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Abstract

The hydration behaviour of Ca3Al2O6, Ca12Al14O33 and CaAl2O4 with added amorphous silica at 40, 65 and 90 1C has been studied

for periods ranging from 1 to 31 days. In hydrated samples crystalline phases like katoite (Ca3Al2(SiO4)3�x(OH)4x) and gibbsite,

Al(OH)3, were identified, likewise amorphous phases like Al(OH)x, calcium silicate hydrates, C–S–H, and calcium aluminosilicate

hydrates, C–S–A–H, were identified. The stoichiometry of Ca3Al2(SiO4)3�x(OH)4x (0p3�xp0.334), which was the main crystalline

product, was established by Rietveld refinement of X-ray and neutron diffraction data and by transmission electron microscopy.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Modern technology of refractories is of strategic interest
in a number of high-temperature industrial processes.
More particularly, unshaped monolithic refractories with
low cement additions based on alumina raw materials are
used ubiquitously in a range of furnace lining applications
such as metallurgy, glass foundries, ceramics, petrochem-
istry, and clinker production to name just a few.

Industrial refractory castables are composed of a fine
fraction, or matrix, and an aggregate or coarse component.
Novel slip cast refractory materials are formulated with
very low additions of calcium aluminate cements and
variable additions of active rheological agents such as
amorphous microspheres of silica (microsilicas: term
introduced by Elkem A/S for the material obtained after
cleaning, classifying, and homogenising the silica-rich fume
e front matter r 2006 Elsevier Inc. All rights reserved.
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FET-MA Av. Getúlio Vargas, 04-Monte Castelo–CEP

Luı́s-MA—Brasil.

ress: ESRF (European Synchrotron Radiation Facility), 6

itz, BP220, 38043 Grenoble Cedex, France.
released during production of ferrosilicon and silicon metal
in electric arc furnaces [1]), activated alumina and other
small grain size additives [1–3].
It has been shown that the main role of microsilicas is to

fill void spaces between large particles so that the densest
possible packing is achieved. On the other hand, it has been
demonstrated that the amorphous microspheres of silica
enhances the rheological properties of these materials [1–4].
The critical issue of hydration of refractory calcium

aluminate cements with microsilicas, in the temperature
range 40–100 1C, is one of the main challenges in the
castable refractory concretes field. However, is not yet fully
understood. Indeed the few studies related to this topic
indicate that silica reacts with the calcium aluminate phases
in the cement and water to form different crystalline
hydrates (with variable proportions of Ca, Al, Si) such as
Ca2Al2SiO7 � 8H2O [4,5] (strätlingite), Ca3Al2(SiO4)3�x

(OH)4x (0oxo3) [6,7] (katoite) and not very well defined
and complex zeolite-type phases [8]. Likewise, the presence,
between 25 and 85 1C, of non-crystalline and metastable
phases, mainly calcium silicate hydrates C–S–H, have been
reported by Silva et al. [9] and Damidot et al. [10]. On the
other hand, the extent of Si substitution in the stable
hydrogarnet, katoite, has not yet been quantified.

www.elsevier.com/locate/jssc
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Having that in mind, Ca(OH)2, Al(OH)3, CaAl2O4 �

10H2O, Ca2Al2O5 � 8H2O, Ca2Al2SiO7 � 8H2O and a series
of solid solutions, of general formula Ca3Al2(SiO4)3-
x(OH)4x, can be located in the CaO–Al2O3–SiO2–H2O
system for temperatures below 100 1C. Indeed, the whole
series exists with the end members known as grossular for
x ¼ 0 and hydrogarnet for x ¼ 3. Since the solution series
occurs in nature, mineralogists classify them as hibschite
for the minerals with 0.2oxo1.5 and as katoite for the
ones with 1.5oxo3. Different authors synthesised these
compounds at temperatures lower than 350 1C in a
hydrothermal environment and they characterized the
obtained phases by XRD, ND and IR spectroscopy
analysis, respectively [6,11]. Within the same system, some
other crystalline hydrates co-exist with the former solid
solutions. They appear in Portland cements and in
hydrothermal activated metakaolin (calcium hydroxide
systems) as reported by Silva and Glasser [9] and Jappy
and Glasser [7]. Also, the persistence of non-crystalline
hydrates particularly the above mentioned C–S–H and
calcium aluminosilicate hydrates, C–S–A–H, and the
formation of crystalline Ca2Al2SiO7 � 8H2O between 25
and 85 1C have been reported [9,10].

