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Abstract
Two series of refractory materials have been designed taking into account the phase equilibrium relationships to obtain

MgO-CaZrO;-Ca,Si0,—Caz;Mg(SiO,4), or MgO-CaZrO;—Ca;Mg(Si0O4),—c-ZrO, as final crystalline phases. Specimens have been fabricated
by reaction sintering of natural dolomite and zircon and with dead burned magnesia aggregates. Different relationships between the proportion and
sizes of the fines and the aggregates have been explored.

The microstructure of the materials has been characterized in terms of density, crystalline phases and phase distribution and morphology. A
combination of X-ray diffraction (XRD) analyses and reflected light optical microscopy and scanning electron microscopy with microanalysis have
been used. The phases present in the materials are those expected from the phase equilibrium relationships in the quaternary system. The optimum
microstructures, i.e. minimum porosity and adequate matrix content to constitute the bonding between the aggregates are found for initial matrix
fractions higher than those for non-reactive systems.

The mechanical behaviour has been determined in terms of the room temperature dynamic Young’s modulus, E, and the three point bending
modulus of rupture, MOR, at 25 and 1100 °C. Additionally, the work of fracture, WOF, has been calculated from the load—displacement curves of
stable fracture tests.

For optimum starting mixtures, materials with E (60-80 GPa), MOR (4—6 and ~10 MPa at 25 and 1100 °C, respectively) and WOF (40-70J m—2)

values in the range of those of other magnesia-based refractories have been obtained.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Portland cements are constituted by mixtures of synthetic
calcium silicates obtained from the reaction of natural raw mate-
rials. The major raw material is limestone (CaCO3) whereas
minor ones to be the silica (SiO;) sources can be clay, sand,
iron ore, shale, fly ashes and slags. The fabrication process of
modern Portland cements involves firing at temperatures around
1500 °C in rotary kilns.! The final product is called clinker and
is basically formed by four crystalline phases: alite (CazSiOs),
belite (B-Ca;Si0y), tricalcium aluminate (Caz Al Og) and ferrite
(Caz(AlxFe;_x)20s5); minor common components are Na; SOy,
K2S04, CaSO4 and KCI. Therefore, the process involves aggres-
sive basic environments and atmospheres with high alkali and
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sulphur contents that can strongly modify the microstructure
and phase composition of the refractories of the work zone of
the kilns.

Magnesia—chrome refractories (from silicate bonded to direct
bond) have been used in rotary kilns for a long period because
of their resistance to cement clinker attack due to their ability to
develop protective coatings in the upper transition and burning
zones. However, chrome-free lining of cement rotary kilns is one
of the most important subjects in the refractory field from the
view point of environmental protection due to the carcinogenic
issues related to hexavalent chromium (CrO427). Refractory
wastes with more than 5 mg/l of Cr are forbidden in European
and USA legislations.>3In order to substitute the chrome-based
materials, refractories containing magnesia (MgO) aggregates
and matrices of magnesia and magnesium—aluminium spinel
(MgAl>0O4) have been developed and used in the cement indus-
try. Nevertheless, the composition of such materials is not
an adequate one from the stand point of thermodynamics, as
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they would form liquids at low temperatures (1400 °C) when
combined with the components of cement, as can be recog-
nised from the phase equilibrium relationships in the system
Al,03—Ca0-Si0,-Mg0.*© In fact, magnesia-spinel refracto-
ries present relatively low corrosion resistance under the work
conditions in the cement kilns.

As the fine grains that constitute the matrix of a refractory
are much more reactive than the aggregates, a general rule for
refractory design is that the matrix composition has to be more
resistant to corrosion than that of the aggregates. In this sense, the
studies of the melting and solid-state compatibility relationships
in the system CaO-MgO—ZrO,-SiO, have demonstrated that
MgO-CaZrOs-based refractories containing calcium silicates
could be an alternative to the MgO-MgAl,O4 ones due to the
high temperatures for liquid formation in the MgO—-CaZrOj3-rich
area of the MgO-CaO—Zr0,-Si0; system (~1550°C).>¢

In particular, calcium zirconate (CaZrO3) is a phase with
very high melting point (~2340 °C), without polymorphic trans-
formations and which is compatible with MgO and with the
main phases of Portland cement clinker (Ca;SiO4 and Ca3SiOs).
Moreover, the solid—solid bonding between the compatible MgO
and CaZrOs phases is highly resistant to the penetration of fluxes
from the clinker, as has been demonstrated by corrosion studies
using cement clinker with MgO and CaZrOz3-based fine grained
materials.”" !0 MgO-CaZrO3-based materials can be obtained
by reaction sintering of natural raw materials such as dolomite
(MgCa(CO3),) and zircon (ZrSi0y). 1115

CaZrO3 presents a crystalline average thermal expan-
sion coefficient (o« average between 25 and 1000°C,
a25-1000 °Cc 2 10.4 x 1070°C~1)16 Jower than that of MgO
(a25-1000 °c ~ 13.5 x 10~ °C~H!7 and large thermal expan-
sion anisotropy (o =4.9 x 107%°C1, ap=10.9 x 10-6°C1,
a.=15.1x 10-6°C-! ). Therefore, residual stresses due to ther-
mal expansion mismatch can be developed during cooling from
the fabrication temperature at the boundaries between MgO and
CaZrOj3 grains. The level and sign of the stresses will be deter-
mined by the relative orientation of grains. Moreover, residual
stresses can also be developed inside the CaZrOj3 at the bound-
aries between crystallites with different orientations. Depending
on the specific microstructure of the material, the residual
stresses can lead to microcracking in the material during cooling
from the sintering temperature or interact with external applied
stresses. This interaction can cause decrease or increase of the
effective stresses experienced by the piece at the microstructural
scale and microcracking of the material prior to or during frac-

Table 2

Table 1
Properties of the MgO-CaZrOs3-additional phase dense composites previously
studied [13].

