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Abstract

Well crystallized matrices of CaO � 2Al2O3 were successfully sintered using three bauxites (BX3, BX55 and BX8) containing respectively
80.2; 89.4 and 91.1 wt% of Al2O3 and the appropriate amounts of lime. XRD data on the solid state sintered samples at 1550 1C show crystalline
CaO � 2Al2O3 as the major phase. The XRD pattern of the clinker made with BX3 showed relatively low intensities of CaO � 2Al2O3 peaks
compared with BX55 and BX8, together with CT and AT additional phases which were not identified in BX55 and BX8. This difference in
composition was explained by the Al2O3 content and the high concentration of Fe2O3 (8.7 wt%) and TiO2 (7.1 wt%) in BX3 and was correlated
to the difference in densification (3.17 g/cm3 for BX3 and 2.95 cm3 for BX55 and BX8) and specific area (0.72 m2/g for BX3 and 0.85 m2/g for
BX55 and BX8). The Young modulus increased from 35.5 GPa (BX3) to 39.4 GPa (BX55). Unlike the Al2O3 content, the variation of the Young
modulus indicated that the reactions of sintering and densification conducting to CaO � 2Al2O3 are sensitive to the iron and titanium content.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Refractory cements are associated with industrial develop-
ment. Calcium aluminates have long been one of the most
suitable and efficient refractory cement materials used in the
steel industry and as hydraulic materials in many cement
applications [1,2]. In recent years, there has been an increasing
interest in the synthesis of monolithic refractory materials [1–4].
Some amorphous calcium aluminates are photosensitive and
hence are potential candidates for optical information storage
devices. The production of amorphous calcium aluminate
based refractories via the chemical route is linked with high
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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mechanical performance, low porosity and good densification.
Solid state reactions conducted by mixing powders under high
thermal pressure form their first products at the interface of
the grains (grain boundaries) and as the reactions proceed
the reactants diffuse through the product layer resulting in the
formation of amorphous calcium aluminates. The easier
completion of such reactions depends on the tiny particle sizes
of the reacting powders, their high specific area, the nature of
alumina phase and the mixing process. The final properties
of the as-produced clinker can then be monitored by the choice
of raw materials, the composition design and the technological
processing of the powders before sintering [5,6]. The behavior
of such refractories depends strongly on the nature of the
intergranular or bonding phases formed. The term “high
alumina cement” (HAC) came into use when this type of
cement, containing 32–45% Al2O3, was introduced in the UK
after World War 1 to distinguish it from Portland type cement
ghts reserved.
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Nomenclature

C CaO
A Al2O3

S SiO2

F Fe2O3

T TiO2

CA2 CaO � 2Al2O3

H H2O
C3AH6 3CaO �Al2O3 � 6H2O
gehlenite SiO2 � 2CaO �Al2O3

spinel MgO �Al2O3
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which contains much less alumina. Subsequently many other
aluminous cements have been developed with alumina con-
tents between 50% and 90% [1,6] intended mainly for
refractory purposes in the steel industry and as hydraulic
material in the cement community. Crystalline calcium alumi-
nates are used in high strength and high toughness ceramic
polymer composite materials [1,6]. Calcium dialuminate exhi-
bits very low thermal expansion and excellent thermal proper-
ties and is thus considered a desirable phase for refractory
applications; it is resistant to certain chemicals such as sulfates,
as well as to hot and humid conditions. Some researchers
[3,6,12] have investigated synthetic routes for amorphous
calcium dialuminate based cement powder production as well
as its pure anhydrous phases. Most of them tried it through
solid state sintering with multiple stages [2–4] while others
tried mechano-chemical routes [2,6]. The conventional route
gives products which increase in strength with time after
mixing the powder with water. The second route gives high
strength at an early stage that decreases progressively with
time after mixing the powder with water [2–6]. But in almost
all cases the strength remained high after 28 days and the
preparation methods still require improvements in energy
consumption. Large area alumina with high porosity results
from dehydroxylation of bauxite at 800–900 1C. It is then
possible to project a direct synthesis of CA2 using bauxite as a
solid precursor through solid state sintering. Therefore bauxite
is viewed as a low cost raw material and the use of one stage
sintering permits an important energy saving. In tropical areas
such as Cameroon, raw bauxite is characterized by the
presence of some impurities such as iron and titanium based
minerals. Hence, it is important to investigate the effect of
these impurity phases on the sintering behavior and the final
characteristics of the final calcium aluminate cements. (This
paper presents studies on the synthesis of high alumina content
(CA2) refractory clinker powder using a one stage heating
solid state sintering. The authors have used a single firing
routine at 1500 1C on technical raw bauxite samples to prepare
CA2 with few low level traces of CA.). This demonstrates that,
although previous successful preparations of CA2 (from
literature) required multiple high temperature firing or
mechano-chemical treatment, it is possible to sinter it directly
in one stage at high temperature by solid state sintering.

