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The increasing severity of the working conditions of refractories together with the necessity
of available and economically feasible raw materials have changed the design approaches
towards materials experiencing “in situ” modifications during use.

The systems ZrO,-MgO-CaO and ZrO,-MgO-Ca0O-SiO, are key ones in refractory technol-
ogy due to the high temperatures for liquid formation involved. Apart from the well-known
Zr0Oy, MgO, MgO-C and MgO-CaO commercial refractories, calcium zirconate (CZ, CaZrOs)-
based materials have been proposed due to the low thermal conductivity and high
refractoriness of CZ. Naturally occurring minerals as dolomite, baddeleyite or zircon are
potential raw material candidates for the fabrication of relatively low cost MgO-CZ-based
refractories.

This work discusses guidelines for the formulation of basic refractories with CZ-based
matrices. The effect of composition on the microstructural development, the mechanical
behaviour and the corrosion resistance against cement clinker are discussed.

© 2021 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Los sistemas ZrO,-MgO-Ca0 y ZrO,-MgO-Ca0-SiO, son clave en la tecnologia refractaria
debido alas altas temperaturas de formacién de liquidos involucradas. Ademas de los refrac-
tarios comerciales ZrO,, MgO, MgO-C y Mg0.CaO, se han propuesto materiales a base de

circonato calcico (CZ, CaZrOs) debido a la baja conductividad térmica y alta refractariedad
del CZ. Los minerales como la dolomita, la baddeleyita o el circén son candidatos poten-
ciales a materias primas para la fabricacién de refractarios basados en MgO-CZ de costo

relativamente bajo.

Este trabajo analiza las pautas para la formulacién de refractarios basicos con matrices
basadas en CZ. Se discute el efecto de la composicién sobre el desarrollo microestructural,
el comportamiento mecénico y la resistencia a la corrosién frente al clinker de cemento.

© 2021 SECV. Publicado por Elsevier Espania, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The European ceramics sector accounts for EUR
27.8 x 103 million in production value and it provides
over 338 thousand jobs (https://ec.europa.eu/growth/
sectors/raw-materials/industries/non-metals/ceramics_es).
Refractories constitute one of the major value sec-
tors (17%), just after building ceramics - wall and
floor tiles (31%) and bricks and roof tiles (20%) -
(http://cerameunie.eu/ceramic-industry/facts-figures/).

Refractories are essential for all high-temperature indus-
trial processes. Their role is three-fold as they provide
structural integrity, corrosion resistance and thermal insula-
tion. Main industries such as production of steel, aluminium,
glass, ceramics, cement, chemicals and energy, and waste
management, involve some of the most aggressive high-
temperature environments, thus, refractories are strategic
materials for them.

Consequently, the evolution of refractories has always been
linked to requirements of other industries in order to reach
higher quality or productivity and, in the last years, related to
occupational health and environmental issues such as waste
and emissions. In general, in modern refractory practice rela-
tively expensive materials that last long time are preferred to
short-life cheap ones.

Since refractories are fabricated in large quantities and
sizes the use of high purity raw materials is not commercially
viable. Moreover, it is not technologically necessary because
properly designed refractory compositions and microstruc-
tures support the envisaged solicitations, as will be described
in this work. Synthetic raw materials are used for the fabrica-
tion of some refractories (e.g.: ZrOz, MgO, Al, 03, SiC), however,
most refractories are fabricated from beneficied (purified,
milled, compacted and heat treated) ores (e.g.: mullite-based
chamottes, bauxite, doloma) or natural ores with carefully
controlled composition and grain size (e.g.: zircon, andalusite,
clays).

During use, refractories are subjected to extreme environ-
ments that give rise to a combination of thermochemical and
thermomechanical solicitations. The word “refractory”, which
comes from stubborn (refractarius in Latin), describes well the
original approach for their designing as materials resistant
to the extreme conditions by being chemically and physically
stable under the environmental conditions.

The solicitations at which refractories are subjected have
progressively become more severe to reach the higher quality
products and more economical and environmentally friendly
and healthy fabrication processes required by the basic indus-
tries. The strategy of the refractory technology to face such
changes has moved towards the design of materials that
resist by experiencing “in situ” microstructural modifications
originated by their interaction with the environment. In this
sense, modern refractories are the most performing example
of smart and self-healing materials.

Regarding the thermochemical requirements, refractories
are fabricated using natural raw materials and fabrication
temperatures have to be economically competitive. Thus,
even though it is possible to envisage refractory compositions
with major phases thermodynamically compatible with the
environment, it is not possible to totally prevent corrosion.
Therefore, the microstructures of refractories are designed to
limit the penetration depth of the corrosive agents and/or to
produce protective reaction products. One of the most suc-
cessful examples of such design is the development of fusion
cast AZS (alumina-zirconia-silica) blocks, which, in words of
Profs. Lee and Moore “was a critical advance for the glass
industry, enabling glass-tank campaigns to be extended to
their current length of more than a decade” [1]. The special
eutectic microstructure with low porosity of AZS blocks limits
the accessibility of the corrosive glass. In addition, dissolution
of alumina, which is the first phase to be dissolved followed
by zirconia [2], leads to the formation of a high viscosity glass
boundary layer which further limits corrosion.

