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Abstract

The reaction sintering mechanism of dolomite–zirconia mixtures was investigated using fine grounded dolomite raw material and zirconium

powder. The used dolomite raw materials differed by the content of impurities (SiO2, Al2O3 and Fe2O3 oxides). The microstructure evolution of

MgO–CaZrO3 and CaZrO3 sintered materials was presented as a temperature function. One- and two-step firing processes of calcium raw materials

powder mixed with chemically pure zirconium oxide were applied. The kinetics of reaction of CaZrO3 synthesis was estimated by determining the

‘‘free’’ calcium oxide by chemical and XRD analysis. The densification process was evaluated by firing shrinkage, apparent density, pore diameter

and pore size distribution measurements. The microstructure of sintered materials was observed by SEM. It was observed that CaZrO3 synthesis

was definitely finished at temperature of 1500 8C in the both applied ways of the synthesis (one- or two-step process). The only phase present in the

model material synthesized from chemically pure reagents (CaCO3 and ZrO2) after firing at temperature of 1500 8C was calcium zirconate.

In the materials synthesized from natural dolomites and ZrO2 two main phases were present—calcium zirconate and periclase. During firing of

CaZrO3–MgO materials at lower temperatures the presence of transient phases was detected (mainly ferrites and calcium aluminates,

4CaO�Al2O3�Fe2O3 or 2CaO�Fe2O3). These phases disappeared at higher temperatures. This is probably related to the dissolution of impurities

in the main phases of CaZrO3–MgO.

The material obtained from the mixture of zirconium oxide and natural dolomite with the high impurities content has the highest densification

level (�95% theoretical density of CaZrO3–MgO) at 1500 and 1600 8C.
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1. Introduction

Zirconia and calcium zirconate, despite their relatively high

price, are very promising compound of high-refractory

composites for the steel and cement industry. These phases

introduced into refractory materials improve their properties,

even if applied in relatively small amounts.

The advantages of zirconia are: high melting temperature,

high density, good mechanical and thermomechanical proper-

ties and very good chemical resistance. Zirconium oxide with

the melting temperature of 2700 8C has three polymorphs [1,2].

At low temperatures, the stable phase is a monoclinic one of the

density 5.56 g/cm3. During heating up to 1000–1200 8C it

transforms into the tetragonal phase of the density 6.10 g/cm3.
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This phase transformation is related to about 7 vol.% shrinkage,

according to the decrease of specific volume of crystals. During

cooling the reverse transformations occur. At temperatures

higher than 2300 8C the cubic phase is stable. The polymorph-

ism of zirconia hinders significantly creation of sintered bodies

of this compound. From this point of view it is favourable to use

zirconia solid solutions containing CaO, MgO and Y2O3 as

stabilization agents.

The introduction of zirconia or calcium zirconate into

magnesia or magnesia-spinel products leads to the significant

improvement of the chemical resistance [3–6]. Zirconia can be

added to magnesia products as a natural raw material: zircon

(ZrSiO4) and baddeleyit (ZrO2). Another way to introduce

zirconia could be the application of technical ZrO2 products

(stabilized or non-stabilized) or calcium zirconate.

In the ZrO2–MgO system (Fig. 1), zirconia does not create

chemical compounds with magnesia [7]. A permanent

stabilization of zirconia to the cubic phase takes place at high
d.
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Fig. 1. The phase diagram in the MgO–ZrO2 system [7].

Fig. 2. The phase diagram in the MgO–CaO–ZrO2–SiO2 system for mixes

containing 70% of MgO [15]. Composition of mixes was recalculated for

100% of CaO, ZrO2 and SiO2 content. The temperature at zero-variable points:

k = 1485 8C, m = 1470 8C, n = 1475 8C, p = 1555 8C, r = 1710 8C, s = 1740 8C.

Me – merwinite C3MS2, Mo – monticellite CMS.
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temperatures for �16 mol.% of MgO. At lower temperatures

the cubic zirconia phase is not stable phase and the MgO phase

co-exists with tetragonal zirconia and zirconia phases.

In contact with CaO magnesia-spinel products (MSp) can

create low-fusible calcium aluminates. It means that in contact

with Portland clinker low-melting eutectics can appear. It is

favourable for the creation of protective coat in the cement kiln.

