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Abstract

Two MgO-CaZrO; based three component materials, dense (>97% of theoretical) and fine grained (=~1-4 pum) were obtained by
reaction sintering of MgCa(CO;),/ZrSi04 mixtures. The materials differentiated in the ternary phase, p-Ca,SiO4 or CazMg(SiOy),,
according to the stoichiometry of the starting mixture. The reaction sintering process is studied in terms of density, microstructure and
phase constitution. The thermal expansion and mechanical behaviour (Young’s modulus, toughness and strength) of the obtained
composites is described and correlated to the microstructure and the thermal expansion mismatch of the constituent phases.
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1. Introduction

MgO—-CaZrO; materials are well known to be highly
resistant in aggressive basic environments and atmos-
pheres with high alkali contents at temperatures up to
1400 °C.!> Therefore, MgO—CaZrO; based materials
containing calcium silicates could be a good alternative
to MgO-MgAl,O, to be applied at higher temperatures,
due to the high temperatures for liquid formation in the
MgO-CaO-ZrO,-Si0, system.>™

The use of natural raw materials with consistent chem-
ical composition is an attractive way for the production
of low cost, MgO-based, high temperature structural
materials. In previous works®?® the present authors
studied the mechanisms involved in the MgCa(COs),/
ZrSi0y4 reaction sintering process and showed that the
reaction sintering is a feasible route to obtain MgO—
CaZrO;—B-Ca,SiO4 dense composites with fine grained
microstructure. Dolomite [MgCa(CO3),] and zircon
(ZrSiOy4) were selected as natural raw materials and the
composition of the mixture was tailored according to
the following reaction:
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ZrSi04 4+ 3MgCa(CO3), — 3MgO

+ CaZrO; + B-Ca,Si04 + 6COx(g) M

It was demonstrated that the reaction sintering pro-
cess occurred in two well differentiated steps, first com-
plete reaction of the powders in the temperature interval
800-1200 °C and, second, sintering of the reaction pro-
ducts at temperatures higher than 1300 °C. Moreover,
the effect of the particle size of the raw materials, the
green density of the compacts and the sintering tem-
perature on the reaction sintering process was
established.”™’

In this work, the feasibility of extending this proces-
sing method to obtain MgO—-CaZrO3-based composites
with a different additional phase, in particular Caz;Mg
(SiOy),, is investigated and the thermal expansion and
mechanical behaviour of both three component materi-
als, MgO-CaZrOs;—Ca,Si0; and MgO—-CaZrO;—
Caz;Mg(SiOy), are studied.

The two composites were formulated on the basis of
the information supplied by the quaternary system
Ca0O-MgO-Zr0,-Si0,.3*? In Fig. 1 (a) the diagram-
matic representation of the solid state relationships in
the quaternary system are shown. The MgO—CaZrO;—
Ca,Si04 composition, formulated according to Eq. (1),
is located in the solid-state compatibility plane MgO-
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CaZrO;—Ca,SiO4 and lies in the connecting line
ZrSi04~MgCa(COs;),. Therefore, first liquid formation
will start at 1750 °C, invariant point of the subsystem
MgO—-CaZrO;—Ca,SiO4. From the quaternary section
Zr0,-Si0,—CaO/MgO=1:1 mol it can be stated that
the composition considered is located in the primary
phase field of MgO?® [Fig. 1(b)].

The MgO-CaZrO;—Caz;Mg(SiO,4), composition was
formulated according to the following reaction:

27rSi04 + SMgCa(COs),
— 4MgO + 2CaZrO3

+ Ca3Mg(Si04),+10CO,(g) )

Even tough, this composition also lies in the con-
necting line MgCa(CO3),/ZrSiO,4 and is located in the
primary phase field of MgO (Fig. 1b), it lies in the
solid-state compatibility plane MgO—-CaZrO;—Cas;Mg
(SiO4), Fig. 1(a) which invariant point is lower
(1550 °C). Consequently, the sintering temperature of

(a) ZrO,

(b) ZrO,
Cazr0,
W
g g2Sil
AMgsip, i0,
caolMgol:‘ 1Y T T ‘ T T T T I T T T I T T T T I Si02

Fig. 1. Quaternary system MgO-CaO-ZrO,-SiO,: (a) compatibility
relationships; (b) section ZrO,-SiO,—CaO/MgO (1 mol:mol) showing
primary phase fields.

compacts with composition according to Eq. (2) will
be lower than that of those formulated according to

Eq. (D).

