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This work aimed to synthesize and characterize some calcium aluminate phases via sol-gel
method. These phases were produced by mixing calcium and aluminum nitrates salts
[Ca(NO3),-4(H20) & Al(NO3)3-9(H,0)] which have been used as starting raw materials to pre-
pare nano-oxides composite of CaO as well as Al,03 in different molar ratio for synthesizing
CA, CyA and CsA pure phases via Sol-Gel method. The produced powder has been investi-
gated by X-ray Diffraction (XRD), Dynamic Light Scattering (DLS), Fourier-Transform Infrared
Spectroscopy (FTIR), Scanning Electron Microscope (SEM) and Thermal Gravimetric as well
as Differential Thermal Analyses (TGA & DTA) techniques. The influence of phase compo-
sition, calcination temperature as well as the calcination period on the phases’ characters
was also studied. In addition, the microstructure and the physico-mechanical properties
of hydrated phases have been studied. This study concluded that, using nano size starting
materials led to the formation of CA and C3A phases at 1000/1h and 1200°C/2 h, respectively
which were lower than the traditional methods, while the C,A phase could not be formed
under the normal condition. The crystalline calcium aluminate phases have been formed

at earlier calcination temperature with increasing CaO molar ratio.
© 2020 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Sistema Ca0O-Al,03; de tamano
nanométrico

Sintesis

Caracterizacién

en diferente relacién molar para sintetizar fases puras de CA, C;A y CsA. Los polvos sin-
tetizados se caracterizaron por difraccién de rayos X, dispersién dindmica de la luz (DLS),
espectroscopia infrarroja con transformada de Fourier (FTIR), microscopio electrénico de
barrido y analisis térmico diferencial y termogravimétrico (DTA-TGA). Se analiz6 la influ-

encia de la composicién de partida y la temperatura y el periodo de calcinacién en las
fases sintetizadas y sus caracteristicas. Ademas, se estudiaron la microestructura y las
propiedades fisico-mecdnicas de las fases hidratadas. Este estudio concluyé que, el uso
de materiales de partida de tamafio nanométrico conduce a la formacién de fases CA 'y C3A

mediante tratamientos a 1.000 y 1.200°C y que la C,A no forma en condiciones normales.

© 2020 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The binary oxide system CaO-Al,03; has been extensively
studied, due to the unique properties developed by the calcium
aluminate phases such as rapid strength even at low temper-
ature, high temperature refractory, resistance to wide range
of aggressive chemicals, photosensitivity and bioactivity [1].
Therefore, it is used in a wide range of applications like con-
struction industry, ceramics, binders in refractory castable for
steel industry, detectors, biomaterials and optical devices [2].

Calcium aluminate cement (CAC) has been made by fusing
or sintering together of an appropriate mixture of CaO and
Al,03. Limestone (as a source of CaO) and Bauxite (as a source
of Al,03) are used as raw materials at high temperature up
to 1400 °C. The resultant clinker is finely ground to produce a
hydraulic active powder, called CAC [3].

Many investigations about synthesis of calcium aluminates
phases have been carried out by using nitrate salts of cal-
cium and aluminum as raw materials [1]. The single phase
of calcium aluminate (CA, C3A & C12A7) has been successfully
prepared though adjusting calcium/aluminum molar ratio in
the raw materials [1,4]. The CA (CaO-Al,03) phase diagram
in ambient air that contains moisture is reported by Chat-
terjee et al. [5], whereas, that phase diagram in a moisture
free atmosphere was determined by Nurse et al. [6]. The dia-
gram includes different phases such as, CAg, CAj, CA, C12A14
and C3A, where C=Ca0 and A=Al,03. Monocalcium alumi-
nate (CA) and dodecacalcium hepta-aluminate (12Ca0-7Al,03,
Caj2Al14033 or C12A7 — Mayenite) are common hydraulic active
constituents of Calcium Aluminate Cement (CAC), Mayenite
phase play an intermediate in the manufacture of Portland
cement. Tricalcium aluminate (C3A - Celite) is a common com-
ponent of Portland cement (PC), as it plays an important role
in the cement setting process, especially in the first stages of
hydration process [7].