However, if the temperature of the lining of sintering zone in the

rotary kiln exceeds the temperature of 1450 8C, the melting of

MSp on the kiln surface can proceed. The presence of small

amount of ZrO2 in MSp products improves their chemical

resistance [8–12]. This improvement is an effect of the

formation of the high-refractory calcium zirconate phase [13].

Magnesia products with up to 5 wt.% of zirconia

manufactured on the high purity magnesia base [3,5,6] contain

periclase, stabilized zirconia or calcium zirconate and small

amounts of silicates. The presence of zirconia phase improves

the thermal shock resistance by generating small radial cracks

on the surface of zirconia particles. These cracks are induced by

the local volume changes related to phase transformation or

CaZrO3 (CZ) creation [9,14]. Additionally, diffusion processes

at high temperatures leads to the ‘‘direct bonding’’ between

periclase and zirconia. In the magnesia products with high CaO/

SiO2 molar ratio (>2) the Ca2[SiO4] (C2S) phase (possibly

Ca2[SiO4]O (C3S)) and CaZrO3 co-exist with MgO. In these

products, the liquid phase can appear at the temperature

exceeding 1700 8C (Fig. 2) [15]. Such products have very good

thermomechanical properties [16].

If CaO/SiO2 molar ratio is lower than 2, zirconia (with the

presence of magnesia) co-exists with Ca2[SiO4] and Ca3Mg[-

SiO4]2 (C3MS2) or Ca3Mg[SiO4]2 and CaMg[SiO4] (CMS)
phases. In these products, the liquid phase appears at the

temperature of 1555 8C or even lower. This product should be

fired at the temperature of �1700 8C to assure the proper

stabilization of zirconia with magnesia.

Magnesia products with the calcium zirconate addition are

manufactured on the basis of sintered and/or fused magnesia

with high CaO/SiO2 molar ratio and sintered and/or fused

calcium zirconate [3,4,13,17,18]. The synthetic calcium

zirconate is introduced into the magnesia mass in a coarse-

or fine-grained form, up to 20 wt.%. Calcium zirconate does

not react with cement clinker components [19,20]. It

effectively increases corrosion resistance of the material.

CaZrO3, during the work in the cement kiln, can dissolve in the

liquid clinker phase and increase its viscosity [19]. This

process limits infiltration of the cement clinker phase into the

refractory.

Zirconia plays a similar role in dolomite products

modification [14,21]. It improves not only the chemical

resistance but also increases the resistance for hydration and

thermal shock.

Nowadays, great interest is focused at the investigations on

the utilization of limestone or dolomite in the mixes with zircon

for refractory production [22–27].

The first way of manufacturing products with calcium

zirconate (CZ) is based on the high-temperature reaction

between zircon (ZrSiO4) and calcium oxide in the mix [22,24].

Depending on the CaO/SiO2 molar ratio in raw mixes, four

types of products can be obtained (Table 1). The proportion of

phases is described by CaO–SiO2–ZrO2 equilibrium triangle

(Fig. 3). From the technical point of view belite- and alite-types

of products are the most important.

The second way [23,25,26] of manufacturing products with

magnesia–calcia–zirconia–silica (MCZS) is produced from

dolomite and the zircon mix. During the high-temperature

reaction between ZrSiO4 and CaO products containing



Table 1

The types of calcia–zirconia (CZ) and magnesia–calcia–zirconia–silica

(MCZS) materials depending on CaO/SiO2 molar ratio.

CaO/SiO2 (molar ratio) Type Type of materiala

CZ MCZS

1.5–2.0 Bagdadite C3S2Z, C2S, Z –

2.0–3.0 Belite C2S, Z, CZ –

3.0–4.0 Alite C2S, C3S, CZ M, C2S, C3S, CZ

>4.0 Alite-lime C3S, CZ, C M, C3S, CZ, C

a C – CaO; S – SiO2; Z – ZrO2; M – MgO.

Fig. 3. The phase diagram in the CaO–SiO2–ZrO2 system [28]. Fig. 5. The phase diagram in the CaO–ZrO2 system [7].
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periclase, calcium zirconate and high-refractory silicates are

formed (Table 1).