The production of CA2 based cement aims at improving the
resistance to chemical attack, to abrasion or impact and
durability of the cement. Due to the high alumina content in
the CA2, its introduction into the cement matrix helps improve
durability and stability of the cement in a concrete. The
influence of impurities like TiO2 and Fe2O3 contained in
natural bauxite is elucidated in comparison with pure Bauxite
samples.

2. Experimental procedures

2.1. Materials and preparation of calcium dialuminate

Three samples of bauxite from Haleo-Danielle Minim-Martap
(Cameroon), D97=0.1 mm, containing high amounts of gibbsite
Al(OH)3 [7,8,34,35] were weighed and mixed with lime (CaO)
D97=0.1 mm, (72% Al2O3, 28% CaO and water). The samples
were labeled as CBX3, CBX55 and CBX8. The mixtures were
molded, dried and heated for 2 h in an electric muffle furnace
under ambient atmosphere at a heating ramp of 5 1C/mn up to
1550 1C. It must be noticed that the furnace we used leads to
rather high cooling rate (15 1C/mn) from 1550 1C to 1000 1C;
this means that high temperature phases are expected to be
quenched. After heating, the products obtained were ground into
powder and stored in polypropylene containers. XRD data were
collected on a Philips PW 1710 diffractometer with CuKα
ʎCu=1.54056 Ǻ radiation operated at 35 KV and 35 mA. The
diffraction patterns were collected in the 2 theta range of 5–701.
Qualitative analysis of the phase composition of the powders
was conducted using the PDF-2 release 2007 software. The
average grain size distribution was performed using a Master
Sizer 2000 granulometer. The density of the cement powder was
determined using the Helium pycnometer method. The specific
surface area of the cement powder was measured by the
nitrogen adsorption BET method.

2.2. Characterization of cement based calcium dialuminate

The powders were mixed with an adequate amount of water
(100 g of cement with 33 g of water), determined for each
batch according to the cement CA14M-0,33 standard from
Alcoa, and cast in a plastic mold with dimensions of 4 cm� 4
cm� 1 cm using a vibrating table at a frequency of 50 Hz and
3 min vibrating time. The hydrated cement was left in the mold
for 48 h in a 100% relative humidity cabinet. The hydrated
cement was then demolded and cured at 105 1C for 48 h at
100% relative humidity to accelerate the hydration of all the
components in the cement. The bricks of the hydrated cement
obtained were cut, ground into powder for phase identification
by XRD using a Philips PW 1710 diffractometer with CuKα
radiation as already described. Thermal analysis has been
carried out with a DTA-TG LINSEIS (L81) coupled with a
RIGAKU thermoflex; each experiment was done on 70–
100 mg of hydrated cement under air with a heating ramp of
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10 1C/min from room temperature to 1400 1C. A calcined
alumina (1600 1C) reference material from PROLABO was
used as a standard material. Scanning electron microscopy
(SEM) has been carried out on a Philips XL30 equipment
(10 KV) and at a resolution of � (500–7500) on the hydrated
cement to determine the grain size and hydration process of the
cement components. The elastic behavior of the materials
involved in the perfect cohesive matrix was studied. An
ultrasonic technique with transducers at a frequency of
10 MHz was used in transmission mode to measure the
Young's modulus values based on Hooke's law. Dilatometric
studies of hydrated and stabilized cements of dimensions
10 mm� 5 mm� 5 mm were performed at 10 1C/mn in air
from room temperature up to 1500 1C with a ADAMEL, DI24
apparatus.
3. Results and discussions

3.1. Phase composition

X-ray diffraction patterns of the one stage sintered powders
are shown in Fig. 1. Cements BX8 and BX55 present high
intensities of CA2 peaks. The secondary phases are not
important as compared to the peaks presented by cement
BX3 that are not attributed to CA2. The additional phases (CT
and TA) presented by CBX3 and the low alumina content in
the raw bauxite can explain the relative low intensities of CA2

peaks in the sample. In the three products, the XRD patterns
indicate very high crystallinity of the CA2 formed with no
Legend :
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◊ = CA2 (CaO.2Al2O3) O = CT(CaO.TiO2)

Fig. 1. XRD diffractogram of three powder cements (CBX8, CBX55 and
CBX3).