2. Experimental procedure

The raw materials used in this investigation were as
follows. Zircon (Zircosil, Cookson Ltd), the main
impurities being HfO, (0.1 wt.%) and Y,O; (0.11
wt.%). This powder has an average particle size of 1.23
um (by laser diffraction; Mastersizer, Malvern Instru-
ment, UK) and a surface area of 12 m?/g (by B.E.T.;
Quantachrome, Monosorb model). A finely milled
mineral dolomite supplied by Prodomasa, Spain, which
is one of the purest in the world with 30.29 wt.% CaO
and 22.05 wt.% MgO, and 0.018 wt.% SiO, and 0.011
wt.% Al,O3; as main impurities. This powder has an
average particle size of 4.9 pm (by laser diffraction) and
a surface area of 2.5 m?/g (by B.E.T.).

Two MgCa(CO;),/ZrSiO4 mixtures with composi-
tions according to the stoichiometric proportions of
Egs. (1) and (2) were prepared. They will be referred
along this paper as S2 and S4 respectively.

To obtain homogeneous mixtures of the powders,
aqueous suspensions with 50-wt.% solids were pre-
pared. An optimum proportion of 0.5 wt.% of an alkali
free polyelectrolyte (Dolapix CE64, Germany) was
added to provide maximum stability of the suspen-
sions.!%!! Subsequently, the zircon-dolomite suspensions
were attrition milled with CaO-partially stabilised zirconia
balls. The milling process consisted in passing the powder
suspension with the balls through the mill chamber several
consecutive times. After each passing, the particle/
agglomerate size distribution was measured by laser dif-
fractometry to select the optimum milling time.

After milling, the powders were spray dried (Niro
atomizer, Denmark) and isostatically pressed (200 MPa)
into bars of about 5 mm diameter and blocks of
60x 50 x8 mm?.

Differential thermal analysis and thermogravimetric
analysis (DTA-TGA, STA 409, Netzch, Germany) studies
were conducted on samples from the green compacts at a
constant heating rate of 2 °C min—! up to 1500 °C, in air
and using Pt crucibles. The expansion behavior of sintered
specimens between room temperature and 950 °C during
heating was determined in a dilatometer with silica sup-
port. The experiments were conducted at 2 °C min~!
heating rate on specimens of 20 mm length. The dilato-
metric curves were corrected using the values of silica.

Additional isothermal treatments were performed in
an electrical furnace (Ceram-Aix 180/03, Germany) at
temperatures from 800 to 1740 °C during 2 h and using
2 °C min~! as heating and cooling rates. The phase com-
position of the obtained compacts was determined by X-
ray diffraction (XRD) (D-5000 Siemens, Germany).
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Optimal temperatures for sintering were selected as
1740 °C for S2 (MgO-CaZr0Os;—Ca,Si0,4) and 1550 °C
for S4 (MgO-CaZrO;—CazMg(SiO4),) and the iso-
statically pressed blocks of both compositions were
treated at the corresponding temperatures for 2 h for
the thermal and mechanical characterization of the
materials.

Microstructural analysis and phase identification of
the obtained materials were done by scanning electron
microscopy (Zeiss DSM 950, Germany) equipped with
energy dispersive X-ray analyzer (SEM-EDS) on sput-
tered gold coated polished and thermally etched samples.

Room temperature Young’s modulus was determined
from the resonance frequency of bars (4x6x50 mm?)
using a commercial apparatus (Grindosonic, Belgium).
Reported values are the average of five determinations.

Vicker’s toughness was determined on polished surfaces
of the sintered samples and calculations were performed
using the equation proposed by Miranzo and Moya.'?
Reported values are the average of five determinations.