According to the phase equilibrium in MgO–CaO–ZrO2–

SiO2 system [15], the most favourable type of product has a high

content of Ca2[SiO4], or Ca2[SiO4] co-exists with Ca3[SiO4]O

[23,26]. These products contain more than 40 wt.% of the silicate

phase [24,25]. The Ca2[SiO4] phase may exist in five polymorphs

[29]. Four of them, (a, a0H, a0L and g), are stable at different

temperature ranges, the fifth one, (b), is unstable. The

transformation of b-C2S to g-C2S is related to 12% volume

change, which can lead to the destruction of the material.
Fig. 4. The phase diagram in the MgO–CaZrO3–Ca2SiO4 subsystem [15].
To a lesser extent, this phenomenon occurs in the MgO–

CaO–ZrO2–SiO2 materials with a limited SiO2 content. These

materials can be obtained from the mixture of pure dolomite or

limestone with zirconia. The basic compounds of these

materials are high-refractory phases: periclase and calcium

zirconate. The liquid phase in the MgO–CaZrO3 system

appears at the eutectic temperature of about 2050 8C (Fig. 4)

[15].

As it comes from the phase diagram of ZrO2–CaO,

15 mol.% CaO stabilizes the cubic ZrO2 phase (Fig. 5) [7].

The only compound in this system is CaZrO3 (CZ) with the

melting point of 2345 8C [30] and stoichiometric CaO and ZrO2

content.

The reaction of CaZrO3 synthesis proceeds in the solid state.

The dominating mass transfer mechanism is Ca2+ ions diffusion

through a newly created compound [31]. Calcium zirconate

synthesis starts at temperature �900 8C and proceeds up to

1500 8C [19]. The creation of CaZrO3 from CaO and ZrO2 is

assisted by the volume increase. The linear expansion can reach

even 11% at temperature of 1500 8C. Calcium zirconate is

chemically stable and does not show polymorphic transforma-

tions.

The paper presents the development of MgO–CaZrO3

materials microstructure vs. temperature changes. Different

manufacturing procedures (one- or two-step firing) were

applied. Two types of dolomites with different content of

SiO2, Al2O3 and Fe2O3 impurities in the natural raw materials

were used. The reaction was conducted in powder mixtures of

dolomite and zirconia.



Fig. 6. The ‘‘free’’ calcium oxide (CaOfree) changes vs. firing temperature. (a)

The one-step firing with 120 min soaking time. Materials synthesized from

dolomite I – DI, dolomite II – DII, calcium carbonate – W. (b) The two-step

firing with 120 min soaking time. Materials synthesized from dolomite I – DI/2,

dolomite II – DII/2, calcium carbonate – W/2.

Table 2

The chemical composition of investigated materials.

Compound Material

Dolomite I Dolomite II CaCO3 (pure) ZrO2 (pure)

Loss on ignition 46.86 46.80 43.97 –

CaO 31.40 31.70 56.03 –

ZrO2 – – – 100.00

SiO2 0.04 0.50 – –

MgO 21.67 19.70 – –

Al2O3 0.03 0.10 – –

Fe2O3 0.04 1.20 – –

Fig. 7. The linear shrinkage of materials fired in one-step (a) or two-step (b)

processes vs. firing temperature.
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2. Experimental

The synthesis of magnesia–calcia–zirconia (MCZ) pro-

ducts was carried out with one- or two-step firing of dolomite

and zirconia mixture. Two types of dolomite with different

content of natural admixtures were mixed with pure synthetic

zirconia (described as DI material and DII material,

respectively).

For comparison, the reaction of CaZrO3 synthesis was also

carried out with high purity calcium carbonate and zirconium

oxide (W material).

Table 2 presents the chemical composition of the raw

materials. The total amount of SiO2, Al2O3 and Fe2O3

admixtures in the dolomite I was about 0.1 and 1.8 wt.% in

the dolomite II.

First of all, the size of a natural materials grains was reduced

below 0.063 mm. Consequently, the mixtures of dolomite

powder or pure chemical CaCO3 with pure chemical zirconia

were compiled in the proportion giving CaO to ZrO2 ratio

corresponding to CaZrO3 stoichiometry. After homogenization

by mechanical mixing of masses, pellets with 10 mm in

diameter were pressed at 120 MPa.

Firing was carried out in two ways. During the one-step

process, pellets were heated up to maximum temperature of

1000, 1100, 1200, 1300, 1400, 1500 and 1600 8C. The soaking

time at maximum temperature was 120 min; the cooling stage

proceeded together with the furnace.