Property Additional phase
CaySiO4 CazMg(SiO4)2
Relative density (% of theoretical) 98 £ 1 96 £ 1
Average thermal expansion between 12.8 £ 0.3 10.0 £ 0.4
25 and 925°C (x10-%°C~1)
Young’s modulus (GPa) 194 + 2 181 £2
Room temperature bend strength 304 £+ 24 118 £ 11
(MPa)
SENB toughness (4 point bending) 2.1 +03 26+0.2
(MPam~12)

ture. Therefore, an adequate microstructural design can lead to
materials with improved mechanical behaviour.

In a previous work,!*  the reaction sinter-
ing of MgCa(CO3)2/ZrSi0O4  mixtures to  obtain
MgO-CaZrO3-CazSiO4 and MgO—-CaZrO3—CazMg(SiO4)>
dense (>96% of theoretical) and fine grained (*1-4pm)
materials was reported. The thermal expansion and the mechan-
ical behaviour of the studied materials was that of materials
made of a matrix of MgO-CaZrO3 and with dispersed ternary
phases with similar Young’s modulus (116 and 130 GPa for
CazMg(SiOy4), and B-CaySiOy, respectively) and very different
thermal expansion coefficients (7.5 and 16.3 x 1076 °C~! for
CazMg(SiO4), and 3-Ca;SiOy, respectively). No microcrack-
ing was observed in the MgO-CaZrO3—(3-Ca,;SiO4 material
due to thermal expansion mismatch and it presented high
strength values (304 =24 MPa) and brittle fracture mode. In
contrast, the MgO-CaZrO3—CazMg(SiO4), material developed
microcracking during fracture with associated low strength
(118 & 11 MPa). In Tables 1 and 2,722 the properties of
both previously studied composites as well as those of their
constituent phases are summarised.

In this work, the feasibility of extending the reaction sintering
approach to obtain MgO—-CaZrO3-based or MgO-cubic ZrO,
(c-ZrO,) based basic refractories for cement kilns is studied.
The proposed materials are constituted by periclase aggre-
gates bonded by matrices of MgO-CazMg(Si04),—CaZrO3
or MgO-CazMg(SiOy4)—c-ZrO, with CaySiO4 or CaZrO3 as
additional phases. The processing as well as the microstruc-
ture and the mechanical behaviour of the materials are
described.

Properties of the phases present in the green bodies and the expected constituent phases of the sintered materials. E: determined for monophase and dense materials.

CaMg(CO3); ZrSi04 MgO CaZrO3 3-Ca;SiO4 ¢c-Zr0,Cag 5719 8501 85 CazMg(SiO4),
Theoretical density (g/cm?) 2.863 4.669 3.585 4.619 3.313 5.269 3.312
ASTM XRD file 36-426 6-226 45-946 35-790 33-0302 1-084-1829 35-0591
Young’s modulus (GPa) ~270"7 ~23118 ~130" 2184319 ~116"3
as_1000 X 1070°C~1 ~13.5%0 ~10.41 ~16.32! ~10%* 7.4%

2 Extrapolated for monophase Ca;SiO4 from data in Ref. [18].
b Calculated in Ref. [13].
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Fig. 1. Diagrammatic representations of the solid state phase equilibrium
relationships in the quaternary system MgO-CaO-SiO2—ZrO; used for the
formulation of the matrices of the materials. The final compositions of the
materials are summarised in Table 5. (a) Matrices MII formulated according
to Eq. (1). These matrices were used to fabricate materials RII. (b) Matrices
MIII formulated according to Eq. (2). These matrices were used to fabricate
materials RIIIL. (c) Projection from the MgO—apex on the opposite face of the qua-
ternary tetrahedron (triangle CaO-ZrO,-SiO;) showing the secondary phases
and the invariant points for the MgO—-CaO—-ZrO,-SiO, mixtures CZ = CaZrOs3,
Z.=7r0,, C,S =Ca;ySi04, C3MS; =CazMg(SiOy4);.

The matrix of the refractories was formulated on
the basis of the information supplied by the system
Ca0-MgO—-Zr0,-Si0,.3% In Fig. 1a and b the diagrammatic

representations of the solid state relationships used for the for-
mulation of the matrices of the materials are shown, in Fig. lc
the secondary phases and the invariant points are represented.

All studied matrices lie in the connecting line
ZrSi04—MgCa(CO3),. The compositions MII (Fig. la)
designed according to Eq. (1):

(14 x)ZrSiO4 + (3 + 2x)CaMg(CO3); — (3 +x)MgO
+ (1 + x)CaZrO3 + (1 — x)CaySiOy
+ (x)CazMg(SiO4)2 + (6 + 4x)CO; ¢))

are located in the solid-state compatibility tetrahedron
MgO-CaZrO3—CaSi04—CazMg(SiOy4),, for which the invari-
ant point is 1550°C (Fig. 1c). For the composition with
only MgO, CaZrO3, and Ca;SiO4 (x=0) the temperature for
first liquid formation will be between this temperature and
that of the invariant point of the compatibility tetrahedron
MgO-CaZrO3-Ca;Si04 —Ca3SiOs5 (1710 °C, Fig. 1c).

The MII matrices would contain similar amounts of
MgO + CaZrO3 (55-58 vol.%), and would differ in the nature of
the silicate phase, 3-Ca,SiO4 and/or CazMg(SiOy4),, according
to the stoichiometry of the starting mixture.

