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The reaction mechanism that takes place in ZrSiO4–Mg

Ca(CO3)2 mixtures was studied in air up to 13001C by collecting

neutron diffraction patterns during the heating ramp. Neutron

diffraction intensities were used to monitor and establish the

mechanism of reaction that occurs in successive stages. (a)

MgCa(CO3)2 decomposition yielding MgO and CaCO3; (b)

CaCO3 decomposition; (c) reactions between CaO, MgO, and

ZrSiO4 involving the formation of phases such as: tetragonal-

ZrO2, a-Ca2SiO4, and Ca3MgSi2O8, some of them acting as

transitory phases; and (d) formation of CaZrO3. The results

obtained by this technique agree with data obtained by

differential thermal analysis and thermogravimetry. The final

product has a porous structure, due to the release of CO2, with a

very narrow pore size distribution (E1 lm). This open-porosity

can be controlled by tailoring the reaction sintering pro-

cess. # 2002 Elsevier Science (USA)

Key Words: neutron thermodiffractometry; solid-state reac-

tions; MgCa(CO3)2; ZrSiO4; porous ceramics.

INTRODUCTION

Porous ceramics with interconnected porosity and
controlled pore size in the range of micrometers can be
used to produce fluid-flow filters (industrial wastes,
beverages, etc), light- weight structural components, high-
temperature insulators or membrane supports (1, 2).

The preparation of materials with controlled micro-
structure and high porosity by a reaction sintering process
between mixtures of raw materials with at least one of the
components being a carbonate, offers the option of
obtaining porous ceramic materials that can work at high
temperature by a very cost-effective process (3, 4). To
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exploit this option, two minerals, dolomite (MgCa(CO3)2)
and zircon (ZrSiO4) were selected to produce MgO–CaZrO3

based materials according to the following reactions:

ZrSiO4 þ 3MgCaðCO3Þ2-3MgOþ CaZrO3þ

a� Ca2SiO4 þ 6CO2ðgÞ; ½1�

2ZrSiO4 þ 5MgCaðCO3Þ2-4MgOþ 2CaZrO3

þ Ca3MgSi2O8 þ 10CO2ðgÞ: ½2�

During the reaction sintering process, two main phenom-
ena occur: Porosity removal, by reducing the surface area
(and thus energy) of the pores, and reaction. Consequently,
it may be possible to tailor the microstructure (and
therefore the pore size and distribution) by controlling
the reaction sintering mechanism to produce ceramic
materials with the desired properties.

Furthermore, to get a deeper insight on the way these
processes occur, it would be very useful to follow those
processes in real time with the help of a non-interfering
technique. Since the main phases present are crystalline,
diffraction techniques are the obvious choice, but in this
case, a powerful and penetrating radiation would be
necessary, i.e., either synchrotron light or neutron radia-
tion. More precisely, the use of powder neutron diffraction
allows collecting data at an adequate pace to get an
acceptable time resolution. The advantage of this technique
is that in situ recording of diffraction patterns permits the
detection of transient phases, which otherwise cannot be
detected by quenching and conventional diffraction
methods.

Another important advantage of using neutronsFre-
lated to their penetration powerFis the simplification of
the ancillary setup. Indeed, furnaces of different types and
other devices can be easily implemented. Furthermore,
relatively bulky specimens, of a few centimeters length can
be analyzed; and as the diffracting volume of the samples
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FIG. 1. DTA and TG of the two MgCa(CO3)2/ZrSiO4 studied

samples: S2 and S4.
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examined is rather large, the information collected is
statistically representative of the whole.

Some recent examples where combined neutron diffrac-
tion with a high-temperature furnace used to study thermal
decomposition reactions and phase transitions can be
found elsewhere (5–8).

In the present investigation, the results obtained using
time-resolved neutron diffraction methods to investigate
the sintering process and the reactions that takes place up
to 13001C of different ZrSiO4–MgCa(CO3)2 mixtures are
discussed. The materials obtained have an homogeneous
and narrow pore size distribution (B1 mm) with a porosity
up to 40 vol.%.