Room temperature toughness and bend strength tests
were carried out in an universal testing machine
(Microtest, Spain) using a head cross speed of 0.5 mm
min~—! on diamond machined samples. Toughness
(SENB) was determined on samples with diamond-
sawed notches of 3 mm length and 250 um thickness,
using a four-point bending device (4020 mm outer-
inner spans). Toughness values were calculated using
ASTM ST601,'3 taking as notch sizes the depth of the
diamond-sawed notches measured in a reflected light
microscope. For bend strength samples of 4x3x25 mm?
and a three point bending device (20 mm span) were
used. Reported values for Kj. and strength are the
average of five and ten determinations, respectively and
uncertainty values are standard deviations. Fracture
surfaces were observed by SEM.

3. Results
3.1. Reaction sintering process

The particle size distributions of S2 and S4 powder
mixtures were bimodal and centered around 0.35 and

1.5-2 um. The maximum located at 0.35 um corresponded
to the ZrSiO,4 powders and the maximum at 1.5-2 pm to
the MgCa(COs), grains. As shown in Fig. 2, average ds
particle/agglomerate size values changed slightly with mil-
ling time (2.5-1 um). Conversely, the maximum size of 90
wt % of the particles, dog, was strongly dependent on the
milling process (15-4 pm, Fig. 2) for both mixtures. This
latter parameter determined the capability of the compacts
for reaction sintering, a threshold value of about 2 pm was
needed to obtain dense and homogeneous materials. The
specific surface area after milling was 5.6 and 8 m? g~! for
S2 and S4, respectively.

The DTA-DTG plots of the two MgCa(COs),/
ZrSi04 mixtures, S2 and S4, are shown in Fig. 3. Both
experienced significant weight losses (37 and 34.5 wt.%
for S2 and S4, respectively) in correspondence with
endothermic peaks (at ~745 and 800 °C, for S2 and S4,
respectively), and presented a broad exothermic effect
with the maximum at about 1150 °C.

In Fig. 4 the apparent density versus temperature of
isothermally treated S2 and S4 compacts is represented
as a function of temperature. After 2 h of treatment at
1100 °C densities were practically coincident (*1.1-1.2
g cm—?), but then diverged. The density of S4 increased
slowly from 1100 to 1300 °C and then increased rapidly;
this compact was practically dense (p/pn~98%) at
1550 °C. The density of S2 increased slowly from 1100
to 1550 °C and then increased rapidly; it was necessary
to reach 1740 °C for fully densification (p/pg ~97%).

The crystalline phases in the compacts treated at dif-
ferent temperatures are summarised in Table 1. In both
compositions intermediate phases were present in the
samples treated at temperatures between 800 and
1100 °C and the reaction was completed from 1200 °C.

From the above mentioned studies, the optimum
temperatures of thermal treatments for the two compo-
sitions were established, based on the criterion of having
comparable phase composition (reaction sintering pro-
cess completed) and Ca,SiO4 or Ca;Mg(SiOy), as addi-
tional phase dispersed in 55-58 vol.% MgO-CaZrO;
matrix, as 1740 °C for S2 (MgO—-CaZrO;—Ca,Si0,4) and
1550 °C for S4 (MgO—-CaZrO;—CazMg(SiOy),).

Fig. 5 shows the microstructures of the selected
materials. Both are similar in terms of porosity (Table 2)

Table 1

Phases identified by XRD analysis and SEM-EDX after annealing at different temperatures for 2 h

Temperature (°C) S2 S4

800 Z1SiOy4, MgO, CaO ZrSi0y4, MgO, CaO

900 Z1Si0y4, MgO, Ca0?, t-ZrO,, CasMg(SiOy),, ZrSiOy, MgO, Ca0?, t-ZrO,, Ca;Mg(SiOy),
1100 MgO, CaZrO;, CazMg(SiOy),, B-Ca,SiOy MgO, CaZrOs3, B-Ca,SiOy4, CazMg(SiOy),
1200 MgO, CaZrO3;, B-Ca,SiOy MgO, CaZrO;,CazMg(SiOy),,