The compositions MIII (Fig. 1b), designed according to Eq.
(2):

27rSiO4 + (5 —2x)CaMg(CO3); — (4 —2x)MgO
+ 2(1 — x)CaZrO3 + (2x)ZrOy + CazMg(SiO4)>
+ (10 — 4x)CO, 2)

are located in the solid-state compatibility tetrahedron
MgO-CaZrO3—CazMg(SiOy4)2—ZrO,, for which the invariant
point is 1475 °C (Fig. 1c). The composition with x =0 coincides
with MII with x=1 (Egs. (1) and (2)) and the composition with
x=11is aternary one constituted by MgO-ZrO,—Ca3zMg(SiOy4);
for which the temperature for first liquid formation is 1470 °C
(Fig. 1c).

As the temperatures for first liquid formation in matrices MIII
would be lower than those corresponding to the matrices MII,
the sintering temperatures chosen for the compacts with com-
position according to Eq. (2) were lower than those for the ones
formulated according to Eq. (1).

The actual temperatures for liquid formation in the real mate-
rials will be lower than the above discussed ones due to the
presence of small amounts of impurities in the natural raw mate-
rials.

The compositions of the initial mixtures used to fabri-
cate the actual materials, formed by mixing the fine grained
(<120 pm) ZrSi04—MgCa(CO3); mixtures with the MgO aggre-
gates (0.21-3.3mm), are located in the formulation triangle
ZrSi04—MgCa(CO3),—MgO (Fig. 1).

The adequate mixtures of MgO particles with different size
distributions for optimum packing in the green compacts have
been calculated using the approach by Funk and Dinger®? which
is a modification of the classical Andreasen distribution to
include minimum particle sizes different from zero. For these
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authors:
CPTF _ (D™ - DY)
100 (D = DY)

3

where CPFT = Cumulative Percent (of particles) Finer Than (i.e.
with diameter smaller than D); D =particle diameter; Dy, =the
largest particle size; Ds =smallest particle size; m =the distri-
bution modulus.

Densest packing of the particles would occur for distribution
modulus equal to 0.37.

In principle, optimum packing in the green compacts will
lead to sintered materials with minimum and homogeneously
distributed porosity. Nevertheless, as the matrices of the green
compacts with the compositions studied here will experience
extreme volume changes from relatively low temperatures
(~600-800 °C) due to decarbonation of MgCa(CO3), the results
obtained for non-reacting systems might not be valid. Moreover,
the composition of the materials will be the result of the high
temperature reactions between the initial constituents. There-
fore, three different modules (0.15, 0.37 and 0.45) have been
used for the granulometric design.

2. Experimental
2.1. Fabrication of materials

The raw materials used were natural zircon mineral (Amer-
ican Minerals, Smurfit-Stone, USA), a natural polycrystalline
dolomite (Pefioles; Quimica del Rey, Cohauila, Mexico) and
synthetic periclase aggregates (Magnelec; Ramos Arizpe,
Coahuila, Mexico). The periclase had three size fractions rang-
ing from 600 wm to 3.35 mm, 425 pm to 1.7 mm and 210 pm to
1 mm. The zircon mineral had an initial particle size of 3000 wm
and was previously milled for 2h using MgO balls down to
60 wm in batches of 2 kg to reach a total amount of 10kg. The
dolomite had an average particle size around 40 pm.

Chemical analyses of the three raw materials were carried
out by inductively coupled plasma (ICP) and X-ray fluores-
cence spectroscopy (XRF, Magi X; Phillips, the Netherlands)
and flame emission spectrometry for alkaline analyses (Na and
K) (FES, 2100; Perkin Elmer, USA).

The processing route followed to produce the refractory mate-
rials included the following steps: (a) conditioning the raw
materials, (b) attrition milling of the dolomite—zircon mixtures
to constitute the matrix, with MgO-partially stabilized zirconia
balls, in water media, for 4 h, (c) homogenizing of the mixtures
of milled zircon—dolomite mixtures and the three types of per-
iclase aggregates by ball milling using MgO balls for 1h in
water, (d) uniaxial pressing at 300 MPa (Enerpac PE S1201B,
WI, USA) for Smin into cylinders (25 mm diameter, 57 mm
height) using stainless steel moulds, (e) firing in an electrical
furnace (46240 Thermolyne, TX, USA) using 2 °C/min as heat-
ing and cooling rates and 6 h as holding time at the maximum
temperature (in the range 1450-1650 °C, depending on the com-
position, Table 4). For the thermal treatments the specimens were
placed on alumina supports covered by Y,Oj3 stabilized zirconia
balls.

2.2. Characterization

Different specimens were machined from the sintered cylin-
ders using diamond disks for characterization. Additionally,
relatively large (~150 mm x 25 mm X 25 mm) specimens were
ground in a tungsten carbide ball mill and the portions to be
analysed were extracted from the ground powders in order to
have a representative portion of the materials.

The crystalline phases present in the sintered materials were
analysed by X-ray powder diffraction (XRD). The XRD patterns
were recorded with a graphite monochromated Cu K, radia-
tion in a Kristalloflex D5000 (Siemens, Germany) diffractometer
(Bragg—Brentano geometry) working at 40 kV and 30 mA. Data
collection was taken on samples rotating at 15 rpm in the interval
10-70° (in 20).

The XRD diffractograms were analysed using the ASTM
files 45-946, 35-790, 33-0302, 1-084-1829 and 35-0591, for
MgO, CaZrO3, B-CazSiO4, CaO stabilized cubic zirconia, c-
710, (Cag 572108501 85) and CazMg(SiO4),, respectively.

The apparent density of five specimens
(~40mm x 25mm x 25mm) was determined following
the procedure of the EN993-1 standard and the true density was
determined by helium pycnometry (Multipycnometer Quan-
tachrome, FL, USA) using five different portions extracted
from the previously milled powder. The total porosity was
calculated from the apparent and real density values. Reported
values are the average of the five determinations and errors are
the standard deviations.

The microstructure was observed by reflected light opti-
cal microscopy (RLOM; Zeiss Oberkochen, Germany) and
scanning electron microscopy with dispersive X-ray energy
(SEM-EDX, Philips XL.30 ESEM, The Netherlands) on sam-
ples polished to a mirror finish using 6, 3 and 1 pm diamond
suspensions.

