)–Ca–O(4) 161.17 165.64
O(2)–Ca–O(5) 68.40 66.36
O(3)–Ca–O(4) 131.12 130.08
O(3)–Ca–O(5) 87.88 88.60
O(4)–Ca–O(5) 109.85 112.00
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gible contribution of the Ca states to the valence band suggests
The calculated total density of states (DOS) is presented in
ig. 6. The valence band is split into two regions. The lower one,
hich is quite a narrow band, starts at −16 eV and ends at about
4.5 eV. The upper band, wider than the lower one, ranges from
bout −4 eV to 0 eV. The end of the valence band is separated
rom a conduction band by a 4.1 eV energy band gap.

The calculated electronic band structure of the orthorhombic
aZrO3 phase is shown in Fig. 7. Orthorhombic CaZrO3 has
een found to have a direct band gap at Γ -point (k = (0,0,0)) in

he Brillouin zone. This wide gap indicates the presence of an
nsulating feature in the investigated material. The band gap of

a
a

Fig. 4. (a) SEM micrograph and (b) EDS analy

Fig. 5. (a) SEM micrograph and (b) EDS anal
Fig. 6. Total density of states (DOS) of CaZrO3.

he CaZrO3 is considered to be about 5.5 eV but this value has
ot been proved experimentally so far.23

The calculated partial density of states (PDOS) of CaZrO3 is
hown in Fig. 8. The lower region of the valence band comes
ainly from O-2s states with a little contribution of the valence
r-5p states and a negligible contribution of the Ca valence
tates. The upper region of the valence band is mainly com-
osed of oxygen 2p states, Zr-4d states and a little contribution
f Ca-3d states. Such a hybridization of the O-2p and Zr-4d states
uggests a covalent character of the Zr–O bond whereas a negli-
n ionic character of the Ca–O bond. The conduction band starts
t about 4 eV and is mainly composed of Ca-3d, hybridized with

sis of the arc melted CaZrO3 (sample A).

ysis of the sintered CaZrO3 (sample B).



P. Stoch et al. / Journal of the European Ceramic Society 32 (2012) 665–670 669

Fig. 7. Calculated electronic band structure of CaZrO3.

Fig. 8. Calculated partial density of states (PDOS) of CaZrO3.

Fig. 9. Calculated valence charge distribution of CaZrO3.

Table 5
Computed ion charges.

Ion Sample A Sample B

Ca +1.571 +1.589
Zr +2.560 +2.565
O(1) −1.368 −1.341
O(2) −1.387 −1.341
O(3) −1.371 −1.373
O
O

Z
a
h
t
g
t
c
C

v
d
t
0
Z
s
c
0
b
y

+
s
a
b

4

t

(4) −1.363 −1.369
(5) −1.371 −1.374

r-4d states. The obtained electronic band structure calculations
re consistent and similar to the previously obtained in3 for the
igh temperature cubic CaZrO3 structure. In the case of the low
emperature orthorhombic phase the band gap is a direct band
ap of 4.1 eV whereas for the high temperature cubic structure
he band gap becomes an indirect gap of 3.3 eV.3 Such a behavior
ould indicate better insulating properties of the orthorhombic
aZrO3 structure than the cubic one.

The charge distribution in CaZrO3 is shown in Fig. 9. The
alence charge density around Zr exhibits a slight directional
istribution towards oxygen. The value of charge density in
he middle between zirconium atoms and oxygen is about
.35 electrons/Å3. Such a behavior and hybridization between
r-4d and O-2p observed at PDOS plots (Fig. 8), suggests a
ignificant covalent Zr–O bond. On the other hand, the value of
harge density between calcium and oxygen atoms is lower than
.01 elctrons/Å3, which proves the ionic character of the Ca–O
ond. The estimated charges according to the Bader charge anal-
sis are presented in Table 5.

The computed values of atomic charges were found to be
1.571 for Ca and +2.560 for Zr in the case of the arc melted
ample (sample A) and in the case of sample B, +1.589 for Ca
nd +2.565 for Zr. The obtained values confirm mostly the ionic
ehavior of Ca and less Zr.

. Conclusions
In our studies we proposed the arc melting technique to syn-
hesize CaZrO3. The detailed XRD studies confirmed the crystal
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tructure and stoichiometry of the investigated compound.
hen compared with the material obtained by the conven-

ional solid state reaction method, the fused CaZrO3 is poreless
nd has the density close to theoretical. There is no evidence
f free CaO inclusions detected by the performed XRD and
EM + EDS analyses. The obtained results proved the useful-
ess of the arc melting technique in the synthesis of high purity
aZrO3.

The first principle calculations were performed using the
LAWP method and the electronic band structure was obtained.
ur calculation shows the existence of a strong covalent bond-

ng between d states of zirconium and p-states of oxygen atoms.
n the other hand, the Ca–O bond is almost of a pure ionic

haracter. The wide band gap exhibits the insulating proper-
ies of the studied material. We did not observe any significant
ifferences in the band structure of the material synthesized
sing the electric arc melting or the solids state synthesis
ethod.
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