1300 MgO, CaZrO;3, B-Ca,SiOy4 MgO, CaZrOj;, CazMg(SiOy),

1550 MgO, CaZrOs;, B-Ca,SiO, MgO, CaZrO;, CazMg(SiOy),

1740 MgO, CaZrO;, B-Ca,SiOy

MgO, CaZrO;, CazMg(Si0y), + liq.
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Fig. 2. Effect of milling time on the average particle size, dso, and the maximum size for 90% particles, dyg, of the CaMg(CO3),—ZrSiO4 mixtures: (a)

S2; (b) S4.

and grain size and shape of crystalline phases. Using
EDX microanalysis, the different colours were assigned
to the crystalline phases detected by XRD. In both
materials, dark gray and twinned grains with an aver-
age size of 2 um corresponded to MgO and white
rounded grains, 2 pm in size to CaZrOs. In the com-
posite S4 (Fig. 5a-b) the light grey grains, 2—4 um in
size, were identified as the additional phase, Ca;Mg
(SiOy4)>. In S2 (Fig. 5¢—d), the equiaxed light grey
grains, 4 pm in size were identified as the additional
phase, B-Ca,SiOy,.

3.2. Thermal and mechanical properties
The thermal expansion behaviour of both specimens

from room temperature up to 925 °C is shown in Fig. 6.
The average thermal expansion coefficient between these

two temperatures (Table 2) was lower for S4-1550 than
for S2-1740.

The mechanical properties of the sintered materials,
S2-1550 and S4-1740, are summarised in Table 2.
Young’s modulus and SENB and Vicker’s toughness
values are almost the same for both materials but there
are significant differences in bend strength values, which
are much lower for S4.

In Fig. 7 representative fracture surfaces are shown.
For S2 the aspect of the bend strength surfaces was that
of a typical brittle material (Fig. 7a), flat across the
mirror zone close to the critical defect. For S4 bend
strength surfaces were tortuous across the whole sample
and no differentiated fracture origins or fast fracture
areas were observed (Fig. 7d).

In both materials, magnesia grains presented their
typical transgranular fracture following the pre-
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Fig. 3. Differential thermal analysis (DTA) and thermogravimetric analysis (TG) of green compacts of S2 and S4 samples heated at 2 °C min~—'.
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Fig. 4. Bulk density of S2 and S4 compacts as a function of temperature. Isothermal treatments of 2 h; heating rate of 2 °C/min.

ferential planes (Fig. 7b, c, e and f). In S2, most Ca,SiOy4
and CaZrO; grains presented intergranular fracture
(Fig. 7b and c) and transgranular fracture was scarcely
observed through submatrices made of CaZrO; grains
dispersed in Ca,SiO4 (Fig. 7¢). In S4 fracture was trans-
granular across the CaZrO; and Caz;Mg(SiOy4), grains

(Fig. 7e and f), and cracks that traversed all phases were
observed perpendicular to the main fracture surface
(Fig. 7e). The aspect of the transgranular fracture across
the additional phase was different for S2 and S4, flat
through Ca,SiO4 (Fig. 7b and c) and showing different
steps in CasMg(SiOy), (Fig. 7e and f).
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$4-1550 °C/2h

$2-1740 °C/2h

Fig. 5. Scanning electron microscopy micrographs of polished and thermally etched surfaces of the sintered materials. Image from the back scat-
tered electrons: (a, b) dense S4 compact treated at 1550 °C showing a fine grained microstructure containing CaZrO; (white), Caz;Mg(SiOy), (light
gray) and MgO (dark gray), as determined by XRD and EDX; (c, d) dense S2 compact treated at 1740 °C showing a fine grained microstructure
containing CaZrO; (white), B-Ca,SiOy (light gray) and MgO (dark gray), as determined by XRD and EDX.

Table 2
Physical characteristics of S2 and S4 studied materials heat treated at 1740 and 1550 °C/2 h, respectively

82 S4
Mineralogical composition (vol.% )
MgO 27 20
CaZrO;y 31 35
C32Si04 42 -
CagMg(SiO4)2 - 45
Density (g em™3) 3.68+£0.02 3.69+£0.02
Porosity (%) 1.3 4.5
Averaged thermal expansion between 25-925 °C (x10~¢°C~!) 12.85 9.94
Young’s modulus (GPa) 194+2 181+£2
Room temperature bend strength (MPa) 304124 118+11
Toughness by indentation method (MPa m~1/?) 1.5240.10 1.5640.07
Toughness by four point bending in notched samples (MPa m~'/?) 2.1+0.3 2.6+0.2
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Fig. 6. Thermal expansion curves between room temperature and 925 °C. Heating rate 2 °C min~': (a) S2; (b) S4.