Many reactions are possible among the calcium and alu-
minum oxides that lead to different calcium aluminate
phases, Singh et al. [8] suggested few reactions for prepared
C3A

CA(S) =+ ZCHO(S) — C3A(S) (1)
CAz(S) + 5Ca0(3) — 2C3A(S) 2
C12A7(s) + 9C8.O(S) - 7C3A(s) (3)

C12A7(s) + CA(S) + 11Ca0(s) — 8C3A(S) (4)

Conventionally, calcium aluminates are produced by solid
state sintering reactions. However, this method requires high
temperature and produces undesired phases like unreacted
lime, alumina and intermediate (C12A;) mayenite in the end
product [8]. Combustion synthesis method is also used for
preparation calcium aluminates. This technique ensures high
purity of products, low processing cost, time as well as
energy efficiency and no high temperature furnace process
[9]. Mechano-chemical treatment and high energetic attrition
milling techniques have been used for calcium aluminates
synthesis [10,11].

Pechini and sol-gel methods [12,13] were applied for
preparation of calcium aluminates. The sol-gel method is
complicated and expensive but produces bulk metal oxides
as ceramic, fibbers, films and glasses with enhanced proper-
ties like high surface area, high purity, controllable chemical
composition as well as nano size particles. Nanoparticles are
important for producing nanocomposite or nano size powder.
Both of nano y-alumina and a-alumina are thermally stable
at high temperature; however, they are difficult to synthe-
sis. Heat can induce particles growth of powder and will be
inconvenient to prepare nanoparticles. The main processes
for preparing nano-alumina powder can be either chemi-
cal or physical. The physical methods include mechanical
milling, flam spray and laser ablation. Whereas, chemical
methods involve vapor phases reaction, hydrothermal, co-
precipitation, combustion, and sol-gel methods [14].

Nano-CaO can be produced by several methods such as
sonochemical [15], precipitation [16], thermal decomposition
[17] and sol-gel [18]. The properties of CaO nanoparticles
depend on their morphology and its size which affects by high
temperature.

The reaction between calcium aluminate phases and free
water is called hydration process. It is exothermic and lead-
ing to precipitation a mixture of hydrate phases, such as:
CAHjp, C2AHg, C3AH¢ as well as Al(OH)3; gel. These hydrates
are responsible for hardness development and strength,
especially monocalcium aluminate (CA), monocalcium dia-
luminate (CA;), and dodeca-calcium hepta-aluminate (C12A7)
phases. The hydration of CA is responsible for early strength
development and that of CA; contributes when the main reac-
tion of CAC hydration has already exceeded.
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v
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Fig. 1 - Flow chart for preparation calcium aluminate phases powder via sol-gel method.

Hydration of CAC occurs rapidly within the first 24 h, in con-
trast the hydration of Portland cement (PC); where in Portland
cement the hydration reactions occur during 28 days depend-
ing on the type of PC, and the reactions can last happening
even behind 28 days but in a slower manner [19].

The present work aims to synthesis and characterized of
some calcium aluminate phases (CA, C2A and C3A) via sol-gel
method. The influence of phase composition, calcination tem-
perature as well as the calcination period on the phases’
characters was also studied. In addition, the microstructure
and the physico-mechanical properties of some hydrated
phases have been studied.

Experimental

Raw materials

Calcium nitrate tetrahydrates [Ca(NOs);-4H,0] (Mol. Wt.,
236.15) and aluminum nitrate nonahydrates [Al(NO3)3-9H;0]
(Mol. Wt., 375.134) are extra pure 98% and produced from Loba
Chemie - India, these chemicals have been used as raw mate-
rials for synthesis of CA, CA and C3A with appropriate molar
ratio (1:2, 2:2 & 3:2) respectively.

Preparation of gel

For the preparation of gel, the stoichiometric requirement of
the solution is prepared. The nitrate salts of calcium and alu-
minum [Ca(NO3),-4(H,0) & AINO3)3-9(H,0)] were dissolved in
distilled water for preparing CA, C,A as well as C3 A with appro-
priate molar ratio. Calcium nitrate solution was dropwisely
added to the aluminum nitrate solution with continuous stir-
ring. The liquid “sol” was heated up to 300°C to remove the
nitrates as well as gases. - Water evaporated and solution
becomes dense, then fumes of nitrogen oxides were detected.
With continuous heating process, a white solid “gel” phase
has been formed with disappearing of fumes at the end of
the heating process. This method is called aqueous sol-gel
method. Scheme of the synthesis is shown in Fig. 1.