In order to fulfil the thermomechanical requirements,
refractory products are heterogeneous materials which frac-
ture deviates from pure linear elastic. As it has been
well documented [3], the interaction of the heterogeneous
microstructure with the crack leads to several energy-
consuming processes ahead (process zone) and behind
(process wake) the crack tip which avoid brittle failure. Crack
deflection and multiple crack branching are usually observed
in the frontal process zone, grain bridging and friction of
crack faces occur in the process wake zone and the micro-
cracking process zone occurring at the front accompanies
crack propagation. As a result, toughness of refractories
increases for increasing crack extension. Besides this ris-
ing R-curve fracture behaviour, refractory microstructures are
designed to be strain tolerant to limit stress development
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under imposed mechanical deformations and temperature
spatial and temporal changes. In principle, phases with low
Young’s modulus and thermal expansion would be desirable;
however, in refractory selection there are always specific com-
positional constraints to fulfil depending on the application.
Low stiffness microstructures can be reached by selecting low
Young’s modulus phases as constituents and/or incorporating
pores and cracks. In addition, limited crack networks can be
developed in heterogeneous microstructures under subcriti-
cal conditions of temperature variations [4]. Cracks have to be
controlled in order to avoid early failure and limit corrosion.

Phase equilibrium diagrams are a powerful tool for the
selection of refractory compositions to fulfil thermochemical
requirements while initial screening of the expected mechan-
ical and thermal properties can be done by using simple
relationships derived from the Minimum Solid Area (MSA)
models and linear-elastic mechanics.

This work discusses the main role of the ZrO,-MgO-CaO
and ZrO,-MgO-Ca0-Si0O, systems in the field refractories.
In particular, the guidelines for the formulation of calcium
zirconate (CZ, CaZrOs)-based materials for the cement indus-
try considering the thermochemical and thermomechanical
requirements are addressed. The effect of composition on the
microstructural development, the mechanical behaviour and
the corrosion resistance against cement clinker is also dis-
cussed.

Refractories for cement kilns

Portland cements are fabricated in rotary kilns by reaction of
natural raw materials at temperatures around 1450°C. The
major raw material is limestone (CaCO3) and minor ones to
be the silica (SiO,) sources can be clay, sand, iron ore, shale,
fly ashes or slags, as well as mixtures of them. The final
product, called “clinker”, is basically formed by four crys-
talline phases: alite (Ca3SiOs), belite (8-CaySiOy), tricalcium
aluminate (Ca3Al,Og) and ferrite (Cay(AlxFez_x)20s). As minor
common components are Na; SOy, KpSO4, CaSO4 and KCl, the
process involves aggressive basic environments and atmo-
spheres with high alkali and sulphur contents. Consequently,
the microstructure and phase composition of the refractories
of the work zone of the kilns can be strongly modified.

Magnesia-chrome refractories (from silicate bonded to
direct bond) present high resistance to corrosion by cement
clinker because they are capable of developing in situ protec-
tive coatings by reaction with the constituents of the clinker.
Therefore, they have been used in the upper transition and
burning zones of rotary kilns for along period. However, refrac-
tory wastes with more than 5mg/l of Cr are forbidden in
European and USA legislations due to the carcinogenic issues
of hexavalent chromium (CrO4%-) [5].

Magnesia (MgO) aggregates and matrices of magnesia and
magnesium-aluminium spinel (MgAl,04) have been devel-
oped and used in the cement industry to substitute the
chrome-based materials. In Europe alone, some 1250 mil-
lion tonnes of basic shapes were manufactured in 2019, of
which 14%, that is 175 million tonnes, were destined for the
cement and lime industry (http://www.pre.eu/). Nevertheless,
the composition of the most common commercial materials is

ZrO,

,\ MgO

Fig. 1 - ZrO,-MgO-CaO phase equilibrium diagram. The
compositions of the main groups of refractories described
in the text are indicated. Group 1 zirconia based materials;
Group 2 rich calcium zirconate materials; group 3 rich
magnesia materials; Point 4 dolomite-zirconia materials.

CaO% ®

not an adequate one from the stand point of thermodynamics
because even the most pure materials would form liquids at
relatively low temperatures (~ 1400°C) when combined with
the components of cement, as it can be derived from the phase
equilibrium relationships in the system Al,03-Ca0O-SiO,-MgO
[6,7]. In fact, magnesia-spinel refractories present relatively
low corrosion resistance under the work conditions in the
cement kilns. Thus, development of new chrome-free linings
for cement rotary kilns is one of the most important subjects
in the refractory field from the view point of environmental
protection [1].

MgO-CaZrO3; based refractories have been suggested as
chrome free refractories to replace not only magnesia -
chromite, but also magnesia over saturated spinel refractories.
MgO-CaZrO3; based refractories are an attractive alternative
due to the high temperatures for liquid formation in the
MgO-CaZrOs-rich area of the MgO-Ca0-Zr0,-Si0, system (~
1550°C) [6-8].

Thermodynamic considerations

The system ZrO,-MgO-CaO

The ternary system zirconia-magnesia-lime is a key one in
refractory technology due to the high temperatures for liquid
formation involved. The liquidus surface of this ternary sys-
tem [9] is plotted in Fig. 1. It is clear the high temperatures
involved in this system, with a ternary (ZrO,-MgO-CaZrOs)
eutectic at 2008°C and a maximum temperature of 2060°C
for the real binary MgO-CaZrOs (Table 1). Ideal pure biphasic
MgO-CaZrO3; materials would be adequate for high tempera-
ture applications up to 2060 °C.

Well known commercial refractories with compositions
within this ternary diagram are based on tetragonal + cubic
zirconia (t+c ZrO,, crucibles or nozzles for the steel indus-
try), MgO (glass regenerators, steel and cement production)
and MgO-CaO (electrical arc furnaces for steel).
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Table 1 - Solid state compatibility relationships in the
Ca0-ZrO,-MgO-SiO, system (Figs. 1 and 2) with the

corresponding temperatures and types of the invariant
points.