4. Discussion
4.1. Reaction sintering process

Initial powder mixtures were constituted of ZrSiO4
“soft” agglomerates which were easily broken during
the initial stages of the milling process (Fig. 2) and hard
coarse MgCa(COs), particles. The powders undergoing
milling were essentially these coarse natural
MgCa(CO3;), grains, which milling was needed to
achieve homogeneous and complete reaction sintering.

The significant weight losses coincident with endo-
thermic peaks experienced by both composites (Fig. 3)
correspond to the MgCa(COs3), decarbonation at low

CO, pressure (atmospheric pressure), as reported by
Otsuka!* and De Aza et al.!> This process takes place in
two steps: first, MgCa(CO3), origins CaCO3 and MgO
and, second, CaCOj; produces CaO.

At 800 °C the crystalline phases presented in both
series of compacts were ZrSiO4, MgO and CaO
(Table 1) and, subsequently, reaction between ZrSiO4
and the two phases originated from the decomposi-
tion of dolomite occurred between 800 and 1200 °C
through the formation of several crystalline inter-
mediate phases, -ZrO,, Cas;Mg (SiO4), and -
Ca,Si0O4. These reactions are reflected in the DTA
curves by the presence of a broad exothermic effect
with the maximum at about 1150 °C (Fig. 3). At 1200 °C
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S2-1740 °C/2h

S4-1550 °C/2h

Fig. 7. Scanning electron microscopy micrographs of fracture surfaces of the sintered materials. Shades associated with each phase are the same as
those in Fig. 5. (a) Bend strength surface of S2 showing a typical brittle fracture. The area subjected to tension during testing is located in the lower
part of the image. (b) Toughness surface of S2 showing transgranular fracture of the MgO grains (dark gray and twinned) and intergranular fracture
of Ca,SiOy (light gray) and CaZrO; (white) grains. (c) Toughness surface of S2 showing transgranular fracture of the MgO grains (dark gray and
twinned) and the submatrices made of CaZrO; (white) grains dispersed in Ca,SiOy4 (light gray). (d) Bend strength surface of S4 showing multiple
cracking and no differentiated fast fracture zone. The area subjected to tension during testing is located in the lower part of the image. (¢) Toughness
surface of S4 showing multiple cracking. Cracks perpendicular to the main fracture surface are observed. (f) Toughness surface of S4 showing
transgranular fracture of the MgO (dark gray and twinned), CaZrO; (white) and Ca;Mg(SiOy), grains (light gray).

the final stable compounds were formed in both com-
positions whereas the density of the compacts treated at
1200 °C were lower than the initial ones (Fig. 4), due to
the decarbonation of CaMg(COs), leading to porosity.
These data demonstrate that in the reaction sintering of

the ZrSi0O4—CaMg(CO;), reacting powder system two
well separated phenomena occur: first reaction and
then porosity removal. After reaction, densification
process in S4 takes place at lower temperatures than in
S2 due to the lower invariant point associated with
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composition S4 (1550 and 1750 °C for S2 and S4,
respectively).>*8

The two materials selected for study, S2-1740 and S4-
1550, were fully reacted and practically dense (p/
Pinx97-98%) (Tables 1 and 2) and their microstructural
parameters-grain size and shape—were similar (Fig. 5).
No impurity concentration, at the level of resolution
employed (SEM), or singular large defects were found
in any of them (Figs. 5-7), which shows that the milling
process led to a homogenous distribution of impurities
and to the breakdown of the aggregates present in the
starting dolomite powders. Therefore, impurities from
the natural raw materials should be uniformly dis-
tributed, forming MgO solid solutions (iron oxide) or
thin amorphous phases along grain boundaries (silica,
alumina) in the sintered materials. The homogeneous
distribution of the equilibrium phases as well as the lack
of segregations of non equilibrium phases indicate that
both microstructures corresponded to chemical and
microstructural equilibrium. In terms of mineralogical
composition both were MgO—-CaZrO; based materials.
As expected from their respective composition and the
phase equilibrium diagram (Fig. 1), they differentiated
in the ternary phase, being B-Ca,SiO4 (42 vol.%) for S2
and CasMg(SiOy), for S4 (45 vol.%).