The two-step process consists of heating up to 1200 8C,

soaking for 60 min and cooling with the furnace. After this

stage, the samples were ground to the grain size lower than

0.063 mm and again pressed under 120 MPa. Consequently, the

samples were fired at temperature of 1400, 1500 or 1600 8C
with 120 min soaking time and cooled with the furnace. The

samples achieved in this way were described as (DI/2, DII/2

and W/2).

The evaluation of CaZrO3 formation was performed by two

methods. The first one was measuring ‘‘free’’ calcia (CaOfree),

using the chemical method consist in reaction between ethyl

glycol and ‘‘free’’ CaO at temperature range 65–75 8C and

consequently determining of Ca ions amount by titration. The

second method was the estimation of the phase composition by

the XRD analysis.

The densification degree was estimated by linear shrinkage

of sample diameter measurements and by determination of bulk
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density. Additionally, the pore size distribution was measured

using mercury porosimetry.

The microstructure of samples was investigated by SEM,

accompanied by the EDS chemical analysis in microareas.

3. Results and discussion

Fig. 6 presents changes of the ‘‘free’’ CaO content in the

products vs. firing temperature. Independently of the type of

firing and its maximum temperature, the DII product contains

lower amount of ‘‘free’’ CaO. The level of 0.1% CaO was

reached for DII material at temperature of 1300 8C.

The same level in DI and W samples was reached after

firing at temperature of 1500 8C. For these materials the
Fig. 8. Pore size distribution (pore frequency curve) (a) and SEM images of microstru

– periclase and dark spots – pores.
amount of CaO decreased with the firing temperature, in a

similar way.

For one-step firing the amount of ‘‘free’’ CaO decreased to

zero at temperature of 1500 8C for DII material and at

temperature of 1600 8C for DI and W materials.

The products obtained through two-step firing at tempera-

ture of 1400 8C had a small amount of ‘‘free’’ calcium oxide –

0.04% for DII/2, 0.28% for DI/2 and 0.16% for W. In the

samples manufactured at temperatures of 1500 and 1600 8C the

‘‘free’’ CaO was not detected.

XRD analysis showed that the main phase of all materials

after one-step firing at 1000 8C was calcium zirconate (Table 3).

In W material (mixture of CaCO3 and ZrO2), after one-step

process, up to temperature of 1200 8C, calcium stabilized
cture (b) of DI material. Bright oval grains – calcium zirconate; dark grey grains



Table 3

The phase composition of DI, DII and W materials after one-step firing.

Firing temperature (8C) Phases identified in the material listed in decreasing order

DI DII W

1000 CaO�ZrO2; MgO; Ca–ZrO2; CaO CaO�ZrO2; MgO; Ca–ZrO2; CaO; 4CaO�Al2O3�Fe2O3 CaO�ZrO2; Ca–ZrO2; CaO;

1100 CaO�ZrO2; MgO; Ca–ZrO2; CaO CaO�ZrO2; MgO; Ca–ZrO2; CaO CaO�ZrO2; Ca–ZrO2; CaO;

1200 CaO�ZrO2; MgO; Ca–ZrO2; CaO CaO�ZrO2; MgO; Ca–ZrO2; CaO CaO�ZrO2; Ca–ZrO2; CaO;

1300 CaO�ZrO2; MgO; Ca–ZrO2; CaO CaO�ZrO2; MgO; Ca–ZrO2; CaO CaO�ZrO2

1400 CaO�ZrO2; MgO; Ca–ZrO2 (traces) CaO�ZrO2; MgO; Ca–ZrO2 CaO�ZrO2

1500 CaO�ZrO2; MgO CaO�ZrO2; MgO; Ca–ZrO2; 2CaO�Fe2O3 CaO�ZrO2

1600 CaO�ZrO2; MgO CaO�ZrO2; MgO; Ca–ZrO2 (traces) CaO�ZrO2

Fig. 9. Pore size distribution (pore frequency curve) (a) and SEM images of microstructure (b) of DII material. Bright oval grains – calcium zirconate; dark grey

grains – periclase and dark spots – pores.
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zirconia (identified as Ca0.15Zr0.85O1.85) and ‘‘free’’ calcium

oxide were identified. In the samples fired at temperature of

1300 8C (and at higher temperatures) XRD analysis detected

only CaZrO3 (Table 3). The ‘‘free’’ CaO content measured by

the chemical method was 0.34% (at 1300 8C).