Compatible phases Invariant point

Type T (°C)
MgO-CZ Eutectic 2060
MgO-CZ-C3S-Ca0 Peritectic 1740
MgO-CZ-C3S-C,S Peritectic 1710
MgO-CZ-C3MS;-C,S Peritectic 1555
MgO-Zr0,-M,S-CMS Peritectic 1485
MgO-CZ-Z-C3MS; Peritectic 1475
MgO-ZrO,-CMS-C3MS, Eutectic 1470

CZ: CaZrOs; C3S: CazSiOs; CpS: CaySiOs; MpS: Mg,pSiOs; C3MS;:
CasMgSi; Og; CMS: CaMgSiOy.

Calcium zirconate (CaZrOs, CZ) is the stable compound in
the ZrO,-CaO quasi-binary system. CZ has perovskite struc-
ture and bears orthorhombic crystalline lattice; it has received
great attention due to its unique electrical properties associ-
ated to the perovskite structure. In the field of refractories,
calcium zirconate has a high potential interest due to its high
melting point (~2340°C) and the fact that it does not present
polymorphic transformations up to very high temperature
(1959°C) [10].

CZ-based materials have been proposed for crucibles and
as investment casting moulds due to their thermodynamic
compatibility with metals such as Ti-alloys. Advanced refrac-
tories for titanium metallurgy based on calcium zirconate with
improved thermomechanical properties have been proposed
and developed by Aneziris et al. [11-15].

CZ-based refractories have been also proposed as substi-
tutes of the Cr-containing materials for the cement kilns [16].
These materials present high refractoriness and thermody-
namic compatibility with the constituents of cement clinker
[6,7] and lower thermal conductivity than MgO-compositions
due to the low conductivity of CaZrOs [17].

Synthesis of CaZrOs

Even though synthetic calcium zirconate based materials are
being used for a broad range of applications since the last
decades of the twentieth century, the natural analogue of
CaZrO3 was not reported until 2008 because of its rarity [18].
The low amounts of natural CaZrOs, in spite of the relatively
high amounts of Zr and Ca in natural systems, is due to its
high crystallization temperature and the high activity of Siin
many natural systems, which lead to the formation of zircon
ZrSiOq4, thus decreasing Zr activity.

Due to the scarceness of natural CZ, it has to be syn-
thesized. The most used method is the solid-state reaction
of equimolar CaO and m-ZrO; mixtures, which is thermo-
dynamically favourable at all temperatures [19]. In order to
proceed reaction once CaZrOjs is formed, the diffusion of Ca?*
ions through the newly-created CaZrOs is required [20]. In
addition, the reaction involves a significant decrease of
density, ~ 41 and 45% for monoclinic and tetragonal

ZrO,, respectively (theoretical density=3.34, 6.30, 6.10 and
4.47 g/cm? for Ca0, m-Zr0,, t-ZrO, and CaZrOs, respectively).

As a consequence of the characteristics of the solid-state
reaction, relatively high temperatures and fully homogeneous
mixtures of sub-micrometre raw materials are needed to avoid
the presence of free lime and high porosity in the reacted
materials.

The specific economic and technological features of refrac-
tory production make it impossible to fulfil the above
described requirements for the fabrication of CZ by solid
state reaction. Dense grains of CaZrOs refractory grades made
by electric arc melting for refractory applications have been
developed and used as refractory constituents [11]. The ini-
tial composition has to be controlled due to evaporation of
CaO during the melting process which leads to the presence
of ¢-ZrO; than might contaminate the liquid metal [13].

Reaction sintering [21] is an alternative sintering process
in which chemical reaction between the constituents of the
green compact and its densification occur during the same
thermal treatment. It is an adequate technique for process-
ing multicomponent materials. Major advantage of reaction
sintering is the elimination of additional thermal and milling
treatments needed to fabricate powders with the charac-
teristics required in the final material. Therefore, it is an
attractive industrial process for cost-saving widely used in
the field of traditional ceramics, in which carbonates are
frequent raw materials. In the same way, the use of natu-
rally occurring minerals is an attractive alternative for the
production of CaZrO3;-MgO-based refractories. Minerals with
consistent chemical composition as dolomite (CaMg(COs)2),
baddeleyite (ZrO;) or zircon (ZrSiOg4, ZS), are economically suit-
able reactants. This alternative approach has been used for the
processing of different CZ-MgO-based materials.

Composites of CaZrOs, ZrO, and MgO have been developed
by the reaction sintering of baddeleyite (ZrO;) and dolomite
(CaMg(COs3),) mixtures at temperatures above 1300°C [22,23].
The stable polymorph of ZrO; in such compositions is the
cubic one, c-ZrO,, which is stabilized by CaO and MgO. The
amount of CaO that enters in solid solution is significantly
higher than that of MgO (e.g.: ~ 20 and 5mol% of CaO and
MgO, respectively, at 1420°C) [8]. Decomposition of dolomite
at temperatures higher than 800°C originates highly reactive
nanometric particles of CaO, which readily react with ZrO,
[24].

Adequate grain size and homogeneity of the raw mate-
rials are needed to avoid the presence of free lime in the
final material. In addition, strict control of the thermal cycle
has to be performed in order to eliminate the high porosity
from carbonate decomposition in the reacted material and to
accommodate the expansive formation of calcium zirconate
[21,24]. When conventional constant heating rate sintering is
used shrinkage variations at low temperatures are relatively
large and non-monotonous. As a consequence, materials pro-
cessed using conventional thermal treatment schedules are
highly porous [23]. Dense calcium zirconate-magnesia com-
posites can be reached using rate-controlled sintering [21,22].