Calcination process

The sample was prepared and annealed at different temper-
atures. The calcination process was done by muffle furnace
at different temperatures ranged between 500 and 1200 °C for
1h. In addition, the phases (CA & C3A) are calcined at 1000 and
1200°C, respectively with soaking time 2 as well as 4 h.
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Fig. 2 - XRD pattern of starting material composite
preheated at 300°C.

Preparation of calcium aluminate pastes

Calcium aluminate phases’ pastes has been prepared by mix-
ing calcined phases of CA as well as C3A at 1000 and 1200 °C for
1 & 2h, respectively with required water of consistency accord-
ing to ASTM C-191 [20]. Then, each paste has been casted in
a cubic steel mold with dimension 2 x 2 x 2 cm. The mold was
manually vibrated for few minutes to remove any air bub-
bles and gave a better compaction paste. Immediately after
casting, the mold was kept in a humidity chamber at 100%
relative humidity and constant temperature (20 + 2 °C) for the
first 24 h. Hardened cubes were demolded and then cured in
100% humidity for 28 days. After the desired curing time (28
days), the hydration process of the hardened (thee) cubes was
stopped though dried in oven at 105°C for 24 h.

Investigations and techniques

The formed starting oxide composite and the phases have
been studied by XRD (Bruker D8 Advance, Cu target, wave-
length 1.5 ;\, 40kV, 40mA), SEM (FEI Quanta 250 FEG-SEM),
TGA & DTA (Shimadzu thermogravimetric analyzer TGA-50H,
20°C/min heating rate), FTIR (JASCO FTIR spectroscope model
FT/IR-6100 type A) and DLS (Zetasizer ver. 6.32, and used ace-
tone as a solvent). The hydrated hardened cubes have been
examined (compressive strength, porosity as well as bulk den-
sity) were determined as described elsewhere [21] and SEM
technique.

Results and discussion
Characterization of prepared calcium aluminate phases

The sol-gel method is a good technique for synthesis of
advanced materials. It is used at relatively low temperature as
compared with the traditional methods. Fig. 2 represents XRD
pattern of starting material composite prepared via sol-gel
technique which was dried and preheated at 300°C. It shows
only existence calcium nitrate hydrate [Ca(NOs)3-n(H,0)] in
crystalline state, and there is no existence any sign of alu-
minum nitrate nonahydrate. Aluminum nitrate nonahydrate
has been decomposed by heating up to 300 °C and amorphous

1- Cay,Al,,0,; (Mayenite)
a 2- CaAl,0, (Calcium Aluminate)
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Fig. 3 - XRD pattern of prepared calcium aluminate phases:

(a) CA, (b) C2A and (c) C3A calcined at different
temperatures.

v-Al,03 was produced according to the following equation

2Al(NO3)3-9H,0 + A(130-500°C) — Al,03 +18H,0

+N70 +2NO; 4+ 2NO + 40,

At the beginning, H,0 as well as HNO3 are released in large
quantities with increasing heat temperature up to 150°C. As
the reaction continues, a big amount of NO, and NO gases are
evolved up to 255°C and at the end, some of N,O is produced
[22] is in agreement with the present result.

Fig. 3 shows XRD patterns (a-c) of prepared calcium alu-
minate phases (CA, C;A and CsA, respectively) at different
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temperatures ranged between 500 and 1200°C for 1h. It
appears that no peaks are formed at 500 up to 700°C, this
means that all constituents become amorphous. Also, amor-
phous y-Al, 03 did not transform and calcium nitrate hydrate
has been decomposed.