EXPERIMENTAL PROCEDURES

The raw materials used in this investigation were as
follows. ZrSiO4 (Zircosil, Cookson Ltd), the main impu-
rities being HfO2 (0.1wt%) and Y2O3 (0.11wt%). This
material has an average particle size of 1.23 mm (by laser
diffraction) and a surface area of 12m2/g (by B.E.T.). A
finely milled mineral MgCa(CO3)2 supplied by Prodomasa,
Spain, was used for this work. The composition, by weight,
of main elements expressed as oxides is 30.29% CaO and
22.05% MgO. The main impurities as oxides are
0.018wt.% SiO2 and 0.011wt.% Al2O3. This material has
an average particle size of 4.9 mm (by laser diffraction) and
a surface area of 2.5m2/g (by B.E.T.)

Two ZrSiO4/MgCa(CO3)2 compositions were prepared
according to the stoichiometry proportions of Eqs. [1] and
[2]. They will be referred along this paper as S2 and S4,
respectively. By looking at the quaternary system CaO–
MgO–ZrO2–SiO2 (9) it can be seen that their initial liquid
formations start at 17501C and at 15501C, which are
the invariant points of the MgO–CaZrO3–Ca2SiO4 and
MgO–CaZrO3–Ca3MgSi2O8 subsystems, respectively.

The MgCa(CO3)2/ZrSiO4 mixtures were homogenized
by attrition milling in water media. After spray drying, bars
of about 5mm diameter were pressed by cold isostatic press
at 100MPa. Details of the experimental procedure can be
found elsewhere (3, 4).

Differential thermal analysis (DTA) and thermogravi-
metric analysis TG (STA 409, Netzch, Germany) studies
were conducted on cold isostatically pressed compacts, in
air, using Pt crucibles. The thermal studies were performed
up to 15001C and at a constant heating rate of 21C/min.

Microstructural analyses and phase identification were
done by scanning electron microscopy (Zeiss DMS 950,
Germany) with energy dispersive X-ray analyzer using
sputtered gold coating on fractured surfaces of the heat-
treated samples.

The pore morphology was characterized by mercury
porosimetry (model Autopore II 9215, Micromeritics
Instrument Corp., Norcross, GA, USA). For these
measurements, the pressure was increased up to 414MPa
in 126 steps (the final pressure corresponded to a pore
diameter of 3.2 nm). At each step, the pressure was kept
almost constant and held for 5 s.

Neutron Thermodiffractometry

The high-temperature neutron diffraction experiments
were performed at Institute Laue-Langevin (ILL), Greno-
ble, France, in the instrument D1B (l=2.52 (A). Technical
details can be found elsewhere (10).

An ellipsoid mirror furnace manufactured at ILL based
in an initial design by Lorenz et al. (11) was placed in the
diffractometer. Diffraction experiments were carried out by
heating the samples from room temperature to 7001C, at a
constant heating rate of 101C/min, and then the tempera-
ture was raised to 13001C at a rate of 21C/min.
Temperatures from Pt/Pt–Rd10% thermocouples were
recorded continuously while diffraction data were accu-
mulated every 150 s during the whole experiment.

The compacted specimens were placed into platinum
crucibles of 5mm diameter and 8mm height, covered with
a platinum lid to ensure an uniform heat distribution in the
whole sample. A hole on the sidewall of the crucible
allowed introducing another thermocouple to the center of
the specimen.

Data Analysis

Data treatment details have already been described
in a previous paper (6). General plotting was carried out
with the help of commercial package Origin (12). The
visualization of data in the form of three-dimensional (3D)
plots and contour maps was made with the help of a
commercial package, NOESYS (13). To measure inte-
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grated intensities, reflections were fitted to Gaussian curves
with procedures written in IDL (14).