ZrO, powders are relatively expensive synthetic raw mate-
rials. An alternative source of ZrO, is zircon (ZrSiOq4), which
has also successfully been used to fabricate CaZrOs-based
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ZrO,

Fig. 2 - Schema of the CaO-ZrO,-MgO0-SiO, phase
equilibrium system showing the solid state compatibility
relationships in the CaO-rich region. The summary of the
compatibilities and the corresponding invariant points are
shown in Table 1. C3S: Ca3SiOs; C,S: CaySi04; C3MS,:
CagMgSi203.

dense materials [25] and refractories [16]. The particle size
of the raw materials used and in particular, the presence of
agglomerates determine the quality of the final material fab-
ricated by reaction sintering [26].

The system ZrO,-MgO-CaO-SiO,

The design of compositions on the basis of phase equi-
librium diagrams can be done considering only the major
constituents when dealing with high purity raw materials.
However, additional components are required for the selection
of compositions in the case of natural raw materials. In order
to simplify the analysis, only the main impurities are included
in a first approach. Thus, the main additional component to be
considered for the analysis of CZ-MgO compositions from the
above described minerals is SiO,, which is the main impurity
in natural dolomites and a major constituent of ZrSiO,.

Fig. 2 is a schema of the CaO-ZrO,-MgO-SiO; system show-
ing the solid-state compatibility relationships in the region
rich in CaO [27]. In Table 1, these compatibilities are summa-
rized together with the corresponding invariant points.

Apart from the relatively high temperatures for liquid for-
mation discussed above, the interest of MgO-CaZrO3 based
materials for the cement industry is due to the compatibility
of MgO and CaZrOs with the major phases of Portland cement:
alite (C3S, Ca3SiOs) and belite (C,S, Ca;Si0s), clearly shown in
Fig. 2.

Additional facts to be considered when choosing refrac-
tory compositions on the basis of these compatibilities are the
characteristics of the constituents; in this sense, it would be
necessary to eliminate those with free CaO and C3S due to the
high hydration tendency of these compounds [16,22].

The present authors have extensively analyzed the
mechanisms involved in the reaction sintering process of
MgCa(CO3),-ZrSiO4 [25,26] and MgCa(CO3),—Zr0O, [22] mix-
tures to reach dense and fine grain materials. The information
supplied by the ternary MgO-CaO-ZrO, and quaternary
MgO-Ca0-Zr0,-Si0;, systems was used for tailoring the com-
position and adequate characteristics of the starting powders
and thermal cycles were selected to control porosity. When
considering the fabrication of commercial refractories, the
characteristics of the thermal cycles are limited by industrial
requirements. In this case, the starting granulometry of the
mixtures as a whole has to be adjusted to obtain optimum
microstructures [16]. In addition, relatively high purity and
reliable raw materials are required to prevent the formation
of undesired minor phases and limit corrosion.

Thermomechanical considerations

In order to assure the structural integrity of refractories dur-
ing use it is necessary to design microstructures that stand
the extreme thermomechanical solicitations without exten-
sive cracking. For this purpose, the initiation of cracks and,
more importantly, their propagation must be controlled. In
general, refractories present relatively low strength, i.e.: resis-
tance to crack initiation, and their microstructures have to be
designed for resistance to crack propagation, thus, for tough-
ening mechanisms acting in the wake zone [4].

The main microstructural features that influence the resis-
tance of materials to initiation of fracture are different from
those that regulate crack propagation. In the case of refracto-
ries, it has been demonstrated that the characteristics of the
aggregates determine toughness for crack initiation while, the
presence of microstructural features capable for toughening
by crack arresting and deflection are needed for high values of
work of fracture [3].

In order to optimize the resistance of refractories to crack
initiation, high toughness aggregates have to be envisaged.
Moreover, aggregates that present higher strength than the
matrix are needed for limiting crack propagation. CZ-MgO
based refractories could be constituted by aggregates of CZ
or of MgO due to the similarity between the toughness val-
ues of well-designed and processed CaZrOs [28] and MgO [29]
materials (~2.2-2.6 MPam'/?).

In addition to assure the toughening capability of the aggre-
gates, the characteristics of the boundaries between them and
the matrix have to be controlled. In general, weak interfaces
are sought to keep the potential of aggregates for crack deflec-
tion. Chemical compatibility between the main constituents
of the aggregates and those of the matrix is needed to avoid
extensive reaction between the matrix and the aggregates and
the associated material continuity.

One of the main issues in ceramics is that of thermal
stresses developed during temperature changes due to incom-
patible strains between the constituents [30]. Such strains are
due to differences between thermal expansion and/or vol-
ume changes associated to phase transitions or reactions. The
developed stresses might lead to cracking, and even to the
complete failure of the material, as well as to the modifi-
cation of the characteristics of the boundaries between the
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Table 2 - Formulation and major constituents of CaZrO3;-MgO compositions from natural raw materials.