4Ca(NOs),-4H,0 — 4CaO + NO + 2NO; +4NO

+16H,0 + 40,, AH= 369kJ/mol

Calcium nitrate tetrahydrate loses partially its crystalline
water at 120°C and becomes hydrated with less water
molecules which losses all the water molecule subsequently
at 155, 160 and 210°C, then the anhydrous decomposes start-
ing at 561°C to produce calcium oxide and nitrogen oxide
[23,24]. XRD curves in Fig. 3(a-c) exhibits appearance of some
peaks at 800 °C, where the amorphous vy-Al,03 transforms to
crystalline 3-Al,03 at 750 °C and therefore, crystalline calcium
aluminate phases are formed [25]. CA and C3A phases have
been formed starting at 900°C as shown in Fig. 3(a & c) and
mayenite (CaipAl14033) was also produced. While, mayenite
was formed and C,A did not produced as shown in Fig. 2(b).
So, C2A has been prepared under specific condition at 1250°C
and 25000 bars [26].

From Fig. 3(a & c) we noticed also that, with increasing cal-
cination temperature from 900 to 1200 °C, the transformation
process of CA and C3A phases to CA phase at 1000°C. Fig. 3(a)
looks better than at 900°C. However, there is no significant
change at 1100 and 1200 °C. In contrast, the transformation to
C3A as in Fig. 3(c) looks better at 1200 °C. Also, with increasing
the amount of calcium oxide percent in the constituents as in
CA, C2A and C3A phases, we can detect a small peak at 800°C
(Fig. 3a—c). Increasing CaO content accelerates the formation
of phases at lower temperature.

Fig. 4(a & b) represents the XRD patterns for CA as well
as C3A calcined at 1000 and 1200°C, respectively for 1, 2 and
4h. In Fig. 4(a), CA phase pattern showed no significant effect
of calcination time on the phase. While, C3A phase has been
affected by the calcination time, therefore the transformation
at 2h is better than 1h and there is no change at 4 h.

Fig. 5 represents thermal gravimetric and differential ther-
mal analyses (TG and DTA) curves of the starting materials
composite preheated at 300 °C. TG and DTA curves exhibit thee
endothermic peaks located at 134.8, 422.9 and 585.25°C. The
mass loss of the first step is attributable to the loss of interlayer
water below 200°C (73-200°C). The weight loss at the second
step (300-450°C) is due to the decomposition of aluminum
nitrate hydrate forming Al,03 as well as N,O. The gas pro-
duced from the decomposition of the anhydrous aluminum
nitrate has been lost at 300-450°C. Finally at the last step,
the loss weight is attributed to decomposition of anhydrous
calcium nitrate at 500-600 °C producing CaO and NO;.

Fig. 6(a & b) shows the dynamic light scattering (DLS) curves
of size distribution for CA and C3A phases’ constituents,
respectively at 300, 900, 1000 and 1100 °C. As shown in Fig. 6(a),
the CA’s particles size at 300 °C is about 93 nm, increased up to
168 nm at 900°C, then the particles size reduced to 49nm at
1000°C and finally increased to 467 nm at 1100°C. Increasing
of size at 900 °C can be explained as a result of the formation of

1- Cay,Al,,0,, (Mayenite)
a 2- CaAl,0, (Calcium Aluminate)
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Fig. 4 — XRD pattern of (a) CA and (b) CsA calcined at 1000 °C
and 1200 °C, respectively for different periods.
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0 200 400 600 800 1000
Temp °C

Fig. 5 - TGA and DTA curves of starting materials
composite preheated at 300 °C.

a mixture of monoclinic CA and cubic C12A; (mayenite) which
is bigger in crystal size than CA [27], Increasing the tempera-
ture up to 1000°C induces the transformation of mayenite to
CA which is smaller crystal size. CA’s particle size increases
with increasing the calcination temperature up to 1100°C.
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Fig. 6 - DLS curves of size distribution of prepared calcium
aluminate phases: (a) CA and (b) C3A at different
temperatures.

Fig. 6(b) represents the CsA constituent’s particle size
behavior with increasing the calcination temperature. The
particle size of the components at 900 °C is more reduced than
the size at 300 °C due to the formation of only cubic mayenite
phase with smaller size. Increasing calcination temperature
up to 1000°C as well as 1100°C, led to an increase in the par-
ticle size. This is due to the transformation process of cubic
maynite to cubic C3A, which is bigger crystal size [27].