The present contribution has been focused to the
hydration reaction progress of Ca3Al2O6, Ca12Al14O33

and CaAl2O4 in the presence of microsilicas. The
hydration behaviour of calcium aluminates and amor-
phous silica mixtures have been investigated at 40, 65
and 90 1C by X-ray diffraction (XRD), neutron diffraction
(ND) and transmission electron microscopy fitted
with energy dispersive X-ray analyser (TEM-EDS).
The diffraction data treatment has allowed a quantification
of silicon substitution in the katoite series and from the
global interpretation of the results it has been possible to
establish the development and stability relations of
hydrates.
Table 1

Calcium aluminates-silica compositions selected

Ref. Composition

1.5 CaAl2O4+5.26SiO2

1.4 CaAl2O4+2.63SiO2

1.3 CaAl2O4+2.4SiO2

1.2 CaAl2O4+1.7SiO2

1.1 CaAl2O4+0.4SiO2

1.0 CaAl2O4

2.3 Ca12Al14O33+2.4SiO2

2.2 Ca12Al14O33+1.7SiO2

2.1 Ca12Al14O33+0.4SiO2

2.0 Ca12Al14O33

3.3 Ca3Al2O6+2.4SiO2

3.2 Ca3Al2O6+1.7SiO2

3.1 Ca3Al2O6+0.4SiO2

3.0 Ca3Al2O6
2. Experimental

2.1. Synthesis

Details of the mechanochemical method used for the
synthesis of the calcium aluminates are given elsewhere
[12,13]. Eleven different compositions were selected along
the Ca3Al2O6�SiO2, Ca12Al14O33–SiO2 and CaAl2O4–SiO2

composition lines drawn to cover both low, and high, SiO2

regions. The molar ratios of the compositions are shown in
Table 1.
The specimens examined were obtained through deutero-

hydration (with D2O 99.9% from Merck; Darmstadt,
Germany) of pure synthetic polycrystalline Ca3Al2O6,
Ca12Al14O33 and CaAl2O4 and amorphous silica (Elken
microsilicas 983; Elken Materials, Inc., Pittsburg,
PA498% reactive SiO2, 0.15 mm amorphous micro-
spheres) powder mixtures. The chemical analysis and
physical properties of the solid precursor phases are listed
in Table 2. The specimens were treated with D2O in an
attempt to substitute the hydrogen by deuterium in the
hydrates formed. The reason for that is that neutrons
interact with hydrogen atoms producing an incoherent
scattering in all directions, manifested by a notable increase
of background in diffraction patterns. Nevertheless, it is
difficult to achieve complete replacement of H2O by D2O.
In most of the cases a fraction is replaced, hence a
significant background is usually recorded. Also, it has to
be noted that hydrogen and deuterium are indistinguish-
able from a chemical point of view and that they occupy
the same crystallographic sites forming a complete hydro-
gen–deuterium ‘‘solid solution’’. Therefore, the different
partially deuterated species were written as if only
hydrogen atoms were present. The reported H2O/D2O
ratio value was established by Rietveld refinement using
both XRD and ND data.
Composition (mol%)