Compatible phases Equation and reference

Mineralogical composition (wt.%)

CaZrOs MgO C,S C3sMS, c-Zr0O,

MgO-CZ 1[37,38] 80 20 = = =
MgO-CZ-calcium 2 [36](1 wt.% total impurities) 79 18 - 3 1
silicates (minor) 2 [36](6 wt.% total impurities) 55 14 = 13 18
MgO-CZ-C,S 3 [25] 31 27 42 = =
MgO-CZ-C3MS; 4 [25] 35 20 - 45 -
MgO-CZ-C3MS;-CyS 5 [16] 40 21 13 26

MgO-CZ-C3MS;-c-Z 6 [16] 24 16 44 16

The mineralogical composition is calculated by rational analysis using the corresponding equation. CZ: CaZrOs; C3S: CasSiOs; C,S: CaySiOs;

M;S: Mg,Si04; CsMS,: CazMgSi;Og; CMS: CaMgSiO,.

Table 3 - Young’s modulus, E, and average thermal

expansion coefficient between 298 and 1675K, «, of the
phases present in CZ-MgO based materials.

Material I (GPa) ®298-1675 K(X 10 Kil)
CaZrO3 228 +17° ~10.4°

MgO 284+9° ~13.5 [16]

c-Z10; (Ca0) 256 + 217 ~10 [16]

CasMg(SiOy), 116 [25] ~7.4 [25]

CMSZ glass 89° -

@ E actual values determined by nanoindentation [32].
b E Calculated for MgO-Si0,-CaO glass [32].
¢ Crystalline average [6].

material constituents. Microcracking occurs in materials with
particle sizes over the critical one while stresses remain as
residual stresses for finer grained materials [31]. The adequate
manipulation of residual stresses is the basis of most tough-
ening mechanisms responsible for the excellent mechanical
behaviour of many ceramics in use.

The values of a Young’s modulus and thermal expansion
coefficients of the phases present in the CaZrO3-MgO- based
compositions (Table 2) are collected in Table 3 [6,16,25,32]. Data
for Ca,SiO4 are not available due to the difficulty of fabrication
of single-phase materials. This compound presents different
polymorphs as a function of temperature. In particular, it
experiences a martensitic transformation from B-Ca;SiO4 to
v-CaySi04 with a large associated volume expansion (11%) on
cooling [33] that might lead to extensive microcracking and
eventually to the failure of the single-phase materials. The
amounts of Ca,SiOy in refractory compositions have to be lim-
ited in order to avoid extensive cracking of large particles.

As discussed above, thermal expansion mismatch between
the constituents of ceramic materials and, in particular, of
refractories, is a key issue for the design of composition
and microstructure. During the high temperature treatments
of fabrication of shaped refractories or the high tempera-
ture reactions after installation in unshaped ones, mismatch
between the expansion of different phases can be accom-
modated by mass transport mechanisms. Contrarily, strains
cannot be accommodated from temperatures at which mass
transport is arrested on cooling. The thermal expansion coeffi-
cients of c-ZrO,, CazMg(SiO4), and the crystalline average for
CaZrOs are lower than that of MgO. Therefore, the expected
values of the thermal expansion coefficients of the composi-

tions summarized in Table 2 will be lower than that of MgO.
On the contrary, thermal expansion of the multiphase compo-
sitions will be higher or similar to that of CaZrOs. For instance,
calculations using the Turner’s equation give values between
9.4 and 11.0 x 10~ K~ for the ternary compositions prepared
using zircon and dolomite as raw materials [26].

Considering the expected thermal expansion values in the
discussed system, shrinkage of the aggregates will be higher
or lower (or similar) than that of the matrices for MgO and
CaZrO3 aggregates, respectively. Thus, thermal stresses will
develop perpendicular (radial stresses) or parallel (tangential
stresses) to the boundaries between the matrix and the MgO
or CaZrOs aggregates, respectively, as schematized in Fig. 3a,
b. For particle sizes over the critical one, such stresses will
lead to microcracking and, if cracking does not occur, they will
add to the applied external stresses during use. The expected
microcrack networks are schematized in Fig. 3c, d.

From the structural integrity stand point, radial stresses
leading to circumferential microcracking, such as those occur-
ring for MgO aggregates (Fig. 3a, c), are preferred as compared
to tangential stresses at the boundary of the CaZrOs; ones
that would originate radial microcracks (Fig. 3b, d) travers-
ing the matrix, thus, being more prone to originate material
failure.

From the existing toughening mechanisms, microcracking
and grain bridging and friction of crack faces are sought in
refractories in order to improve their resistance to thermal and
mechanical cycles. As discussed above, the residual stress field
for MgO aggregates is adequate for the development of a con-
trolled microcrack network, thus, microcracking toughening
would be expected. The most efficient toughening mecha-
nisms are grain bridging and friction of crack faces for which
the toughening level is determined by the fracture stress, the
elastic modulus and the size of the ligaments. The stiffer MgO
aggregates would be preferred as compared to CaZrOs because
they would present higher resistance to the opening of the
crack. Moreover, bridging and friction are conditioned by the
state of residual tensions of the ligament and the matrix and
the presence and geometry of microcracks, since these deter-
mine whether the crack surrounds or draws nearer to the
toughening ligament. In this sense, MgO aggregates are also
more suitable than CaZrOs; ones due to the characteristics of
the residual stresses described (Fig. 3).