The presence of B-Ca,SiO4 in S2 sample is due to the
small particle size of Ca,SiOy; the inhibitory effect on
the grain growth produced by the secondary phases as
has been reported in other Ca,SiO4 containing sys-
tems.!® In materials with particle sizes smaller than 5 um
the polymorphic transformation B-Ca,SiO4 < y-
Ca,SiO4 that takes place at approximately 500 °C,
accompanied by a volume expansion of 11% (that may
produce a high density of micro-cracks in the material)
does not happen.

4.2. Mechanical behaviour

As discussed above, the two studied materials pre-
sented similar microstructural parameters—grain size
and shape—and the main difference between them
referred to the mineralogical nature of the ternary
phase, which was present in similar amounts in both
composites. Consequently, thermal and mechanical
behavioural differences should be due to differences
between the properties of the ternary phases and their
interactions with the properties of MgO and CaZrOs.

The fact that the thermal expansion behaviour of
both materials was essentially linear from room tem-
perature up to 700 °C indicates that no generalised
microcracking occurred in the materials when cooling
from the sintering temperatures. Accordingly, dynamic
Youngs modulus values presented very low variability
(Table 2). Moreover, no apparent microcracking was
observed at the level of resolution employed (SEM,
Fig. 5). Therefore, experimental values of Youngs

modulus and thermal expansion coefficient of the com-
posites S2 and S4 can be fitted to the corresponding
values for the different phases using classical expressions
for multiphase uncracked materials.

There are no differences between Young’s modulus
for the two studied materials (Table 2). Young’s mod-
ulus of monophase and dense magnesia materials is
about ~270 Gpa!” whereas reported values for CaZrO;
range from 170 to 231 GPa,'® depending on the exten-
sion of microcracking due to the thermal expansion
anisotropy of this phase. The corresponding value for
Ca»Si0y is 130 GPa!® and that for Ca;Mg(SiOy), is not
available. The contribution of the CaZrO; particles to
the Young’s modulus of the composites may be eval-
uated from the experimental data for S2 and those
reported for MgO and Ca,SiO, using the Voight limit:2°

En =XEV; 3)

where E; and V; are the Youngs modulus and volume
fractions of the different phases. The obtained value of
214 GPa is consistent with that for uncracked CaZrO;
materials (E~231 GPa). Using this calculated value, the
corresponding value for Ca;Mg(SiOy), particles in S4 is
116 GPa, which is of the same order as that for the
additional phase in S2 (Ca,SiO4, E=130 GPa), as
expected from the similarity between the Young’s mod-
ulus of the composites and the phase contents.

Conversely, there is a significant difference between the
thermal expansion coefficients of S2 and S4 (Table 2),
being lower for the later, which indicates that this para-
meter is different for the two secondary phases. Both
materials contain MgO («~12x 10~ °C~1)!*4 and CaZrOs.
This latter phase presents an average thermal coefficient?!
of about 10.4x107¢ °C~!, and large thermal expansion
anisotropy (ec=4.9x107¢ °C~!, @, =10.9x107¢ °C—1,
a.=15.1x107¢ °C~"). The thermal expansion coefficient
of Ca,Si04?? is relatively high for a ceramic material
(@20-1000 c~16.3x107% °C~1), and that for CazMg(-
Si0y4), according to the best or our knowledge is not
available. An estimate of o for this phase can be obtained
from the experimental data for S4, the reported ones for
MgO and CaZrO;, the volume fractions of each phase
and the above mentioned values for Young’s modulus,
assuming isotropy and equal values of the Poisson coeffi-
cient for all phases, using the Turner’s equation:>3

Zai.Kf-.Fi
o= P @)
K;-F;
Z Pi

where «;, p;, and K; and F; are the thermal expansion
coefficients, the densities, the bulk moduli and the
weight fractions of the different phases, respectively.
The bulk modulus, K; is a function of Young’s modulus,
E, and the Poisson coefficient, v.