In DI and DII materials after one-step firing the main

identified phase was calcium zirconate assisted by periclase

(MgO) and calcium stabilized zirconia. The amount of the last

mentioned phases decreased with temperature.

‘‘Free’’ CaO in DI material was detected up to 1300 8C. Its

content measured by the chemical method was 0.84% (at

1300 8C). In DII material ‘‘free’’ CaO was detected up to
Fig. 10. Pore size distribution (pore frequency curve) (a) and SEM images of micr

grains – periclase and dark spots – pores.
1200 8C and amounted to 0.67%. The phase composition of DI

and DII materials after one-step firing at temperature of

1400 8C showed, except the main phases (CaZrO3 and MgO),

traces of CaO stabilized zirconia.

In DI material after one-step firing at temperatures of 1500

and 1600 8C exclusively, calcium zirconate and periclase were

recognized (Table 3).

The products obtained through the one-step firing of DII

material in the temperature range of 1000–1500 8C contained

traces of transition ferrite phase – calcium ferrite, Ca2Fe2O5

(2CaO�Fe2O3), with the melting point of 1449 8C [32] or

calcium ferrite-aluminate – brownmillerite Ca2AlFeO5
ostructure (b) of W material. Bright oval grains – calcium zirconate; dark grey
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(4CaO�Al2O3�Fe2O3) with the melting point of 1415 8C [33].

The silicon oxide present in natural dolomite II in an amount of

0.5% could create (together with CaO) calcium silicates

Ca2[SiO4] with the melting point of 2130 8C and Ca2[SiO4]O

with the incongruent temperature of 2070 8C [34].

As it could be derived from the phase diagram of CaO–

MgO–ZrO2–SiO2 system, in the material with high CaO/SiO2

(>2) ratio, MgO could be accompanied by Ca3[SiO4]O (with a

possible presence of Ca2[SiO4] and CaZrO3). The liquid phase

could appear in this material at the temperatures above 1700 8C
(Fig. 2) [15]. The appearance of the liquid phase below this

temperature is related to the presence of ferrites and calcium

aluminates. For CaO–MgO–Al2O3 system, in MgO–C12A7–
Fig. 11. Pore size distribution (pore frequency curve) (a) and SEM images of micro

grains – periclase and dark spots – pores.
C3A co-stability triangle, the liquid phase appeared at 1321 8C
as eutectic point [35].

In the M–C2S–C4AF system containing brownmillerite

(C4AF), the liquid phase appeared at temperature of 1320 8C
[33]. In DII material after firing at temperature of 1600 8C
traces of the stabilized zirconia were detected (apart from the

main phases – periclase and calcium zirconate) (Table 3).

The decay of ferrite and aluminates transition phases at

higher firing temperatures is probably related to the dissolution

of little Fe2O3, Al2O3 and SiO2 into the main phases of

CaZrO3–MgO material [36,37].

After the first firing at temperature of 1200 8C during two-

step process, the ‘‘free’’ CaO content was 2.74, 0.72 and 1.68
structure (b) of DI/2 material. Bright oval grains – calcium zirconate; dark grey
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for DI/2, DII/2 and W/2 materials, respectively (Fig. 6). The

materials obtained through the second step of firing at

temperatures of 1500 and 1600 8C contained no ‘‘free’’ CaO.

The phase composition of the materials fired at temperatures

of 1400, 1500 and 1600 8C (Table 4) was the same as for the

materials obtained in one-step firing (Table 3).

‘‘Free’’ CaO measurements and phase composition analysis

show that the synthesis of CaZrO3 was finished at temperature

of 1500 8C in all investigated systems (Fig. 6).

During the one-step processing, DI material (up to

1300 8C), DII material (up to 1200 8C) and W material
Fig. 12. Pore size distribution (pore frequency curve) (a) and SEM images of micros

grains – periclase and dark spots – pores.
(up to 1500 8C) showed small volume increase, with

high shrinkage at higher temperatures (Fig. 7). The

maximum linear expansion of materials was at 1200 8C:

3.4% for DI material, 2.0% for DII material and 5.0% for W

material.