The approximation of low thermal expansion particles sur-
rounded by a high thermal expansion matrix, was proposed
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Fig. 3 - Schema of the potential designs of MgO-CaZrO; refractories from natural raw materials. (a) MgO aggregates with
radial stresses (red arrows) developed at the grain boundaries. (b) CaZrO; aggregates with tangential stresses (red arrows)
developed at the grain boundaries. (c) Circumferential microcrack network black expected for MgO aggregates. (d) Tangential

microcrack network black expected for CaZrOs; aggregates.

by Axel et al. [34] to improve the thermal shock resistance of
MgO. These researchers developed model composites consti-
tuted by MgO matrices with Mg-Al spinel particles dispersed.
Such materials developed networks of cracks perpendicu-
lar to the spinel particles which drastically decreased the
matrix strength even in the case of very fine particles [29].
Moreover, magnesia-spinel materials present low resistance
to corrosion in cement kilns because their compositions
are not adequate from the stand point of thermodynamics.
A detailed observation of the Al,03-CaO-SiO,-MgO phase
equilibrium relationships [6-8] shows that MgO-spinel com-
positions would develop liquids at very low temperatures
(<1350°C) when combined with the components of cement.

CZ-MgO-based refractories

As discussed above, MgO aggregates are preferred when deal-
ing with CZ-MgO refractories due to thermomechanical issues.
Moreover, MgO aggregates of a wide range of qualities are
commercially available. As the fine grains that constitute the
matrix of a refractory are much more reactive than the aggre-
gates, a general rule for refractory design is that the matrix
composition has to be more resistant to corrosion than that
of the aggregates. A general statement on the high resistance
to corrosion by Portland cement of CaZrOs-MgO based matri-

ces can be done because both phases are compatible with the
major phases of cement clinker (CazSiOs and Ca;SiOg).

Matrix

Different approaches have been undertaken in our group, in
the last years, to formulate CZ-MgO matrices, as summa-
rized in Table 2. In principle, matrices with compositions from
Table 2, excluding those containing Ca;SiO;, would be ade-
quate for the lining of cement kilns. Regarding the major
constituents in the matrix composition, different formulation
scenarios have been considered:

a) Baddeleyite — dolomite mixtures

High purity baddeleyite — high purity dolomite mixtures
(Eq. (1)):

ZrOy + CaMg(CO3), — CaZrOs +MgO + 2CO; (2)

High purity baddeleyite ZrO, - medium purity (>94 wt.%)
dolomite (SiO, as main impurity) mixtures (Eq. (2)):

Zr0, + CaMg(COs), + Si0; — CaZrOs +MgO + 2CO,

+ calciumsilicates 2)
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As observed in Table 2, the major phases and their relative
amount in the materials is dramatically changed for increas-
ing amounts of impurities.

b) Zircon - dolomite mixtures

High purity ZrSiO4 and dolomite mixtures (Eqgs. (3-6)):

3CaMg(COs3), + ZrSiOs — CaZrOs +3MgO + Ca,SiOs +6CO,

5CaMg(COs3); + 2ZrSiO4 — 2CaZrOs

+4MgO + CaszMg(SiO4); + 10CO, @)

8CaMg(COs3); + 3ZrSiO4 — 3CaZrOs + 7MgO + CazMg(SiOs)

+CaySi04 + 16CO, )

For dolomite/zircon ratios lower than 5/2, c-ZrO, appears
as additional phase, e.g.: Eq. (6):

4CaMg(CO3)y +2ZrSi04 — CaZrOs3 +3MgO + c-ZrO;

+ CagMg(SiO4)2 +8COy (6)

Even in the case of high purity raw materials, addi-
tional calcium silicate phases are formed in all matrices
formulated with zircon and dolomite. The additional phases
are merwinite (C3MS;, CasMg(SiO4);) and/or belite (C5S,
Ca,Si0y). In addition to granulometry and impurities, the ratio
dolomite/zircon is a main design parameter for these materi-
als in which the total amounts of the desired phases, Ca;SiO4
and MgO, sharply decrease as compared to materials formu-
lated with ZrO,. Examples of phase compositions of matrices
in which CaZrO3 and MgO are present and have different ratios
of dolomite/zircon are collected in Table 2.

Fig. 4 shows characteristic microstructures of materials
designed on the basis of Eq. (2) from dolomites of high (Fig. 4a)
and low (Fig. 4b) purity [22]; both materials have CaZrOs;
and MgO as major phases. When the high purity dolomite
was used, very low amounts (<4wt.%) of c-ZrO, and mer-
winite (CazMg(SiO4),) were present were in the material as
secondary phases. For the low purity dolomite, c-ZrO,, mer-
winite (CazMg(SiOs4)2), monticellite(CaMgSiO4) and dicalcium
silicate (CaSiO4) were present as minor phases. In addition,
significant amounts of residual glass were found in this latter
material, in which significant grain growth due to liquid for-
mation at high temperature occurred, especially when it was
treated at 1450°C.

Corrosion

In principle, the compatibility between the compositions of
the proposed CZ-MgO-based matrices and the main phases
of the clinker would assure their high corrosion resistance.
However, as it will be discussed below, the corrosion processes

Fig. 4 - Characteristic microstructures of CaZrO3-MgO
materials designed according to Eq. (2) from dolomites of
different purities sintered at 1450 °C - 2 h [22]. The darkest
grains are MgO and the major grey phase is CaZrOs.
FE-SEM micrographs of polished and thermally etched
surfaces. (a) High purity dolomite. (b) Low purity dolomite.

inreal systems are determined by the dissolution of the refrac-
tory constituents in the calcium silicate rich liquid phases of
the clinker.

The corrosion of MgO-CaZrO3-based matrices by Portland
cement at 1450°C and 1500°C has been established by the
reaction method [35-38]. In this method, the diffusion couples
are made by placing small cylinders (1.5 mm diameter x 4mm
thickness) of the corrosive agent, shaped by pressing manually
the power in the dye, on polished surfaces of the test material.
Then, the diffusion couples are heated in a hot stage micro-
scope for dynamic tests or in an electrical furnace for long
term tests at the considered temperature. After the tests, the
specimens are mounted in an epoxy resin, cut transversally,
polished and analyzed using reflected light optical microscopy
(RLOM), and field emission scanning electron microscopy with
energy dispersive X-ray analysis (FE-SEM/EDS).