Thermodynamic calculations, related to the free energy
of reactions, were performed by using the Outokumpu
HSC Chemistry computation package (Version 1.10) (15).
The HSC offers an extensive thermochemical database
which contains enthalpy (H), entropy (S) and heat capacity
(C) data for chemical compounds.

RESULTS

The differential thermal analysis plot of the two
MgCa(CO3)2/ZrSiO4 studied samples, S2 and S4, are shown
in Fig. 1. Both samples show significant weight losses of 37
and 35wt.%, respectively, due to the release of CO2. The
two thermograms exhibit two endotherms, one at B7451C
and the second at B8001C due to the MgCa(CO3)2
FIG. 2. (a) Sequence of powder neutron diffraction patterns for 3MgCa(C

Miller indices are indicated for the different phases. (b) Smoothed 2D conto

figures of this paper are described by abbreviated formulas. Notation used: D

C2S for a-Ca2SiO4, CZ for CaZrO3, t-Z for tetragonal ZrO2, Pt for platinu
decarbonation in two stages at low CO2 pressure (atmo-
spheric pressure): MgCa(CO3)2 decomposition gives calcite
(CaCO3) and periclase (MgO) in a first step, and calcite
breakup in a second step. These results are in agreement
with those reported by Otsuka (16) and De Aza et al. (6).
Both samples also show a broad exothermic effect at about
11501C.

Thermodiffractometry

The diffraction data collected during the heating cycle
were represented as a sequence of patterns in a pseudo-3D
fashion in which the x-axis corresponds to the diffraction
angle 2y, the y-axis to the temperature and the z-axis to the
relative intensity. The evolution in real time of the
MgCa(CO3)2/ZrSiO4 reactions of S2 and S4 compositions
can be seen in the 3D diagrams of Figs. 2a and 3a.
O3)2/ZrSiO4 mixture (S2) as a function of temperature. The corresponding

ur projection of the 3D sequential map. For simplicity, phases given in the

for MgCa(CO3)2, ZS for ZrSiO4, C for CaCO3, C3MS2 for Ca3MgSi2O8,

m, CaO for lime, and MgO for magnesia.



FIG. 3. (a) Sequence of powder neutron diffraction patterns for 5MgCa(CO3)2/2ZrSiO4 mixture (S4) versus temperature. Phases with their indexed

peaks are highlighted. (b) Smoothed 2D contour projection obtained from the 3D sequential map. For the notation used, see caption of Fig. 2.
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To visualize the events with more precision, the
diffraction shifts and the collapse of phases, contour maps
in two dimensions were also projected from the 3D plots
(Figs. 2b and 3b). The phases domains of existence are
highlighted by their diffraction peaks shown in the figures
with the corresponding Miller indices.

The progress of reactions was followed by the integrated
intensities of selected reflections, isolated from the rest,
measured by fitting them to Gaussian curves as it has been
explained before.

The variation of the integrated intensities of selected
reflections for different phases as a function of temperature
can be seen in Figs. 4a and 4b. These integrated intensities
were normalized to 100. The plots stand out the progress of
the reactions that takes place, i.e., the formation or the
decay of a particular phase is related to the variation of the
integrated intensities plotted.

The contour maps of Figs. 2b and 3b clearly show that
ZrSiO4 presence does not affect the MgCa(CO3)2 decom-
position. Calcium carbonate appears at E5501C and
decomposes at E8001C to yield CaO. The generation of
MgO from the decomposition of MgCa(CO3)2 is also clear.
These results are in agreement with previous studies of
MgCa(CO3)2 decomposition by thermodiffractometry (6)
and differential thermal analyses already mentioned
(Fig. 1).