Mechanical characterization has been done, using specimens
of 150 mm x 25 mm x 25 mm, in terms of Young’s modulus,
modulus of rupture (MOR) and work of fracture (WOF) for
each material. Dynamic Young’s modulus was calculated from
the resonance frequency (Grindosonic, Belgium) of bars tested
by impact in flexure; reported values are the average of the 10
determinations and errors are the standard deviations. Room
temperature modulus of rupture was determined by three point
bending (span 150 mm) following the procedure of EN993-6
standard, using a universal testing machine (Microtest, Spain)
with stainless steel supports; reported values are the average
of seven determinations and errors are the standard deviations.
Bending tests at 1100 °C were performed in a specially devel-
oped mechanical testing device with high purity dense alumina
supports>* using the same loading conditions as for the room
temperature tests (EN993-7). Six specimens randomly selected
from the different materials were tested in a single thermal
cycle; heating rate was 5 °C/min and holding times before test-
ing ranged from 20 to 60 min. Reported values are the average
of three determinations and errors are the standard deviations.

The load—displacement curves were recorded during the
bending tests and the WOF was calculated as the area under
the curves divided by twice the cross section of the specimens.
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Table 3

Composition of the matrices and corresponding calculated theoretical weight losses due to the presence of carbonates.

Material Green body Sintered materials
Composition Modulus Matrix (wt. %) Matrix proportion in the material Total loss wt.% CO, Matrix (vol.%)
Dolomite Zircon CO, vol.% wt.%
RII 0.15 73 27 35 58.7 60.2 21.1 49
-0 0.37 39.6 41.1 14.4 31
= 0.45 33.9 353 12.4 26
RII 0.15 71 29 33 47.1 48.8 16.1 39
—05 0.37 31.0 32.5 10.7 24
r=0 0.45 26.4 27.7 9.1 20
RII 0.15 69 31 33 50.3 51.2 16.9 41
—1 0.37 32.7 34.3 11.3 26
= 0.45 27.9 29.3 9.7 22
RIIT 0.15 65 35 31 48.2 50.2 15.6 41
—05 0.37 31.9 33.6 10.4 26
= 0.45 27.1 287 8.9 22
RITI 0.15 59 41 28 48.7 51.7 14.5 43
-1 0.37 329 349 9.8 28
r= 0.45 28.0 29.8 8.3 23

Only the curves showing stable or semi-stable fracture were used
for WOF determinations.

3. Results and discussion
3.1. Chemical composition of the raw materials

The chemical analyses of dolomite indicated that its compo-
sition (wt.%) was: 32.27% Ca0, 20.01% MgO, 0. 14% Al,O3,
0.12% Si0O3, 0.003% P, 05, 0.084% SOz, 0.013% K,0, 0.012%
MnO3, 0.13 Fe;03 and 0.01% SrO, with a loss ignition of 47.2%
at 900 °C; contrary to other dolomite minerals reported in the
literature it contained very small amounts of iron and/or man-
ganese.

XRD analyses indicated that the powder major constituent
was CaMg(CO3), and that it contained a small amount of CaCOj3
(R3wt.%), in agreement with the chemical analyses. Rational
analysis using the chemical composition determined for the
dolomite indicated that the amounts of the crystalline phases
were (in wt.%): ~96 of CaMg(CO3)3, 3% of CaCO3 and 0.5%
of other inorganic constituents.

The chemical composition of zircon (in wt.%) was: 0.21%
Ca0, 0.035% MgO, 0.61% Al,03, 31.17% SiO3, 0.005% K>O,
0.018% NayO, 67.84% ZrO;+Hf,0 and 0.12 Fe,Os. This
chemical composition is very close to the stoichiometric com-
position of ZrSiOy, the only crystalline phase detected by XRD.

The periclase (MgO) aggregates were highly pure, with
chemical composition (in wt.%): 99.13% MgO, 0.633% CaO,
<0.006% Al,03, 0.160% SiO,, 0.010% MnO,, 0.001% ZrO,
and 0.066 Fe,03 (Ca0O/SiO; >4.2 mol).

From the chemical analyses of the raw materials, the total
amount of impurities in the studied materials (~1 wt.%) will be
significant in lowering the temperatures for first liquid forma-
tion.

3.2. Thermal behaviour of compositions

According to previous studies>>!413 in specimens with com-
position similar to those used here (MgO-ZrSiO4—CaMg(CO3)>
mixtures), the reaction sintering process occurs in two well
separated phenomena: first reaction and then porosity removal.
Moreover, the dolomite mineral used decomposes in two well
defined steps, both accompanied by a release of gaseous CO».
The decomposition of MgCa(COs3), takes place at ~775°C
yielding CaCO3 and MgO while the decomposition of CaCO3
occurs at ~870°C. Therefore, the matrices of the green
compacts studied would experience very high weight losses
during the thermal treatment from relatively low temperatures
(<1200°C). Table 3 shows the expected weight losses calcu-
lated for the different compositions (28-35% wt.% of COy);
these high weight losses will lead to porosity increases in the
bodies before the occurrence of the sintering process.

As discussed in Section 1, the considered compositions are
located in different compatibility volumes with different invari-
ant points. Stable liquids are expected to form at temperatures
ranging from 1450 to 1775 °C depending on the composition
(Fig. 1 and Table 4).

3.3. Crystalline phases formed in the materials

In Table 4 the crystalline phases identified by XRD in
the sintered materials are summarised and Table 5 shows the
expected mineralogical composition calculated by rational anal-
ysis taking into account the formulation of the compositions
(Egs. (1)-(4)), the chemical analyses of the raw materials
and the phase equilibrium diagram ZrO,—CaO-MgO-SiO;
(Fig. 1). The XRD results agreed with the -calculated
compositions.
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Table 4

Expected and experimental crystalline phases in the materials.