Fig. 5 a shows a characteristic image of diffusion couples
clinker-CaZrO3-MgO based matrices after testing. For well-
designed matrices, the clinker cylinder shrinks keeping its
original shape and maintaining the initial contact angle (=~ 90°)
with the substrate until the end of the experiment, revealing
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Fig. 5 — Characteristic image of a cross section of a reaction
couple used to study corrosion showing the experimental
arrangement: clinker (dark) and matrix specimen (clear).
The yellowish semicircular area reflects the penetration of
Fe from the clinker. The couple is embedded in a resin
before polishing (light green). Reflected light optical
microscopy.

limited reaction. The coloured area in the substrate under-
neath the clinker corresponds to diffusion of Fe. As Fe is the
clinker specie that diffuses the farthest into the substrate, as
revealed by EDS, this coloured zone can be identified as the
reaction one.

Typical clinker compositions (e.g.: 5.7 wt.% Al,O3; 3.9wt.%
Fe,03; 66.06 wt.% CaO; 21.25wt.% SiO,, 1.5wt.% MgO)
include small amounts of Al,03 and Fe,Os; in addition
to the main clinker constituents (CaO and SiOj). There-
fore, in spite of the invariant points of the subsystem
MgO-CaZrO3-Ca3SiOs—Cay SiO4 reaching temperatures of 1700
and 1750°C (Table 1), the temperature of first liquid formation
in the clinker is decreased down to ~1200°C [39], so that cor-
rosion is dominated by the clinker and refractory impurities.

The attack of the clinker occurs through the diffusion of
the calcium silicate rich liquid phases (Ca, Si, Fe, Mg) of the
clinker through the pores, liquids and grain boundaries of
the refractory. Reaction of the clinker phases with the major
constituents of the refractory (CaZrOs3, MgO) leads to the dis-
solution of these later even in model high purity materials
[37,38].

The corrosion resistance of real refractory matrices, which
containing silica and minor impurities, is discussed in which
follows. In this regard it is important to highlight the
small compositional region of the primary field of CaZrOs
as compared to that of MgO in the quaternary system
Ca0-MgO-Zr0,-Si0; [22,35]. This feature makes the refractory
composition to move readily from the CaZrOs primary field
to that of MgO due to minor impurities in the raw materials
and/or the corrosion process.

Fig. 6 shows interfaces of diffusion couples clinker/matrix
for matrices designed following Eq. (2) with dolomites of high
(Fig. 6a) and low (Fig. 6b) purities [22,36]. MgO grains larger than
those in the original microstructures are observed at the inter-

Fig. 6 — Corrosion of CaZrO3-MgO matrices fabricated from
zirconia and dolomite (Table 2, Eq. (2)). Micrographs of the
polished cross sections of diffusion couples cement
clinker-matrix after a static test at 1450 °C during 2h. The
interfaces between the clinker (upper part) and the matrix
(lower part) are observed. Light grey: CaZrOs; dark grey:
MgO. FE-SEM back scattered images. (a) Material fabricated
using a high purity dolomite. (b) Material fabricated using a
low purity dolomite. Large MgO grains are observed at the
interface.

faces in both cases. The results of the EDS-SEM microanalysis
demonstrated that these large grains have Fe in solid solution,
being their composition variable, Mg;_xFexO. In the material
with higher amount of impurities these grains formed a layer
(Fig. 6b) and the penetration depth of the clinker in this mate-
rial was lower than in the high purity one.

The observed microstructures suggest that in the initial
stages of corrosion the liquid phase in the clinker penetrates
the material dissolving CZ and MgO. For larger times, the com-
position at the interface moves to the equilibrium one in which
MgO and liquid are the expected phases because the refractory
compositions lie in the primary field of MgO. Iron from the
clinker enters in solid solution in the MgO grains precipitated
from the liquid that grow due to enhanced diffusion in liquid
phase. At this stage the layers of Mg;_xFexO grains act as barri-
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Fig. 7 - Corrosion of a CaZrO3;-MgO matrices fabricated
from zircon and dolomite (Table 2). Micrographs of the
polished cross section of the diffusion couple cement
clinker (left)-matrix (right) after a static test at 1500 °C
during 1 min. MgO (dark) and silica glass (light grey) are
observed at the interface. Some small particles (CaZrOs or
Zr0O,) are observed deeper in the matrix. FE-SEM back
scattered images. (a) Material formulated according to Eq.
(3). (b) Material formulated according to Eq. (4).

ers for further clinker penetration in the matrices preventing
corrosion. In the case of relatively low silica content of the
matrices, the described mechanism makes the higher impu-
rity content to be not detrimental for the corrosion resistance
[36].