FIG. 4. Evolution of the crystalline phases during the reactions for (a) 3MgCa(CO3)2/ZrSiO4 mixture (S2) and (b) 5MgCa(CO3)2/2ZrSiO4 mixture

(S4). Selected integrated intensities plotted versus temperature for reflections (1 0 1) of t-ZrO2 (t-Z), (0 1 3) of Ca3MgSi2O8 (C3MS2), (2 0 0) of a-Ca2SiO4

(C2S), and (1 0 1) of CaZrO3 (CZ).
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By looking at Fig. 2b, it is clear that MgO diffract-
ion peaks onset at 5501C and at 7501C they reach a
maximum. This phase exists until the end of the registered
temperature. At about 8501C, the first formation of
CaZrO3 (calcium zirconate) takes place and around
9001C that of a-Ca2SiO4. In the range 800–12001C, the
formation and collapse of two transitory phases are
detected (t-ZrO2 (tetragonal zirconia) and Ca3MgSi2O8

(merwinite)).
Likewise, the evolution of the reactions for the S4

composition can be seen in Figs. 3a and 3b. MgO starts to
manifest its presence at E5501C and the corresponding
diffraction peaks grow until B7501C. t-ZrO2 appears at
B7501C and collapses at about 9501C. Progressing in
temperature, in the range 900–11001C the formation and
collapse of a-Ca2SiO4 is also detected. The MgO exists until
the end of the registered temperature range. At about
7501C, the first formation of CaZrO3 and Ca3MgSi2O8

takes place.
FIG. 5. Sequence of powder neutron diffraction patterns for the diffracti

(a) S2 sample and (b) S4 sample.
Additionally, both samples show a relatively broad
diffraction peak below 51 2y with a maximum between
6001C and 12001C (see Figs. 5a and 5b). For both
experiments, this peak is by far the strongest one compared
to the rest of the peaks. Its shape seems to be Gaussian like,
although the left branch is not clearly defined due to the
interference of the beam stop.

These diffraction peaks for both samples are shown in
Figs. 6a and 6b. The variations of intensities, for this low-
angle region, were plotted versus temperature, jointly with
thermogravimetric curves. In these figures, a coincidence
between the loss of weight due to the release of CO2 (37%
and 35% by weight) and the sudden growth of the low-
angle peak is clear. As it will be discussed later on, this low-
angle peak is related to the development of small particles
and pores inside the samples.

Figures 7a to 7d show the typical microstructure of the
fractured surfaces of S2 and S4 specimens after being heat
treated at 15501C/2 h and 13501C/2 h, respectively. Grains
on peak detected at the low angle region (below 51, 2y, versus temperature:
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FIG. 7. (a)F(d) Typical microstructure of the fractured surfaces of

the S2 (a–b) and S4 (c–d) composites sintered at 15501C and 13501C,

respectively.
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with bright contrast are CaZrO3 and those with dark
contrast are MgO or Ca2SiO4. Fig. 8 shows the pore size
distribution of both samples. Both compositions show
porous microstructures, B40% porosity, with channels of
interconnecting pores forming a well-developed 3D net-
work structure (Table 1). The average pore diameter is
B1 mm and the grain size B800 nm.

DISCUSSION

As it was observed in previous works (3, 4), the reaction
sintering mechanism of ZrSiO4–MgCa(CO3)2 mixtures
occurs in two well-differentiated main steps: (a) reaction
and (b) sintering of the reaction products. According to the
high-temperature neutron diffraction data, the differential
thermal analysis and the thermogravimetric examinations,
here presented, during the heat treatment the MgCa(CO3)2
by-products (CaO + MgO) react with ZrSiO4 (between
7501C and 12001C) through a series of reactions before the
final stable compounds are formed. Depending on the
starting composition (either S2 or S4) the sequence of
reaction is slightly different. Details of the thermal
decomposition of MgCa(CO3)2 can be found elsewhere
(6). In the present work, it can be seen that this
decomposition is not altered by the presence of ZrSiO4.