DII material after firing from 1300 8C and higher showed

significant shrinkage (Fig. 7). This phenomenon was probably

an effect of the liquid phase appearance which intensified the

sintering process. This phase was formed of CaO, Fe2O3, Al2O3

and SiO2. The amount of these oxides in the natural dolomite II

was 1.8 wt.% (see Table 2). As it was shown by XRD analysis
tructure (b) of DII/2 material. Bright oval grains – calcium zirconate; dark grey



Table 4

The phase composition of DI/2, DII/2 and W/2 materials after two-step firing.

Firing temperature (8C) Phases identified in the material listed in decreasing order

DI/2 DII/2 W/2

1400 CaO�ZrO2; MgO; Ca–ZrO2 (traces) CaO�ZrO2; MgO; Ca–ZrO2 CaO�ZrO2

1500 CaO�ZrO2; MgO CaO�ZrO2; MgO; Ca–ZrO2 (traces) CaO�ZrO2

1600 CaO�ZrO2; MgO CaO�ZrO2; MgO; Ca–ZrO2 (traces); 2CaO�Fe2O3 CaO�ZrO2
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the phases with the low temperature melting point were

detected – 4CaO�Al2O3�Fe2O3 and 2CaO�Fe2O3 (Table 3). It

means that at temperatures above 1300 8C, the process of

creation and sintering of CaZrO3 was intensified by the
Fig. 13. Pore size distribution (pore frequency curve) (a) and SEM images of micro

grains – periclase and dark spots – pores.
presence of the liquid phase. As a result the material with small

porosity can be obtained.

Material DI showed a tendency to densification at

temperature of 1400 8C. Its shrinkage was rising with the
structure (b) of W/2 material. Bright oval grains – calcium zirconate; dark grey
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increase of the firing temperature and was significantly smaller

than that recorded for DII material.

Dolomite I has a very small amount of admixtures (�0.1%, see

Table 2). The sintering of this material proceeds in the solid state.

W material, made on the base of pure reagents, showed

shrinkage at 1600 8C and sintering proceeded in the solid state.

All type of materials (DI, DII and W) during the second step

of firing (at temperatures of 1400 8C and higher) showed

shrinkage only (Fig. 7). The materials manufactured in two-step

process were better densified (see Table 5). The DII/2 material

after the second firing showed shrinkage of about 20%,

regardless the firing temperature.

The elongation of sintering time up to 5 h caused that the

maximum densification of DII/2 material was achieved at

1400 8C and did not change with the increase of sintering

temperature. Shrinkage of DI/2 and W/2 materials was

increased with the increase of sintering temperature, reaching

about 18% at 1600 8C.

Table 5 and Figs. 8–14 show open porosity changes vs. the

process type and its maximum temperature. Shrinkage of DI

and DII materials sintered in one-step process at 1400–1600 8C
range was followed by the significant decrease the pore volume.

Bulk density was increased. A similar behaviour was detected

for W material at 1600 8C.

Two-step firing of DI/2 and W/2 materials proceeded in a

similar way, yet the level of densification was much higher.

Densification of DII/2 material was the highest among the

investigated materials. The pore volume was <6 mm3/g, the

mean pore diameter was smaller than 0.1 mm and bulk density

was between 4.16 and 4.35 g/cm3. The elongation of the

sintering time up to 5 h practically did not change material

parameters. Bulk density was about 4.30 g/cm3 and mean pore

diameter was <0.1 mm, regardless the firing temperature.

Two-step firing allowed authors to achieve a better level of

densification of all investigated materials then in the materials
Table 5

Properties of DI, DII and W materials after firing determined by mercury porosim

Type of material Firing temperature (8C) Cumulative pore vo

(mm3/g)

Firing process

1-Step 2

DI 1400 404.0 1

1500 286.2

1600 125.4

DII 1400 69.9

1500 35.2

1600 7.12

DII/5 1400 –

1500 –

1600 –

W 1400 485.8 1

1500 489.4 1

1600 51.1
fired in the one-step process at 1400 8C (Table 5 and Figs. 8–

14). An additional treatment (‘‘intermediate calcination’’)

facilitated obtaining dense MCZ and CZ bodies. The form of

such material represented by DII/2 sample achieved the highest

density.