Phases identified by XRD

Sintering

Expected phases/
invariant point*>

Composition

temperature (°C)

Traces

Minor

Significant

Major phase

CaySiOy4

Ca3zMg(SiO4)2

CaZrOs3

MgO
MgO
MgO

0.15
0.37
0.45

MgO—CaZrO3—Ca;,SiO4

1710°C

Ca25i04,Ca3 Mg(SiO4)2
Ca;Si0y4, CazMg(SiO4)2

CazMg(SiO4)2, CaSiOy

CaZrO;3

1650

0

RIT
X

CaZrOs3

MgO
MgO
MgO
MgO
MgO
MgO

0.15
0.37
0.45
0.15
0.37
0.45
0.15
0.37
0.45
0.15
0.37
0.45

RIIT

CaZrO3

MgO—-CaZrO3—CaySiO4—CazMg(SiOy4)2

1550°C

CazMg(SiOy4),, CaSiO4

CaZrO;3

1600

CazMg(SiO4)2, CaSiOy

CaZrO3
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c-Zr0,
C—ZI‘OZ

CazMg(SiOy4);, CaZrO3

MgO-CaZrO3-CazMg(SiOy4),

1475°C<T;<1555°C

1550

CazMg(SiOy4),, CaZrO3

c-Zr0y

Ca3Mg(SiO4)2, CaZr03

CaZrO3, c-ZrO,

CazMg(SiO4)2

Ca3Mg(SiO4)2

CaZrO3, ¢-ZrO,

MgO
MgO
MgO
MgO
MgO
MgO

1500

MgO—-CaZrO3—ZrO,—CazMg(SiOy4)2

1475°C

RIII

Ca3zMg(SiO4)2

CaZrOs3, c-ZrOy
C—ZrOz
c-Zr0y
C—ZrOz

0.5

CaZrO3

CazMg(SiO4)2

RIIT

MgO-ZrO,-CazMg(SiO4)2

1470°C

CaZrOs3

CazMg(SiO4)2

1450

CaZrO3

Ca3Mg(SiO4)2

Table 5
Calculated volume fractions of the crystalline phases expected in the materials.
Composition  m CaZrO3 c¢-ZrOy CaSiOs CazMgSiOs MgO
RIL 0.15 0.20 0.00 0.25 0.00 0.55
—0 0.37 0.13 0.00 0.17 0.00 0.70
r= 045 0.11 0.00 0.14 0.00 0.74
RII 0.15 0.17 0.00 0.04 0.16 0.62
—05 0.37 0.11 0.00 0.03 0.11 0.75
r=0 0.45 0.10 0.00 0.02 0.09 0.79
RII 0.15 0.19 0.00 0.00 0.23 0.58
-1 0.37 0.12 0.00 0.00 0.15 0.73
= 0.45 0.10 0.00 0.00 0.13 0.77
RIIT 0.15 0.11 0.06 0.00 0.25 0.59
—05 0.37 0.07 0.04 0.00 0.16 0.73
r=0 0.45 0.06 0.03 0.00 0.14 0.77
RIII 0.15 0.01 0.13 0.00 0.29 0.57
-1 0.37 0.01 0.09 0.00 0.19 0.71
r= 0.45 0.01 0.08 0.00 0.17 0.75

For compositions RII the main phases present in the sam-
ples were MgO and CaZrOj3; CazMg(SiO4)> (merwinite) and
CaySiO4 were present in smaller amounts which depended on
the specific material.

MgO, CaZrO3 and CazMg(SiOy4), were also present in the
RIII specimens. However, while MgO was the major phase as
in materials RII, the relative intensity of the XRD peaks cor-
responding to CaZrO3 decreased gradually from RII x=0 to
RIIT x=1, qualitatively indicating that the latter composition
contained smaller amounts of this phase. The disappearance of
CaZrOj3 from RIII x=0 to RIII x=1 was accompanied with the
simultaneous appearance of c-ZrO,; Ca;SiO4 was not detected
in this group of samples.

3.4. Microstructural characterization

In Table 6 the values of density and porosity of the stud-
ied materials are summarised and Figs. 2—6 show characteristic
microstructures. The theoretical density values were calculated
using the theoretical densities of the present phases from the
ASTM files (Table 2) and the calculated expected compositions
(Table 5).

In most cases, differences between the porosities of the green
and the sintered bodies as a function of the distribution modu-
lus, m, were not significant. Moreover, the two materials that
presented the lowest green porosities (RII x=0.5, m=0.15 and
RIII x=1, m=0.15, Table 6) did not have the corresponding
lowest sintered porosities. In addition, the sintered material RIII
x=0.5,m=0.15 had the lowest porosity while the green porosity
was similar to those of the other materials. The final materials
were the result of the high temperature reactions between the ini-
tial constituents; therefore, as discussed in Section 1, optimum
packing in the green compacts did not lead to sintered materials
with minimum and homogeneously distributed porosity.

The macrostructure of the materials (Figs. 2-5) was com-
posed of homogeneous distributions of aggregates of MgO
(0.1-3.5 mm, 77-51 wt.%, from Table 3), fine fractions or matri-



Table 6
Density and porosity values of the materials.