CaO AlO1.5 SiO2

12.1 24.2 63.1

17.7 35.5 46.8

26.2 52.7 21.1

28.9 56.1 15.9

31.7 64.0 4.3

33.2 66.8 0.0

33.7 39.2 27.1

36.6 42.6 28.8

43.5 50.7 5.8

46.1 53.9 0.0

40.5 27.0 32.5

44.8 39.8 25.4

55.6 37.0 7.4

60.0 40.0 0.0
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Table 2

Chemical analysis of the synthetic raw materials used

CaAl2O4 Ca12Al14O33 Ca3Al2O6 Microsilicas

Chemical analysis

CaO 35.1 51.8 62.3 0.2

Al2O3 64.6 48.0 37.4 0.2

Na2O 0.1 0.1 0.1 0.04

SiO2 0.1 0.1 0.2 98.3

Grain size D50 (mm) 5.7 3.5 2.7 E150 nma

Specific surface (m2/g) 1.2 17.0

Real density (g/cm3) 2.9 2.5 2.8 2.27

aMeasured by TEM.
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Microsilicas-calcium aluminate samples were mixed
with excess of D2O in a ratio of heavy water/solids ¼ 2,
and placed in a teflon recipient, that could be kept tightly
closed with a lid and an o-ring, at 40, 65 and 90 1C for
several hours. The deutero-hydrated pastes were milled and
sieved (120 mm) treated once more with D2O in a closed
vessel at the same temperatures and homogenised every
24 h. This process was repeated several times to complete 7
days at 40 and 65 1C and 31 days at 90 1C to get
homogeneous powders under 120 mm. The resulting pow-
ders were analysed by XRD and consisted of gibbsite [14]
and/or hydrogarnet [15] (gibbsite, hydrogarnet and katoite
powder diffraction files: 33-0018, 84-1354 and 38-0368
ICDD 2000 and ICSD, database).

The experiments were conducted by mixing the amor-
phous silica with calcium aluminates in water because the
other components present in real refractory castables
(although important from a mechanical point of view)
are chemically inactive at temperatures lower than
�800 1C. Therefore, the coarse particles of castables were
not added for two main reasons: their chemical activity in
the hydration process is negligible and they would interfere
in the characterisation by diffraction techniques and
TEM.

2.2. Diffraction studies

2.2.1. X-ray

A Kristalloflex 710 D5000 (Siemens, Germany) diffract-
ometer (Bragg–Brentano geometry) was used for phase
analysis by XRD. Powder diffraction patterns were
recorded using CuKa1,2 radiation (1.5418 Å) with a
secondary curved graphite monochromator. The X-ray
tube operated at 40 kV and 30mA. For the routine analysis
of phase identification an angular window from 21 to 701
2y was scanned with a step size 0.051 2y and a time of 5 s/
step. The samples were rotated at 15 rpm during acquisi-
tion to minimise orientation effects of diffraction peaks.

For Rietveld analysis, the diffraction data were acquired
between 101 and 1301 in 2y in two sets: from 101 to 901 (2y)
with sample rotation at 15 r.p.m and from 90 to 130
without rotation. Both sets were acquired with a step size
of 0.031 and 20 s/step. The pre-sample slit used was 2mm
wide and for the detector three slits of 2, 0.2 and 0.6 were
set.
As very precise positions of diffraction peaks were

necessary silicon powder from NIST (reference material
SRM Si-640b, a ¼ 5.430940 Å, National Institute for
Standards and Technology, Gaithersburg, MD) was used
as an internal standard for d-spacings [16]. The powder was
added to the powder specimens in a proportion of 20% by
weight.

2.2.2. Neutrons

The powder ND experiments were carried out at the
Swiss Spallation Neutron Source (SINQ) of Paul Scherrer
Institut (PSI) in Villigen, Switzerland [17]. The instrument
HRPT [18] in high-intensity mode was employed with
l ¼ 1.8857 Å in the angular range from 2.451 to 1631 2y
with an equivalent step size of 0.051. The patterns were
collected to accumulate 106 monitor counts. Approxi-
mately, 5 g of well-compacted polycrystalline powder was
introduced into a cylindrical stainless steel tube of 10mm
internal diameter and 60mm long. The cylinder was closed
with a security lid that allowed releasing of water pressure.

2.2.3. Data treatment

Powder diffraction patterns were analysed by Rietveld,
using FULLPROF [19]. General plotting and fitting of
data was done with the help of Origin [20] v6.

2.2.4. Rietveld refinements

The refinements were carried out in a conventional way
following the strategy and recommendations of McCusker
el al. [21] by using a pseudo-Voigt peak shape function with
the asymmetry correction of Finger el al. [22] included
when needed. The optimised parameters were: background
coefficients, zero-shift error (using an internal standard of
silicon powder from NIST as mentioned above), peak
shape parameters (including anisotropic terms when
appropriate), cell parameters and silicon substitution.
Here, it is worth to mention that there is a linear
dependence between the cell lattice parameter of katoite
and the amount of silicon substituted in the crystal
structure. This linear relationship was obtained by plotting
the data published by different authors [6,15,23–26]
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Fig. 1. Linear dependence between the cell lattice parameter of katoite

and the amount of silicon substituted in the crystal structure: Ca3Al2
(SiO4)3�x(OH)4x (x ¼ 0–3).
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gathered in the Inorganic Crystal Structure Database [27]
and fitting them to a straight line [15,28], Fig. 1. This linear
relationship was introduced as a constraint during the
Rietveld refinements. Also, a second constraint for the
hydrogen population since it depends on the amount of
silicon present in the formula [15] was introduced.