The W/2 material after two-step firing is composed only of

the CaZrO3 phase. Its density changes depend on maximum

firing temperature: 80, 86.7 and 90% of theoretical density

(4.95 g/cm3) for 1400, 1500 and 1600 8C firing temperature,

respectively.

Materials of both D series were composed of two phases –

CaZrO3 (�82%) and periclase (�16%) showing a significant

density difference (4.95 and 3.58 g/cm3, respectively). The

theoretical density of such a mixture amounts to 4.63 g/cm3.

After two-step sintering D materials reached the density as

follows: DI/2 – 87.0, 85.5 and 93.5%, DII/2 – 89.8, 95.3 and

94.0%, for 1400, 1500 and 1600 8C firing temperature,

respectively.

Scanning electron microscopy images of DI and DII

materials fired at temperatures of 1400, 1500 and 1600 8C,

by both applied ways, showed mainly oval crystals of calcium

zirconate. Periclase crystals were uniformly distributed

between them (Figs. 8, 9, 11 and 12). In advance of firing

temperature and in the second firing stage, the increase of

crystals of both phases, increase of densification and decrease

of porosity, were observed. Calcium zirconate crystals reached

the maximum size of about 10 mm and periclase crystals were

about 20 mm.

SEM images of material W showed in (Figs. 10 and 13) oval

grains of calcium zirconate of different sizes. Their size

increased with the increase of the firing temperature and in the

second firing stage. Simultaneously, the largest pores dis-

appeared and the level of densification increased. The grain

rearrangement during sintering led to a significant increase of

the interphase contact area.
etry.

lume Median pore diameter

(mm)

Bulk density (g/cm3)

Firing process Firing process

-Step 1-Step 2-Step 1-Step 2-Step

53.4 3.82 2.50 2.61 4.03

48.1 4.18 2.29 2.97 3.96

34.5 4.46 0.69 3.10 4.33

0.3 3.31 0.022 3.42 4.16

1.4 2.12 0.007 3.94 4.41

5.5 0.04 0.025 4.14 4.35

5.8 – 0.07 – 4.31

9.9 – 0.03 – 4.35

11.7 – 0.04 – 4.29

38.6 3.13 1.60 2.52 3.95

08.3 3.28 1.83 2.42 4.29

10.2 3.57 0.68 3.43 4.45



Fig. 14. The cumulative pore volume changes depending on the material type and firing temperature of MCZ (D) and CZ (W) products.
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4. Conclusions

The influence of the natural admixtures (SiO2, Fe2O3 and

Al2O3) content in dolomite raw materials on the microstructure
of CaZrO3–MgO materials manufactured in one- and two-step

firing processes up to temperature of 1600 8C was investigated.

The synthesis of CaZrO3 in one- and two-step processes was

definitely completed at 1500 8C.
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The only phase present in the model material synthesized

from pure chemical reagents CaCO3 and ZrO2 after firing at

temperature of 1500 8C was calcium zirconate.

In materials synthesized from natural dolomite and ZrO2

two main phases were present – calcium zirconate and

periclase. In CaZrO3–MgO materials achieved at lower

temperature, transient phases were present (mainly ferrites

and calcium aluminates 4CaO�Al2O3�Fe2O3 or 2CaO�Fe2O3).

These phases disappeared at higher temperatures. This is

probably related to the dissolution of admixtures in the main

phases of the CaZrO3–MgO material.

The densification process of investigated materials depended

on the presence and amount of admixtures. The level of

densification of the model material and the material synthesized

from zirconium oxide and dolomite with a small content of

admixtures (<0.2%) was increased with the firing temperature;

while the material produced from zirconium oxide and

dolomite with the higher content of admixtures (�3.4%) was

very dense after firing at 1400 8C and its density did not change

significantly with further increase of the firing temperature.

The earlier calcination (the first-step) of the raw mixtures in

the two-step firing process lead to obtain dense MCZ and CZ

materials. The material obtained from the mixture of zirconium

oxide and natural dolomite with the higher admixtures content

has the highest densification level (�95% theoretical density of

CaZrO3–MgO) at temperatures of 1500 and 1600 8C.

The longer firing time of this material allowed to achieve

dense CaZrO3–MgO material, even at temperature of 1400 8C.
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