The FTIR spectra of prepared CA and CsA phases at differ-
ent temperatures are shown in Fig. 7(a & b). Itis found that, the
spectra at 300 °C shows the formation of a characteristic peaks
of water at 3400 cm™~! as well as at 1700-1600 cm~! due to O-H
bending vibration and stretching, this peak become smaller
with increasing the calcination temperature up to 1200 °C. The
presence of O-H group is due to the existence of absorbed
water on the active phase surface. At 1400-1300cm™! there
was a peak due to N-O of nitrate (NO3~) which disappeared
with increasing temperature starting from 800 up t01200°C
as a sign to complete decomposition. The peak at 2425cm™~!
due to atmospheric carbon dioxide (CO,) appeared at 300°C
then disappeared in the spectra starting from 800 up to1200°C.
A broad peak appeared in all spectra at 1083-300cm™! is
assigned to Al-O due to formation and vibration of tetrahedron
AlO4 and octahedron AlOg,

Fig. 8 shows the SEM image of starting material composite
of the calcium aluminate which preheated at 300°C for 1h.

1200 °C

900 °C
e

300°C

% Intensity

750 1500 2250 3000 3750

Wavenumber [cm'1]

1200 °C

1100 °C
| — —
ﬂ\\/m}g °c
/\/\/ﬁ/\/g@—ac
W—_——W\/ﬂl °C

300 °C

% Intensity

750 1500 2250 3000 3750

Wavenumber [cm'1]

Fig. 7 - FTIR spectra for prepared calcium aluminate
phases: (a) CA and (b) C3A at different temperatures.

10 um
EMRA

Fig. 8 - SEM image for starting material composite
preheated at 300°GC for 1 h.

We can observe non-isolated aggregates particles. It seems
like gelatinous or hydrated matter, so there is no existence
of porous and it is difficult to measure the particle size.

The image of Fig. 9(a), shows a small extend of adsorbed
water and the grain size was found to increase with increasing
calcination period (soaking time) (Fig. 9a—c). The grain size of
calcined powder at 1000°C for 1h has been detected in the
range of 36-96 nm, while it becomes around 190-360 nm after



104 BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)98-106
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EMRA (2)

T T CA1000°C—4h
Fig. 9 - SEM images for CA phase calcined at 1000 °C for 1, 2
and 4h in (a, b and c) images respectively and CA phase
calcined at 1100 °GC for 1h in (d) image.

2 h. However, the size of calcined powder after 4 h could not be
measured because the particles were in coagulated state. The
SEM results are in agreement with XRD and DLS analyses. In
addition, the grain size has been increased with elevation the
calcination temperature followed by decreasing the porosity
as in Fig. 9(a & d).

The images of Fig. 10, exhibited an increase in the grain
size with increasing the calcination period (soaking time) as
in images (a—c). The grain size of calcined powder at 1200°C
for 1h has been measured in the range of 219-269 nm, but
increased up to 348-563 nm for 2 h. Finally, the grain size was
found to be in the range of 380-600nm at period of 4h. The

10 pm
EMRA (5)

C3A 1200°C—-2h

mag O |spot| WD
m|10 000 x| 4.0 [10.2 mm

C3A1200°C—-4h

HV
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Fig. 10 - SEM images for C3A phase calcined at 1200 °C for
1,2 and 4h in (a, b and c) images in respectively and CzA
phase calcined at 1100 °C for 1h in (d) image.

elevation in the calcination temperature led to an increase
in the particle size and decrease in the porosity as shown in
Figs. 10(a & d).

Microstructure and physico-mechanical properties of
hydrated phases

Fig. 11(a) shows the SEM image of the hydrated CA phase
calcined at 1000°C for 1h cured in 100% humidity up to 28
days. It is clear that, the presence of composite of monoclinic
gibbsite AH3; and cubic hydrated tricalcium aluminate C3AHg
crystals. This is due to the conversion of metastable hexagonal
hydrated calcium aluminate CAH;o and hydration products of
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Table 1 - Mechanical and physical properties of calcined CA and C3A at (1000/1h & 1200 °C/2 h) after hydrated for 28 days.