When ND data were available, both X-ray and neutron
sets of data were used for simultaneous refinement. In this
case, it was possible to refine the populations of hydrogen
and deuterium.

Examples of some of the Rietveld refinements can be
seen in Figs. 2a and b. The values of the pattern-dependent,
RWP, disagreement factor [29–31], and the values of the
phase-dependent, RF, disagreement factor [29–31] were
evaluated and they are listed in Table 3 together with the
statistical reliability factor of Bragg, RB [29]. The values
listed indicate that fits are satisfactory.

2.3. Microstructural studies

Microstructural analyses and phase identification were
done by TEM (Hitachi–H7100 (Japan) at 125 kV, fitted
with EDS analyser (Rentec-M-series, Germany) with an
acquisition time of 300 s. Powdered samples were dispersed
in propan-2-ol and mounted on carbon-coated copper
grids.

3. Results

3.1. Hydration progress monitored by XRD

The evolution of hydration with D2O for the different
mixtures as a function of time and temperature was
followed by XRD. The results are gathered in Tables 4–6
for 40, 65 and for 90 1C, respectively. In all cases, the heavy
water/solids ratio was 2 by weight. The crystal
phases found after the treatments were unreacted
calcium aluminates (at 40 1C only), Ca2Al2O5 � 8H2O,
Ca3Al2(OH)12, and Al(OH)3 (Ca2Al2O5 � 8H2O Powder
Diffraction File: 45–0564 ICDD 2000 and ICSD data
base).
The amount of amorphous phases was roughly estimated

in a qualitative way from the background of the XRD
patterns of each sample. Another sign of the low crystal-
linity of samples was the low intensity of diffraction peaks
in the XRD patterns.
As expected, the hydration rate of all the samples

increased with temperature. Only at 40 1C and during the
earlier days the metastable Ca2Al2O5 � 8H2O was detected.
In all cases at the end, katoite and amorphous phases were
found. Additionally, for CaAl2O4 and Ca12Al14O33 mix-
tures gibbsite was also detected. Another trend observed
was the increase of amorphous phases for the specimens
with higher content of amorphous silica. In the samples
with higher silica content the formation of Ca2Al2
SiO7 � 8H2O (ICDD card #29-0285) was observed at 65 1C.

3.2. Rietveld refinements

Following the strategy described previously the stable
hydrate, namely katoite, was refined. The results obtained
are shown in Table 3. In all cases, katoite single phases with
varying cell parameters were observed, i.e. no splitting of
the diffraction peaks occurred. Rietveld plots for some
analysed samples with the observed, calculated and
difference powder patterns are shown in Figs. 2a and b.

3.3. Electron microscopy study

Figs. 3 and 4 show typical TEM images of some hydrated
samples. After close examination, faceted grey crystals of
Ca3Al2(OH)12 can be identified. In general, Si-containing
samples show a homogenous microstructure. The TEM
micrographs show randomly distributed agglomerates of
un-reacted microsilicas particles (50–150 nm), see Fig. 3,
and cubic crystals of katoite having a composition of
Ca3Al2(SiO4)3�x(OH)4x (0p3�xp0.5) (Figs. 3 and 4). In
Ca12Al14O33/silica and CaAl2O4/silica mixtures, Al(OH)3,
gibbsite, crystals were additionally detected (Fig. 4).
As mentioned previously, composition of the spherical

amorphous phases and the crystalline hydrogarnets of each
formulation were determined by TEM-EDS. Average
results of 10 measurements of katoite phase composition
is given in Table 7.