Composition m Green Porosity (vol.%) Theoretical Matrix theoretical Apparent density Real density (g/cm?) Total porosity (%)
density density (g/cm?) (g/cm?)
(g/em?)
RII 0.15 19+1 3.72 3.82 2.5240.04 3.60 £ 0.05 30+2
=0 0.37 21 £1 3.67 3.82 n.d. 3.60 £ 0.05 301
*= 0.45 19+1 3.62 3.82 2.4040.06 3.58 £+ 0.05 33+2
RII 0.15 17+1 3.67 3.84 2.7040.06 3.65 £ 0.05 26+ 1
-05 0.37 21 £1 3.66 3.84 2.5040.02 3.65 £+ 0.06 31+£2
=0 0.45 18+1 3.66 3.84 2.5040.04 3.62 £+ 0.05 29+ 1
RII 0.15 20+ 1 3.72 3.85 2.574+0.04 3.67 £ 0.06 30+1
=1 0.37 22+1 3.67 3.85 2.5240.02 3.65 £+ 0.06 31+2
*= 0.45 22+1 3.65 3.85 2.58+0.01 3.68 £ 0.06 30+1
RIII 0.15 20+ 1 3.77 3.88 2.7240.02 3.67 £ 0.06 26+ 1
~05 0.37 21 +£1 3.68 3.88 2.6040.02 3.66 £+ 0.05 29+ 1
=0 0.45 20+ 1 3.66 3.88 2.564+0.01 3.65 £+ 0.05 30+1
RIII 0.15 15+1 3.74 391 2.5740.04 3.78 £ 0.07 32+1
-1 0.37 19+1 3.70 391 2.52£0.02 3.60 £ 0.05 302
*= 0.45 18+ 1 3.72 391 2.584+0.01 3.58 £ 0.04 28+ 1
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Fig. 3. Characteristic microstructures of the materials RII with x = 1, formulated
in the subsystem MgO—-CaZrO3—Ca3zMg(SiO4)2. The large MgO aggregates
are the rounded dark gray particles while the presence of different phases in
the matrix is revealed by the different colours (identification in Fig. 7). (a)—(c)
correspond to materials with decreasing amounts of fines (i.e. increasing module
m). Reflected light optical microscopy micrographs of polished surfaces.

Fig. 4. Characteristic microstructures of the materials RIII with x=0.5, formu-
lated in the subsystem MgO—-CaZrO3—ZrO,—CazMg(SiO4);. The large MgO
aggregates are the rounded dark gray particles while the presence of different
phases in the matrix is revealed by the different colours (identification in Fig. 8).
(a)—(c) correspond to materials with decreasing amounts of fines (i.e. increasing
module m). Reflected light optical microscopy micrographs of polished surfaces.

ces (<120 wm), formed by the reaction sintering of the initial
mixtures of zircon and dolomite, and voids. The aggregates pre-
sented porous microstructures with homogeneous grain sizes
(~100 wm) and only small amounts of calcium-rich silicate
phases, which can be deleterious to the high temperature prop-
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Fig. 5. Characteristic microstructures of the materials RIII with x=1, formu-
lated in the subsystem MgO—CaZrO3—ZrO,. The large MgO aggregates are the
rounded dark gray particles while the presence of different phases in the matrix is
revealed by the different colours (identification in Fig. 8). (a)—(c) correspond to
materials with decreasing amounts of fines (i.e. increasing module m). Reflected
light optical microscopy micrographs of polished surfaces.

erties, in the grain boundaries and triple points. The high
proportion of direct MgO-MgO bonding and the absence of
B,03 indicated that the aggregates were obtained by calcination
at high temperature of a natural cryptocrystalline magnesite.

Fig. 6. Characteristic microstructures of sintered samples showing details
of the bonding areas between the MgO aggregates and the cracks around
them. Reflected light optical microscopy micrographs of polished surfaces.
(a) Materials with high matrix proportions: the fine fraction acts as a contin-
uous phase between the agglomerates. RIII x=0.5, m=0.15 specimen sintered
at 1500°C/6h. (b) Materials with low matrix proportions: direct bonding
between the agglomerates is observed. RIII x=1, m=0.45 specimen sintered
at 1450°C/6 h.

A high level of reaction between the matrix and the aggre-
gates was found in materials RIII with x=0.5 and 1 and RII In
materials RII x=0.5 and 1 and RIIT x=0.5 this can be explained
by the occurrence of reaction sintering in the presence of liquid
because the sintering temperatures were about 50 °C higher than
the corresponding invariant points (Table 4). In the case of RIII
x=1, glassy phase was observed in the microstructure (Fig. 8b)
which would indicate that the invariant point for this compo-
sition is lower than the sintering temperature for this material
(1450°C, Table 4).

All the studied materials presented similar evolution of
the microstructure as a function of the total amount of fines
(Figs. 2-5). For the highest amounts (Figs. 2a—6a) the aggre-
gates were surrounded by the matrix that can be considered as
the continuous phase whereas a major proportion of contacts
between the MgO aggregates was observed for the materials
with the lowest amounts of fines (Figs. 2c—5c and 6b). The mate-
rials with intermediate amounts of fines (Figs. 2b—5b) presented
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Fig. 7. Characteristic microstructures showing details of the matrices of mate-
rials RII. The EDX analyses allowed the identification of the crystalline phases
detected by XRD (Table 3). Scanning electron microscope micrographs of
polished surfaces. CZ=CaZrO3, CzMS; =Ca3Mg(SiO4),. (a) Materials formu-
lated in the subsystem MgO—-CaZrO3—Ca,SiO4—CazMg(SiO4), (RII x=0 and
0.5). (b) Materials formulated in the subsystem MgO—CaZrO3;—CazMg(SiO4)2
(RIIx=1).

intermediate microstructures with matrix portions between some
aggregates and contacts between others.