In the case of the S2 sample, the first crystalline phase
observed after decomposition of ZrSiO4 is t-ZrO2, in
agreement with the results obtained by Mursic et al. (7).
These authors report that ZrSiO4 dissociates at 16701C.
However, in the present work the ZrSiO4 decomposition is
observed at lower temperature due to the existence of CaO
and MgO. It is obvious that ZrSiO4 is not a stable phase in
the presence of CaO + MgO above 7001C. From the data
represented in Figs. 2 and 4a, the following reactions are



TABLE 1

Pore Structure of the MgO–CaZrO3 - Based Materials

Sample

Reaction sintering

temperature (1C)

Mean pore

size D (mm)

Porosity

P(%)

S2 1250 0.77 60

1350 1.03 51

1550 1.14 40

1740 F 1.4

S4 1250 0.72 42

1350 0.83 41

1450 0.78 21

1550 F 4

Note. Both D (mm), mean pore diameter, and P (%), porosity,

determined by mercury porosimetry.

TABLE 2

Thermodynamic Calculations

Reaction Reaction

DG (800–11001C)

(Kcal/mol)

Amorphous silica phase + 2CaO -
a-Ca2SiO4

[4] [11] � (33�34)

t-ZrO2 + CaO - CaZrO3 [5] [9] �8

Amorphous silica phase + MgO +

3 CaO - Ca3MgSi2O8

[10] �62

Ca3MgSi2O8 + CaO - MgO +

2 a-Ca2SiO4

[7] [12] E0

Note. Performed using the HSC thermochemical database (15).
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proposed to interpret the observations:

CaOþMgOþ ZrSiO4-amorphous silica phase

þ t� ZrO2 ð775210001CÞ: ½3�

The amorphous silica phase, which cannot be detected by
diffraction, reacts with CaO to form a-Ca2SiO4; stable
phase that is present until the end of the experiment:

amorphous silica phaseþ 2CaO-a� Ca2SiO4

ðT > 9001CÞ: ½4�

At temperatures higher than 7751C, t-ZrO2 reacts with the
remaining CaO to yield CaZrO3, according to the
following reaction:

t� ZrO2þCaO-CaZrO3 ðT> 7751CÞ: ½5�

A simultaneous process happens to form merwinite
according to the reaction:

amorphous silica phaseþMgOþ 3CaO-Ca3MgSi2O8

ð775211001CÞ: ½6�

The ZrSiO4 decomposition, and the formation of a-
Ca2SiO4 and Ca3MgSi2O8 partially overlap and take place
in a wide interval of temperatures (B775 – 11001C). At
higher temperatures, Ca3MgSi2O8 reacts with the remain-
ing CaO as follows:

Ca3MgSi2O8 þ CaO-MgOþ 2a� Ca2SiO4

ðT > 9001CÞ: ½7�

Therefore, at the end of the process a mixture of CaZrO3,
a-Ca2SiO4, and MgO is present. On cooling, at approxi-
mately 6301C, the a-Ca2SiO4 phase transforms into the b-
Ca2SiO4 phase, which is the one observed at room
temperature. This is due to the small particle size of
Ca2SiO4. According to (17), for particle sizes smaller than
5 mm, the polymorphic transformation b-Ca2SiO4 2 g-
Ca2SiO4 that takes place at approximately 5001C, accom-
panied by a volume expansion of 11% (that may produce a
high density of microcracks in the material) does not occur.

In the S4 composition (Figs. 3 and 4b), the reaction path
is similar, but here, Ca3MgSi2O8 is the final stable phase
whereas a-Ca2SiO4 is a transitory phase. The sequence of
reactions is as follows:

CaOþMgOþ ZrSiO4-amorphous silica phase

þ t-ZrO2 ðT > 7001CÞ; ½8�

t� ZrO2þCaO-CaZrO3 ðT> 8001CÞ; ½9�

amorphous silica phaseþMgOþ 3CaO-Ca3MgSi2O8

ðT> 8001CÞ; ½10�

amorphous silica phaseþ 2CaO-a� Ca2SiO4

ðT > 9001CÞ; ½11�

2ða� Ca2SiO4Þ þMgO-Ca3MgSi2O8 þ CaO

ðT > 9801CÞ: ½12�

At the end of the process, the phases present are
Ca3MgSi2O8, CaZrO3, and MgO.