4. Discussion

4.1. Evolution of phases with temperature

During the hydration of selected mixtures, at tempera-
tures varying from 401 to 901, the crystalline phases that
precipitated were the expected according to the current
knowledge on the subject.
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Fig. 2. Rietveld plots (for some analysed compositions hydrated 31 days at 90 1C) with the observed calculated and difference powder patterns: (a)

Rietveld analysis of 3.3 sample. According to the obtained data it is composed of katoite: Ca3Al2 Si0.33 (OH)10.70. (b) Rietveld analyses of 2.3 sample.

According to the obtained data it is composed of: 83wt% katoite (Ca3Al2(SiO4)0.25(OH)11) and 17wt% of gibbsite (Al(OH)3). The relative amount of

katoite and gibbsite corresponded to the expected from the stoichiometry of the reaction involved.

J.M. Rivas Mercury et al. / Journal of Solid State Chemistry 179 (2006) 2988–29972992
These observations could be summarised by saying that
in the early stages and at lower temperatures, metastable
hydrates such as Ca2Al2O5 � 8H2O precipitated. As time
progressed they gave way to the stable phases, i.e.
Ca3Al2(OH)12 (katoite) and Al(OH)3 (gibbsite). It is well
known that this process is faster at higher temperatures [32]
or when it happens under a moist closed atmosphere. Their
formation under these particular conditions with a water/
solids ratio of 2 and 40–90 1C occurs through a solution-
precipitation process of thermodynamically stable phases.
The hydration process occurs with the dissolution of the

anhydrous phase and is followed by the precipitation of the
thermodynamically stable hydrates. Three distinct steps can
be identified: dissolution, nucleation and precipitation. The
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Table 3

XRD and ND Rietveld refinement results

Sample T/t (1C/day) Red parameter (Å) Rwp RB RF Si substitution H+Da Hb Db

1.3 90/31 12.52570.003 11.40 5.40 3.32 0.1970.01 11.2470.04 — —

2.1 65/7 12.54670.001b 11.50 11.00 9.5 0.1170.01 11.56 2.67 8.89

2.3 65/7 12.55470.002 11.00 3.74 2.66 0.0870.01 11.6770.04 — —

2.3 90/31 12.51270.002 5.77 1.25 1.07 0.2570.01 11.0270.04 — —

3.0 65/7 12.57570.001b 2.99 9.07 6.43 Undetected 12 5.88 6.12

3.1 40/7 12.56370.001b 10.40 5.84 4.78 0.0470.01 11.94 0.14 11.8

3.3 40/7 12.54770.001 8.43 3.69 2.60 0.1070.01 11.6170.04 — —

3.2 65/7 12.52870.001 8.15 2.25 1.50 0.1870.01 11.2470.04 — —

3.3 65/7 12.52970.001 8.64 2.36 2.94 0.1870.01 11.3070.04 — —

3.3 90/31 12.49570.002 9.79 1.78 1.22 0.3370.02 10.6970.51 — —

Rwp: pattern-dependent disagreement factor [30–32], RF: phase-dependent disagreement factor [30–32] and RB: statistical reliability factor of Bragg [30].
aData obtained by XRD Rietveld refinement.
bData obtained by XRD and ND simultaneous Rietveld refinement.

Table 4

Hydration progress with time on hydrated samples at 40 1C. XRD results

Ref. Time Hydrated phases by XRD

Ca3Al2(OH)12 Ca3Al2(SiO4)3�x(OH)4x Al(OH)3 Ca2Al2O5 � 8H2O Amorphous phase Calcium aluminate

1.3 1 day � +? + ++ � +

2 days � + + +++ + +

3 days � ++ ++ + + �

7 days � +++ ++ � + �

1.2 1 day � + + +++ + +

2 days � ++ + ++ + �

3 days � ++ ++ + + �

7 days � +++ ++ � + �

1.1 1 day � + + ++ + +

2 days � ++ ++ +++ + +?

3 days � +++ ++ + + �

7 days � +++ ++ � + �

1.0 1 day � � + + � +

3 days ++ � ++ � + +?

7 days +++ � ++ � + +?

3.3 1 h � +++ � � � �

1 day � +++ � � � �

7 days � +++ � � � �

3.2 1 h � +++ � � � �

1 day � +++ � � � �

7 days � +++ � � � �

3.1 1 day � +++ � � + �

7 days � +++ � � + �

3.0 1 h +++ � � � � �

1 day +++ � � � � �

7 days +++ � � � � �

Water/solids ratio ¼ 2 by weight (solids ¼ calcium aluminate+silica), h ¼ hours.