The crystalline phases detected by XRD could be associated
with the different kinds of particles observed by SEM-EDX
(Figs. 7 and 8). In all the specimens the large (0.6—3.35 mm)
MgO aggregates as well as the smaller (<25 pwm) and rounded
MgO particles formed during the reaction sintering were
observed (Figs. 7 and 8). In the MgO—-CaZrO3-additional silicate
phase materials (RII compositions, Fig. 7) the matrix was formed
by small (<20 wm) CaZrOj3 grains surrounded by the calcium
silicate phases (CapSiO4 and CazMg(SiO4)7). The microcrack-
ing observed in the CaZrOs3 grains can be attributed to the high
thermal expansion anisotropy of this phase.'® Microcracking of
the CaZrO3 grains formed in the previously studied materials
was not detected. Differences are due to the sizes of the CaZrOj;
grains formed,?® small (<2 pm) in solid state reaction sintered
materials'* and large (~10 wm) in the liquid phase reaction sin-
tered ones studied here (Fig. 7). The high thermal expansion
mismatch between the matrix phases (the thermal expansion of
[3-Ca;Si0y is about twice that of CazMg(SiO4), and about 60%
higher than that of CaZrOs, Table 2), would be partially respon-
sible for the numerous short (<10 wm) cracks observed through
the matrices. Moreover, depending on the grain size, 3-CazSiO4

Fig. 8. Characteristic microstructures showing details of the matrices of mate-
rials RIII. The EDX analyses allowed the identification of the crystalline phases
detected by XRD (Table 3). Scanning electron microscope micrographs of pol-
ished surfaces. CZ = CaZrOs, c-Z = cubic ZrO,. (a) Materials formulated in the
subsystem MgO—-CaZrO3—ZrO,—CazMg(SiO4)2 (RIII x=0 and 0.5). (b) Mate-
rials formulated in the subsystem MgO-CaZrO3—ZrO,—Ca3zMg(SiO4), (RIII
x=1).

may transform into y-CaSiO4 at about 500 °C during cooling in
the RII materials with x =0 and 0.5. This involves a large volume
expansion (~12vol.%) that would lead to the development of
radial cracks emerging from the y-Ca;SiO4 grains. In fact, the
material with the highest amount of CaySiO4 (~25 vol.%, mate-
rial RIT x=0, m=0.15, Table 5) did not have enough structural
integrity to be mechanically tested.

In the c-ZrO; containing materials (compositions RIII, Fig. 8)
the matrices were constituted by small (<20 wm) c-ZrO, and
CaZrOs3 grains surrounded by a continuous ZrO;-rich glass.
Microcracking of the CaZrO3 grains was less extensive in these
materials probably because CaZrO3; was surrounded by glass, a
low Young’s modulus phase, which can also be responsible for
the lack of microcracking due to thermal expansion mismatch
between the matrix phases.

In most materials circular cracks at the interfaces between
the MgO aggregates and the matrices were observed (Figs. 2-6).
These cracks can be explained by the differences between the
average thermal expansion coefficients of the matrices and the
MgO aggregates. In Table 7 the values are given for the expected
average thermal expansion coefficients for the matrices calcu-
lated using the properties of the constituent crystalline phases
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; x > (Table 2) and the Turners equation?”:
_ 2 (aKiFi/p) . E @
S(KiFi/p) T 3(1-2v)

According with Table 7, the matrices of all materials
but RII x=0 would have lower thermal expansion coef-
ficient (a~9.5-11 x 1079°C~!) than the MgO aggregates
(e~ 13.5 x 1070°C~1), thus residual tensile stresses perpen-
dicular to the MgO-matrix interfaces will develop on cooling
from the sintering temperature. Such stresses would lead to the
formation of circumferential cracks as observed.

In materials RII x=0 the thermal expansion value of the
© oA ~ o~ matrix would be similar to that of the MgO aggregates, accord-
; g g; ; ; ingly, no large and circular cracks were detected in these

materials.
3.5. Mechanical characterization
o I =T In Table 7 the mechanical properties of the materials are
H —-He summarised. The calculated Young’s module for zero poros-
ity materials were obtained from the values corresponding to
each phase (Table 2) and the calculated expected compositions
(Table 5) using the Voight limit.?”
Ecac = Z E;V; ()
e e a - where E; and V; are the Young’s modulus and volume fraction
Scc oS SES) for phase i, respectively.
j-j, i ﬁ § ﬂ ﬂ " i i As expected for highly porous materials, the experimental
T oeTT onme Young’s modules were much lower than the ones calculated and
in the range of those of other MgO refractories.”®

As shown in Fig. 9, the room temperature bending tests gave

always stable or semi-stable fracture, thus, the work of fracture
was calculated as the integral under the load—displacement curve
divided by the cross section of the specimens. All the curves of

NI v I tests performed at 1100 °C showed unstable fracture mode.

22X BER &3 The values of the room temperature modulus of rupture
ranged from 2 to 6 MPa, depending on the material (Table 7);
for the same R and x values they were always the lowest for
the intermediate values of the m modulus (0.37). The values
of the high temperature modulus of rupture were much higher
(~200-300%) than those determined at room temperature.

SSF 93% 28% 3.6. Relationships between the microstructure and the
mechanical behaviour

In order to analyse the relationships between the microstruc-
ZeE 289 289 ture of the materials and the mechanical behaviour, the plots
cee =222 ==° of Fig. 10 have been built. In Fig. 10a, the reduced Young’s

modulus (Experimental E/Calculated E) versus the final volume
fraction of matrix in the sintered materials is plotted. The exis-
tence of two families of materials, with the reduced Young’s
module around 0.15 and 0.3 is apparent. The larger the reduced
Young’s modulus the closer will be the experimental value to the
= - i = one expected for materials of the theoretical composition with
= 4 = L = A zero porosity and no cracks. Therefore, it should be possible
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Fig. 9. Characteristic load—displacement curves recorded during the room temperature bending tests. (a) Specimen of material RII x=0.5, m=0.15. Semi-stable
fracture is shown. The work of fracture value was 60 Jm~2. (b) Specimen of material RIT x=1, m=0.15. Stable fracture is shown. The work of fracture value was
46Tm=2.(c) Specimen of material RIIT x=0.5, m=0.15. Semi-table fracture is shown. The work of fracture value was 75 J m~2. (d) Specimen of material RIITx=1,

m=0.15. Stable fracture is shown. The work of fracture value was 59 Jm—2.

to relate the reduced Young’s modulus with the microstructural
features of the materials.