The corrosion process of matrices containing higher
amounts of silica is more severe due to the interaction of
the liquids formed in the matrices, which also move towards
the reaction interface, with those of the clinker [35]. Fig. 7
shows characteristic microstructures of the reaction zones for
materials fabricated from zircon - dolomite, which contained
different silicate phases (Egs. (3) and (4)). At the interface

between the refractory and the clinker, high amounts of glass
were formed and initial corrosion of these materials was
relatively high. As occurred for the purer materials, large
re-precipitate Mg;_xFexO particles were formed at the very
interface refractory-reaction zone which in this case were
surrounded by glass. After this interface, a reaction zone
with numerous round shaped MgO (dark) and CaZrOs (clear)
particles surrounded by liquid phases is observed in both
microstructures. These particles correspond to the original
constituents of the material which are partially dissolved in
the multicomponent (SiO,, CaO, Al,03, Fe; 03, ZrO,, MgO, etc.)
liquid formed by reaction of the clinker and the material lig-
uid phases. The efficiency of the Mg;_xFexO particles at the
interface as barriers for clinker diffusion in these materials is
lower than in the purer ones due to the interaction of the liquid
formed in the material with that of the clinker. However, the
resistance to corrosion of these materials with relatively high
silica contents was still higher than that of Mg-Al spinel tested
in the same conditions [35]. This fact is explained by the higher
viscosity of the liquids formed in the ZrO,-Ca0-Si0,-MgO sys-
tem, as compared to those of the Al,03-Ca0O-SiO,-MgO one,
due to the presence of Zr from dissolution of CZ.

Refractory design

In a previous work [16], we demonstrated the feasibil-
ity of extending the reaction sintering approach to obtain
MgO-CaZrOs-based refractories from dolomite (MgCa(COs),)
and zircon (ZrSiO4) natural raw materials. The focus was
to determine the main processing parameters that have to
be controlled to reach defect free materials with periclase
aggregates and matrices in the range of compositions of
Table 2. For non-reacting systems, optimum packing in the
green compacts leads to sintered materials with minimum
and homogeneously distributed porosity. In the considered
compositions, matrices experience extreme volume changes
from relatively low temperatures (~600-800°C) due to decar-
bonation of MgCa(COs),, and have as final compositions the
result of the high temperature reactions between the initial
constituents. Due to such matrix specific characteristics, the
optimum microstructures, i.e. minimum porosity and ade-
quate matrix content to constitute the bonding between the
aggregates, were found for initial matrix fractions higher than
those for non-reactive systems. It was also concluded that
the fabrication temperatures have to be chosen considering
the specific compositions of the matrices in order to avoid
extensive reaction between the aggregates and the matrix
components due to liquid formation.

The optimum MgO-CZ refractories developed in the
previous work were constituted by MgO aggregates totally
surrounded by matrices. The best mechanical behaviour
occurred for matrices of composition CaZrO;-MgO-
cubic-ZrO,—CazMg(SiOa4)2 or CaZrO3-MgO-CazMg
(Si04)2—CaySiO4. All materials had cracks around the MgO
aggregates, which were developed during cooling from the
sintering temperature due to differences between the thermal
expansion of the aggregates and the matrices (calculated ther-
mal expansion coefficients ~10 x 10~6K~1). Materials with
such microstructures presented stable crack growth with high
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Fig. 8 - Optimised MgO-CZ refractory. (a) Characteristic microstructural features: circumferential crack surrounding a MgO
aggregate. CZ (white) is observed in the matrix. Reflected light optical microscopy of a polished surface. (b) Characteristic
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work of fracture (40-70J/m?) and medium strength values
(4-6 MPa) at room temperature and linear fracture behaviour
and high strength (9-15MPa) at 1100°C. This behaviour was
attributed to microcrack opening at room temperature and
closure at 1100°C.

Fig. 8a shows an example of an optimized refractory
microstructure with CZ, MgO, c-ZrO, and C3MS; as final
phases in the matrix (Eq. (6), Table 2) and characteristic load
displacement curves recorded during bending tests are shown
in Fig. 8b.

Room temperature modulus of rupture was determined
by three-point bending (span 150mm) following the proce-
dure of EN993-6 standard, using a universal testing machine
(Microtest, Spain) with stainless steel supports; reported val-
ues are the average of seven determinations and errors are the
standard deviations.

Bending tests at 1100°C (heating rate=5°C/min, holding
time before testing 20-60 min) were performed in a specially
developed mechanical testing device with high purity dense
alumina supports [40] using the same loading conditions as for
the room temperature tests (EN993-7). Reported values are the
average of three determinations and errors are the standard
deviations. All bending tests were performed in displacement
control and the load-displacement curves were recorded. For
room temperature tests, stable fracture was reached (Fig. 8b)
and the work of fracture was calculated as the area under the
curves divided by twice the cross section of the specimens.

This material presented room temperature Young’s mod-
ulus (E=78+4GPa) and strength (MOR=7 + 1MPa) similar to
those of MgO commercial refractories (E =40-106 GPa) [4] and
work of fracture (WOF =72 +5J]/m?) similar to those of well-
designed alumina bricks (40-140J/m?) [4]. Crack closure at high
temperature led to high strength values (MOR =15 + 3 MPa).

Final remarks

The increasing severity of the working conditions of refracto-
ries together with the necessity of available and economically
feasible raw materials have changed the design approaches
towards materials experiencing “in situ” modifications during
use. Naturally occurring minerals such as dolomite, badde-

leyite or zircon appear as attractive for the fabrication of
relatively low-cost calcium zirconate-based matrices for mag-
nesia refractories. The initial formulation of the matrices
can be done using the quaternary phase equilibrium system
ZrO,-MgO-Ca0-SiO; to reach materials with major phases
compatible with the main constituents of the clinker. Lime,
alite and belite should be avoided in the final materials. The
clinker liquid phase together with silica and impurities in
the material determine corrosion. Compositions formulated
in the primary field of MgO and leading to the presence of
Zr in the liquid are corrosion resistant after the initial stages.
Tailoring of the thermal expansion of the matrix allows the
optimization of the mechanical behaviour.

In memoriam of our friend and colleague Prof. Victor Orera.
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