�: absent phase; +: identified phase; ++: abundant phase; +++: very abundant phase.
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hydration process is initiated by the hydroxylation of the
calcium aluminate surface followed by dissolution of Ca in
water and the formation of Ca2+ and AlO2

� species. A small
amount of hydrates will precipitate at this point if the
solution concentration reaches and trespasses the solubility
product of the hydrates Ca2Al2O5 � 8H2O and Al(OH)3 [1,2].

Jensen et al. [33] and Christensen et al. [34] have been
studied in situ by synchrotron X-ray powder diffraction, in
the temperature range 25–170 1C, the hydrothermal trans-
formation of CaAl2O4 � 10H2O and Ca2Al2O5 � 8H2O to
Ca3Al2(OH)12 and Al(OH)3. They were able to detected a
very elusive transient phase such as Ca4Al2O7 � 19H2O.
During the experiments described in the present investiga-
tion this intermediate phase, detected in the first stage of
the hydration for pure calcium aluminate by the mentioned
authors, was not detected. This can be explained because
the resolution of the data acquisition did not permit to spot
those transient hydrates.



ARTICLE IN PRESS

Table 5

Hydration progress with time on hydrated samples at 65 1C. XRD results

Ref. Time (days) Hydrated phases identified by XRD

Ca3Al2(OH)12 Ca3Al2(SiO4)3�x(OH)4x Ca2Al2SiO7 � 8H2O Al(OH)3

1.5 1 � + � +

7 � ++ + +

15 � ++ +? +

1.4 3 � +++ +? ++

7 � +++ � ++

1.3 7 � +++ � ++

1.2 7 � +++ � ++

1.0 1 +++ � � ++

7 +++ ++

2.3 7 � +++ � +

2.2 7 � +++ � +

2.0 7 +++ � � +

3.3 7 � +++ � �

3.2 7 � +++ � �

3.0 7 +++ � � �

Water/solids ratio ¼ 2 by weight (solids ¼ calcium aluminate+silica).

�: absent phase; +: identified phase; ++: abundant phase; +++: very abundant phase.

Table 6

XRD identified hydrates

Ref. Hydrated phases identified by XRD (wt%)

Ca3Al2(OH)12 Ca3Al2(SiO4)3�x(OH)4x Al(OH)3

1.3 � +++ +++

2.3 � +++ ++

3.3 � +++ �

3.0 +++ � �

The samples were hydrated up to 31 days at 90 1C, but the identified phases do not change from 1 up to 31 days.

Water/solids ratio ¼ 2 by weight (solids ¼ calcium aluminate+silica).

�: absent phase; +: identified phase; ++: abundant phase; +++: very abundant phase.

Table 7

Analytical transmission electron microscopic data obtained on selected hydrated mixtures

Ref. T/time (1C/day) Phases identified by TEM-EDS

Katoite microanalysis Amorphous SiO2 Gibbsite Al(OH)3

3.1 40/7 Ca3.070.2Al2.370.2(SiO4)0.0470.02(OH)11.84 SiO2 Undetected

3.2 65/7 Ca3.070.2Al2.370.3(SiO4)0.270.1(OH)11.2 SiO2 Undetected

3.0 65/7 Ca3.070.2Al2.170.1(OH)12 Undetected Undetected

1.3 90/31 Ca3.070.2Al2.470.2(SiO4)0.570.3(OH)10 SiO2 Al(OH)3
2.3 90/31 Ca3.070.2Al2.470.2(SiO4)0.570.2(OH)10 SiO2 Al(OH)3
3.3 90/31 Ca3.070.2Al2.370.1 (SiO4)0.570.3(OH)10 Undetected Undetected

J.M. Rivas Mercury et al. / Journal of Solid State Chemistry 179 (2006) 2988–29972994
It is pertinent to mention that in the literature there is
not a unanimous agreement about the precipitation of
Ca2Al2SiO7 � 8H2O under these conditions. Some authors
reported its existence [3,4], but some others could not find
it [1]. In the experiments conducted in the present work (w/

s ¼ 2 and 40–90 1C), the crystalline phase Ca2Al2
SiO7 � 8H2O was not detected either by XRD, ND or
TEM in specimens with silica content lower than 22mol%.
The former phase was detected by XRD in specimens with
higher silica content (450mol%) and hydrated at 65 1C.
This might be due to the low concentration of silicate ions
in the aqueous phase. Despite of the concentration increase
of silicon species with temperature the concentration of
SiO4