678 J.L. Rodriguez et al. | Journal of the European Ceramic Society 24 (2004) 669—679

E
Ki= 3(1 —2v) 5

Assuming equal values of v for all phases, the
obtained value for Ca;Mg(SiOy),, (7.4x107¢ °C~1) is
lower than those for MgO and CaZrO; values. Same
calculations for Ca,SiO,4 give a value (16x107¢ °C~1)
very close to that reported in the bibliography.!’

SENB as well as Vickefs indentation toughness
values are coincident for both materials whereas bend
strength values for S4 are about one third of those for
S2. In wuncracked materials, this combination of
mechanical properties is in general due to microcrack-
ing occurring during fracture in the low bend strength
samples. In fact, the aspect of the fracture surfaces of
S4 (Fig. 7e) might be explained by the coalescence of
microcracks formed through the sample during
loading.

Taking into account the reported and calculated
thermal expansion coefficient values for all the phases,
thermal expansion mismatch and therefore, stresses are
expected in both materials when cooled from the sin-
tering temperature. These stresses would add to the
applied stress during loading and might originate
microcracks. The thermal expansion mismatch between
the particles present in S2 and S4 can be differently
visualised.

S4 would be constituted by a dispersion of low ther-
mal expansion particles (38 vol.% of Caz;Mg(SiOy),,
ar7.5x107% °C~1) in a matrix of MgO+ CaZrO;
(@~10.4-12x107¢ °C~1). Therefore, Ca;Mg(SiO,), par-
ticles would be subjected to compression when the
material is cooled from the sintering temperature, and a
system of tensile stresses tangential to the surface of the
particles will be developed in the high thermal expan-
sion matrix. This stress system added to the applied
stress might lead to the formation of radial microcracks
that would traverse the MgO and Ca;Mg(SiO,), parti-
cles and coalesce, as observed in the fracture surfaces
(Fig. 7e and f). In fact, the general view of the fracture
surfaces for this material showed no singular fracture
origins (Fig. 7e) and most Ca;Mg(SiO,), particles in S4
presented intergranular fracture.

In S2 a high thermal expansion phase (42 vol.% of
B-Ca,Si04, ax163x107% °C~!) is dispersed in a
matrix of lower thermal expansion (MgO + CaZrOs,
a~10.4-12x107¢ °C~"). Thermal expansion mismatch
that would occur between the matrix an the dispersed
ternary phase is the contrary to that described in the
last paragraph. A system of stresses perpendicular to
the matrix—particle interphase would develop due to
the higher thermal expansion coefficient of the f-
Ca,SiO, particles which will be in tension during
cooling. This stress system will lead to circumferential
microcracking around the B-Ca,SiO,4 particles when
added to the applied stress. Therefore, most PB-

Ca,SiOy4 particles in S2 presented intergranular frac-
ture (Fig. 7b and c).

5. Conclusions

Reaction sintering of natural MgCa(COs),/ZrSiOy4
mixtures is an inexpensive and innovative method to
produce MgO-CaZrO; based three component materi-
als, dense (>97% of theoretical) and with fine grained
(~1-4 pm) microstructures.

Materials with p-Ca,SiO4 and CazMg(SiO), as tern-
ary phases have been obtained and characterized.

Thermal expansion coefficients and Youngs modulus
values of the materials coincide with those calculated
for uncracked materials constituted by isotropic phases.

The thermal expansion and the mechanical behaviour
of the studied materials is that of materials made of a
matrix of MgO-CaZrO; and in which ternary phases
with similar Young’s modulus [116 and 130 GPa for
Caz;Mg(SiOy4), and B-Ca,SiOy4 respectively] and very
different thermal expansion coefficients (7.5 and
16.3x107¢ K~! for CazMg(SiO)s and PB-Ca,SiOy,
respectively) are dispersed.

Thermal expansion mismatch between the matrix and
Ca;Mg(SiOy), lead to microcracking of the material
during fracture whereas the material containing [3-
Ca,SiOy4 behaves as a typical brittle material.
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