Properties CA C3A

Mean St. Deviation Variance Mean 2St. Deviation PVariance
Bulk density (g/cm?) 1.4067 1.53 x 1072 2.335 x 1074 1.393 1.26 x 1072 1.58 x 104
Total porosity (%) 40.017 1.96 x 1071 3.82 x 1072 12.03 1.86 x 1071 3.465 x 1072
Comp. strength (MPa) 3.906 2.26 x 1072 5.11x 1074 4.983 9.61x 1072 9.23x 1073

@ St. Deviation (S) =
b Variance =S2.

Y& —X2)/(n—-1).

Fig. 11 - SEM images for calcined CA and C3A at (1000 &
1200°C) as in (a and b) respectively after hydration for 28
days.

mayenite as well as, a big size porous has been observed which
causes a weak texture [7]. Fig. 11(b) illustrates the hydrated C3A
phase calcined at 1200 °C for 2 h cured in 100% humidity up to
28 days, which exhibits the presence of cubic C3AHg and little
amount of monoclinic AHj (gibbsite) due to the hydration of
C3A and conversion of metastable hydration products of small
quantity of mayenite. Also, the texture is more compacted and
homogenous as result of the presence a smaller size porous
than in Fig. 11(a) of CA hydrated.

Table 1 represents the calculated values of compressive
strength, bulk density as well as porosity percent of hydrated
CA and CsA at 28 days. The bulk density and the porosity per-
cent values of CA are higher than C3A hydrated phases. The
hydration of CA is temperature dependent, at temperature less
than 20°C, CAHyy is produced. C,AHg as well as AHj3 are pro-
duced at about 30 °C, Finally, C3AHg and AH3 are generated at

temperature greater than 55 °C. Also, the conversion of CAHjp
and C,AHg to C3AHg releases free water, which results in a
decrease in strength due to higher porosity [28]. While in the
case of C3A only a small quantity of the hydration products
from mayenite has been done. Also, C3A has higher CaO/Al,05
molar ratio which decreased the porosity and consequently
increased the mechanical properties as discussed by [1]. The
compressive strength value of CA is less than C3A as a result of
the conversion process of the hydration products and high dif-
ference in the porosity percent formed though the hydration of
CA and Cs3A phases. The physico-mechanical measurements
are in good agreement with the SEM results.

The hydration of calcium aluminate phases are summa-
rized as

CA + 10H — CAH;p (< 20°C)
2CA + 11H — C,AHg+AH; (~30°C)
3CA + 12H — C3AHg+AH;3 (> 55°C)

CyAHg — C3AHg +2AHs +18H [28]

Tricalcium aluminate phase (C3A) hydrates very quickly
known as ‘flash-set’ can occur on its own in water to form
the hexagonal plate hydrates C;AHg and C4AH;3 in the first
instance which convert with time to the more stable cubic
form C3AHg, or if the temperature is sufficiently high (>40°C)
directly to C3AHg [29,30]. The chemical equation can be
expressed as

2C3A + 21H — CyAHg + C4AH13
— 2C3AHg + 9H

Conclusion

Calcium aluminate phases such as CA as well as C3A were
successfully synthesized though sol-gel method. The nitrate
salts of calcium and aluminum have been used as starting raw
materials to prepare nano-oxides. The produced powder has
been investigated by XRD, DLS, FTIR, SEM and TG/DTA tech-
niques. The results concluded that increasing the CaO/Al,03
molar ratio accelerate the formation of calcium aluminates
phases at lower calcination temperature. Using Nano start-
ing materials led to the formation of CA and Cs3A at lower
temperature than the traditional method, where CA has been
formed at 1000°C/1h and C3A was formed at 1200°C/2h.
However it needs little higher temperature for obtaining high
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pure phase percent. Dicalcium aluminate can’t be obtained
under the normal condition. The particles size of the product
phases increased with increasing the calcination period (soak-
ingtime) as well as the calcination temperature, where it tends
to coagulate. The bulk density and porosity of hydrated CA are
higher than that of hydrated C3A despite of the compressive
strength of C3A is higher than CA value.
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