4� did not reach the solubility product to precipitate
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Fig. 3. Typical TEM micrographs of Ca3Al2O6+1.7SiO2 composition

hydrated at 65 1C for 7 days showing cubic, Ca3Al2.370.3(SiO4)0.270.1

(OH)11.2, katoite crystals (a) and un-reacted amorphous silica spheres (b).
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Ca2Al2SiO7 � 8H2O, even at 65 1C and after long reaction
periods. According to other authors this phase is not stable
[1].

Otherwise in experiments made in samples with large
amorphous silica additions, (CaAl2O4+5.26SiO2) with a
w/s ¼ 0.4 and 2 at 65 1C and after long hydration times,
very small quantities of Ca2Al2SiO7 � 8H2O could be
observed [35].

Regarding the amorphous components, a significant
quantity of unreacted spherical particles of amorphous
silica coexisting with amorphous calcium aluminosilicate
hydrates, C–S–A–H, and Al(OH)x and crystalline phases
was observed by TEM in all the samples studied. The
persistence of unreacted amorphous silica may be ex-
plained if we take into account the very low concentration
of silica in the aqueous phase (�0.6� 10�7mol/L accord-
ing to Jappy and Glasser [7]).
These reported low concentrations corroborate the

previous arguments about the absence of Ca2Al2
SiO7 � 8H2O at high water/solids ratios and temperatures
above 40 1C. Additionally, this low solubility of silicate
ions in the same temperature interval could explain the low
substitution of silicon in the katoite phase [36] Ca3Al2
(SiO4)3�x(OH4x) (0p3�xp0.3).
Finally, is worth to mention that in all studied samples

calcium hydroxide is absent.
4.2. Rietveld analysis of katoite

As it has been explained, the end member of katoite of
general formula Ca3Al2(SiO4)3�x(OH)4x (0oxo3) is
known as hydrogarnet Ca3Al2(OH)12. It is a cubic phase
with S.G. Ia3d (230), a ¼ 12.55695 (3) Å and z ¼ 8
[15,24,25]. It belongs to the garnet family and it consists
of a three-dimensional framework built up of [Al(OH)6]
octahedra with [Ca(OH)8] dodecahedra (distorted hexahe-
dra) and empty [(OH)4] tetrahedra. As Si enters the crystal
structure, a solid solution is formed and empty [(OH)4]
tetrahedral are replaced by [SiO4] tetrahedral units. This
progressive substitution shrinks the crystal framework,
since the volume of a [SiO4] tetrahedron is much smaller
than an empty [(OH)4] tetrahedron, and consequently the
cell parameter decreases linearly, following Vegard’s Law
[37], from 12.565 Å (Lager et al. [15]) for Ca3Al2(OH)12 to
11.850 Å for Ca3Al2Si3O12 [6,26]. See Fig. 1. As mentioned
previously, this relationship was kept in mind and used as a
constraint during the Rietveld analysis.
The refinements were possible because well defined (in

terms of crystallinity) solid solutions of katoite were
obtained, i.e. no mixture of two or more solid solutions
were observed. This is in contrast with the results reported
of Jappy and Glasser [7] on hydrates obtained by refluxing
mixtures of CaO, basic active alumina and silicic acid with
continuous stirring. They obtained hydrated samples with
two distinct katoite phases of different silicon content.
Bearing in mind the experimental conditions, the first

obvious observation is that very little amounts of silicon
enter the crystal structure of katoite, no more than a 10%
of the amorphous silica added. This must be related to the
low solubility of silicate species in water. In fact it seems
that as the temperature increases, the substitution is higher.
It could be concluded that the mechanism of substitution is
by solution-precipitation.
4.3. Study by TEM-EDS

The silicon substitution in the hydrogarnet inferred from
XRD and ND Rietveld analysis (much lower than the
expected target one) supports the possibility of amorphous
calcium silicate hydrates, C–S–H, and/or calcium alumi-
nosilicate hydrates, C–S–A–H, and AHx phases formation.
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Fig. 4. TEM micrographs of CaAl2O4+2.4SiO2 mixture hydrated for 31

days at 90 1C showing gibbsite (a) and cubic katoite (Ca3.070.2Al2.470.2

(SiO4)0.570.3(OH)10) crystals with unreacted microsilica spheres (b).