All materials with large proportions of matrix (>40 vol.%)
presented relatively high values of the reduced modulus because
in these materials the matrix constituted a continuous bond-
ing between the aggregates (Figs. 2—6a). Part of the materials
with low matrix proportions and major proportions of contacts
between the MgO aggregates (Figs. 3—5c¢ and 6b) presented
also reduced modulus around 0.3. The relationships between
the reduced Young’s modulus and the matrix volume fractions
for these two groups of materials can be rationalised as follows:
high reduced modulus are found for materials with high pro-
portions of continuous bonding in their microstructure. For high
matrix fractions it is the matrix what plays this bonding role
whereas the skeleton formed by the aggregates assures the bond
for very low matrix fractions.

There are still five RII and one RIII materials with low matrix
fractions that present relatively low reduced Young’s modulus,
revealing a lack of MgO-MgO bonding. In the case of materials
RII this can be related to the high temperatures for liquid forma-
tion for these materials as compared to those for the RIII ones
which will retard the sintering process. In fact, these materi-

als presented high porosity values (29-31%, Table 6) and large
elongated pores along the MgO aggregates (Figs. 3-5¢). The
RIII material with intermediate amounts of fines and low reduced
Young’s modulus presented an intermediate microstructure with
matrix portions between some aggregates and contacts between
others, as observed when comparing its microstructure (Fig. 5b)
with those of the other two materials of similar composition
(Fig. 5a and c).

In Fig. 10b the room temperature modulus of rupture, MOR,
values of the studied materials are plotted versus the square
root of the experimental Young’s modulus. A fairly good linear
relationship is found according to:

MOR 1
_ /2
EGo? B¢

where B is a geometrical constant.

Assuming equal values of G, for the materials studied here,
which is reasonable due to the similar low values of frac-
ture toughness of refractories, the linear relationship shown
in Fig. 10b would be expected because the large MgO aggre-
gates surrounded by cracks or by a weak microcracked matrix
will constitute the critical defects for these materials. From this

(6)
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Fig. 10. Representations using the mechanical properties summarised in Table 7
and the matrix proportions from Table 3. (a) Calculated reduced Young’s modu-
lus, E;, versus the final matrix volume fraction. E; = Eexp/Ep, Eexp = experimental
values from Table 7 and Ey = values calculated from the expected compositions
(Table 5) and the properties of the phases (Table 2). (b) Modulus of rupture ver-
sus the square root of the experimental Young’s modulus to verify relationship
from Egq. (6).

result, it can be derived that it would be difficult to try to improve
the modulus of rupture for the family of materials studied. Nev-
ertheless values between 4 and 6 MPa can be considered as
sufficient for refractories for cement kilns. Moreover, some of
the materials with modulus of rupture higher than 4 MPa pre-
sented work of fracture values (Table 7) of the same order or
higher than those for other oxide refractories (60-90J m~2).28

As in other refractories, the heterogeneous microstructures
formed by hard and strong aggregates and weak matrices and/or
matrix/aggregate bonds, lead to increased values of work of
fracture due to consuming energy phenomena such as micro-
cracking, crack bridging and crack bowing. In fact the highest
WOF values were obtained for the materials with the highest
values of matrix fractions (Table 7).

The values of the high temperature MOR followed the same
dependence on microstructure as the room temperature ones,
being the largest for minimum and maximum amounts of fines.
The fact that values were much higher than those determined at
room temperature (200-300%) can be explained by the decrease

of residual stresses and crack closure due to thermal expansion
of the different phases as temperature rises.

From the above discussions it is possible to select a group
of materials with adequate mechanical properties to be used
in cement kilns. In principle, all materials with the highest
amounts of fines (m=0.15) and x=0.5 and 1 would have suf-
ficient structural integrity combined with relatively high work
of fracture for use in the cement kilns. However, the invariant
point corresponding to the compositions of the materials for-
mulated the highest contents of zircon (RIII x=1, final phases
MgO—ZrO,—CazMg(Si0O4),) is the lowest (1470 °C, Table 7)
and close to that for cement fabrication (1400—1500 °C).! There-
fore, these materials can only be proposed for the lower and
upper transition zones of the kilns. In contrast, the materials
with MgO—-CaZrO3—Ca;SiO4—CazMg(SiOq4); as final phases
(RII x=0.5 and 1), with corresponding invariant point 1550 °C,
are adequate to work under the temperature requirements of the
burning zones of the cement kilns.

4. Conclusions

Two series of refractory materials have been fabricated from
natural dolomite and zircon and with dead burned magnesia
aggregates taking into account the phase equilibrium rela-
tionships to obtain MgO-CaZrO3;—CaSiOs4—CazMg(SiO4)>
or MgO-CaZrO3—Ca3zMg(SiO4),—c-ZrO, as final crystalline
phases. The phases present in the materials are those expected
from the phase equilibrium relationships in the quaternary
system.

The optimum microstructures, i.e. minimum porosity and
adequate matrix content to constitute the bonding between the
aggregates are found for initial matrix fractions higher than those
for non-reactive systems.

A series of materials with adequate properties to be used
in cement kilns fabricated from dolomite and zircon have
been developed. For optimum starting mixtures, materials with
Young’s modulus (60-80 GPa), modulus of rupture (4-6 and
~10MPa at 25 and 1100 °C, respectively) and work of fracture
(40=70J m~2) values in the range of those of other magnesia-
based refractories have been obtained. For zircon amounts in the
starting matrices between 29 and 35 wt.% the obtained materi-
als are adequate to be used in the burning zones of the cement
kilns whereas for zircon contents between 35 and 41 wt.% the
obtained materials are suitable for use at temperatures up to
1400°C.
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