Thermodynamic calculations were used to support the
detailed models of the reaction mechanisms. Table 2 shows
these thermodynamic free-energy calculations for the
reactions involved in both compositions (S2 and S4). It
can be seen that the theoretical predictions agree with the
sequential appearance of the phases. Let us provide here a
concrete example of the convenience of these computa-
tions. The calculated DG for the formation of a-Ca2SiO4,
Ca3MgSi2O8, and CaZrO3 confirm the much lower DG
value for Ca3MgSi2O8 formation, in the temperature
region considered. Consequently, its appearance as the
first phase during the reaction is clearly justified. The
energy calculations (see Table 2) for reaction [7] (DG B
0 kcal/mol, also valid for [12]) indicate that in the 850 –
11001C temperature range, a-Ca2SiO4 and Ca3MgSi2O8

could coexist in equilibrium.
Concerning the microstructure of these materials, the

formation of a porous structure built up by pores randomly
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distributed in a solid skeleton of particles (o500 nm) can
be followed in Figs. 5 and 6, as it was mentioned in the
previous section. This low-angle diffraction peak is indeed
related to the development of pores and small particles
inside a homogeneous medium. Small angle scattering with
both X-ray (SAXS) or neutron (SANS) are well-known
techniques to study the distribution of different size
particles inside a dominant phase. The instrument used
for this work was not a dedicated SANS machine and
obviously, precise parameters such as the pore size and/or
distribution could not be quantified. However, it is possible
to correlate in a rather qualitative way the development of
the low-angle peak with the microstructural changes,
namely the porosity. Therefore, the presence of this
conspicuous peak is probably due to the submicroscopic
porous structures formed by the thermal decomposition, of
MgCa(CO3)2 and CaCO3 (18) releasing CO2. This fine
porous structure is developed jointly with nano-particles of
MgO and CaCO3 in the temperature range 500–8001C.
This phenomenon is observed in both compositions and
the pores formed are responsible for the low apparent
density of the final products.

Clearly, these ceramics have a high porosity and the
mechanism of the porosity formation is related to the
liberation of CO2 during the decomposition of MgCa
(CO3)2. The CO2 gas liberated yields an homogeneous
open-pore structure. According to SEM observations, both
composites show a narrow pore-size distribution, with a
mean size of B1 mm, which remain stable at temperatures
as high as 13501C and 15501C for S4 and S2, respectively.
These porous composites, E40% of porosity, can be used
as ceramic filters materials with a good structural stability
at high temperatures or as insulating materials because of
their low thermal conductivity, 1.5–0.7Wm�1 C�1 between
room temperature and 8001C (19).

CONCLUSIONS

The preparation of materials with controlled micro-
structure and high porosity by a reaction sintering process
of raw materials mixtures with at least one of the
components being a carbonate, offers the option of
obtaining porous ceramic materials that can work at high
temperature. In this work, CaZrO3–MgO-based compo-
sites with a porous structure were obtained by reaction
sintering of highly pure mixtures of raw MgCa(CO3)2 and
ZrSiO4 powders. This method is very cost effective due to
the use of natural raw materials and one-step heat
treatment. The porous materials obtained can be used as
filters with good structural stability at high temperatures
and as insulating materials.

The reaction mechanism in MgCa(CO3)2/ZrSiO4 mix-
tures up to 13001C has been established by in situ neutron
diffractometry. From the results obtained, it has been
demonstrated that the reaction sintering occurs in succes-
sive stages. After the MgCa(CO3)2 decomposition into
MgO and CaCO3, in the 500–7001C temperature range,
calcite breaks up to yield CaO at approximately 7501C. On
further heating, from 7501C to 10501C, CaO, MgO, and
ZrSiO4 react forming amorphous phases (silica-based
phases), t-ZrO2, Ca3MgSi2O8, and a-Ca2SiO4. Some of
these phases are only transitory phases and lead to the
formation of CaZrO3.
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