Inserted is the selected area electron diffraction (SAED) pattern of

gibbsite.
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TEM-EDS study shows the presence of cubic katoite
grains surrounded by partially reacted amorphous silica
spheres. From this type of microstructures it is clear that
amorphous silica is not dissolved in water at the experi-
mental conditions used in this study (Figs. 3 and 4).

As it can be seen in Table 7, the elemental composition of
katoite phases lay in the range Ca3Al2.370.2(SiO4)0.0470.02

(OH)11.84–Ca3Al2.370.2(SiO4)0.570.3(OH)10, these values
show an overestimation of Si content compared with those
found by Rietveld analysis. The apparent discrepancies
could be explained if the errors of the TEM-EDS technique
are taken into account (size of microanalysis area and the
presence of small microsilicas particles, �150 nm around
all crystalline phases in the samples). So the discrepancy
might be due to the intimate association of microsilicas

particles and amorphous phases with katoite (Figs. 3
and 4). Additionally, the solid solutions extension estab-
lished by Rietveld refinement of X-ray and ND data and by
TEM-EDS have been recently confirmed by solid state 27Al
and 29Si NMR [35]. The formation of amorphous calcium
alumino silicate hydrates C–S–A–H was also confirmed by
Si NMR.
4.4. Practical implications

Spheres of silica are easily dispersed in the spaces
between each cement grain when the refractory castable
is freshly mixed. It is quite clear that the primary function
of microsilica in refractory castables is to act as a filler.
Indeed, it does not dissolve enough to enter into the katoite
structure in significant extent and most of it remains
unreacted. Once properly dispersed, microsilica fills the
voids between the coarser particles, releasing the entrapped
water and increasing the packing density. This improve-
ment in the distribution of the hydration products results in
an improvement of the structure of the castable, providing
it more density. Then the material becomes stronger after it
has hardened. On the other hand, the formation by a
dissolution precipitation process of calcium aluminate
hydrates, Al(OH)3 (gibbsite), amorphous Al(OH)x and
amorphous calcium silicate and calcium aluminosilicate
hydrates (C–S–H and C–S–A–H phases), from the aqueous
phase, may enhance the mechanical properties of the
setting samples.
By examining the results obtained Tables 4–6, it can be

appreciated that for a CaO/Al2O3 ratio p3 in the initial
chemical composition, calcium hydroxide does not pre-
cipitate at temperatures lower than 90 1C. This fact is of
great importance from a technological point of view since
the absence of calcium hydroxide could avoid the forma-
tion of free CaO in the critical stages of heating and setting
up of castables.
5. Conclusions

The main hydrates found among the reaction products
upon mixing water and amorphous silica with Ca3Al2O6,
Ca12Al14O33 and CaAl2O4 at 40, 65 and 95 1C are katoite
(Ca3Al2(SiO4)3�x(OH)4x), gibbsite, Al(OH)3, amorphous
phases like Al(OH)x and amorphous calcium silicate and
calcium aluminosilicate hydrate phases (C–S–H and
C–S–A–H).
The stoichiometry of katoite, Ca3Al2(SiO4)3�x(OH)4x,

main hydrated crystalline product, according to Rietveld
refinement of X-ray and ND data, and TEM ranges
between 0p(3�x)p0.334 and this value increases with
temperature. It has been shown that temperature plays an
important role on the mechanism and formation rate of
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hydrated phases. Also it influences the extent of Si
substitution in katoite.

In refractory castables technology, most of the amor-
phous silica which does not enter the katoite host structure,
acts as filler. The microsilica fills the voids between the
coarser particles increasing the packing density. This
improvement in the distribution of products results in an
improvement of the structure of the castable, providing it
more density.

In the conditions of the experiment, To901C and water/
solids ¼ 2, none of the samples with silica content lower
than 22mol% exhibited the crystalline phase Ca2Al2
SiO7 � 8H2O.
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