Table 1
Specific area and density of powder cement.

Sample Mass (g) Adsorption (m2) Deso

Cement BX3 1.6078 0.83 1.15
Cement BX55 1.5203 0.35 1.29
Cement BX8 1.8655 1.00 1.32
significant amorphous phase in the samples. The phase
composition shown in Fig. 1 can be correlated to the bulk
chemical composition shown in Table 1. BX55 and BX8 have
89.4 and 91.1 wt% of Al2O3 respectively and very low
amounts of Fe2O3 (1.83 and 2.14 wt% respectively) and
TiO2 (1.4 and 1.13 wt% respectively) with respect to
80.26 wt% of Al2O3, 8.67 wt% Fe2O3 and 7.05 wt% of TiO2

of BX3. The significant presence of Fe2O3 and TiO2 in BX3
explains the presence of CT and TA as secondary phases in
BX3. CA2 and CA6 are the readily thermodynamically stable
compounds in the CaO–Al2O3 binary system with increasing
refractoriness respectively [3–5]. The use of bauxite as raw
materials allows ready transformation of the 1:4 mixture (CaO,
Al(OH)3) to CaO � 2Al2O3 at 1550 1C. This is reported in the
literature [8]. The formation of CaO-rich-phase and unreacted
Al2O3 before the formation of CaO � 2Al2O3 is due to the high
reactivity of CaO with respect to Al2O3. The use of bauxite as
an alumina source surely increases the reactivity of the system
and allows rapid formation of the final product. The dehy-
droxylation of the bauxite results in the formation of high
metastable alumina with high potential reactivity. Therefore
the nature of raw source of alumina and the sintering process
are significant when preparing the calcium dialuminate for
refractory applications [6–12]. The mixture of CaO and Al2O3

generally used for the synthesis of CA2 seems to be not as
efficient as the direct activation of bauxite and CaO. The
process used in this study avoids extensive development of
various classes of calcium aluminate phases [5,6]. Generally,
CA and CA2 appeared simultaneously at the first stage of
heating and the total conversion to CA2 requires three or more
firings with intermediate grinding and pelletizing. CA2 was
observed on the XRD patterns as mean crystalline phases and
calcium titanate CaO �TiO2 (CT) perosvkite is produced
during the sintering reactions as the secondary phase. The
absence of the iron-rich phase even with the sample BX3 is
explained by the ability of the Fe2O3 previously present in the
bauxite sample to be incorporated in the crystalline structure.
The possibility of the minimization of the ferritic mineral
phase in the calcium alumina cement has been reported [3]. It
was observed that during the crystallization process of calcium
aluminate cement, Fe2O3 is firstly incorporated into the crystal
lattice of CA and the rest of Fe2O3 crystallizes afterwards as
the ferritic phase. It is worth stating that the absence of the
ferritic mineral phase is due to the incorporation of the Fe2O3

in the lattice of CA2. Trace compounds like MgO and SiO2

present in the bauxite combined with alumina to form spinel
(MgO �Al2O3) and gehlenite (SiO2 � 2CaO �Al2O3) phases;
however, these compounds were not enough to be identified
rption (m2) Specific area (m2/g) Pygnometer density

0.72 3.17
0.85 2.95
0.80 2.98



Fig. 3. DTA and DTG curves of cement BX3 after stabilization at 105 1C for
48 h.

A.B. Tchamba et al. / Ceramics International 40 (2014) 1961–19701964
by the XRD diffractogram. The absence of any peak belonging
to CaO �Al2O3, Al2O3 and CaO on our diffractogram suggests
that transformation of the raw materials to CA2 was almost
completed. The sintering reaction equations can be summar-
ized according to the XRD, DTA/DTG of the bauxites and the
authors [32,33] as

Al(OH)3+Ca(OH)2-CaO+2Al2O3 (amorphous)+7H2O (1)

CaO+2Al2O3 (amorphous)-CaAl4O7 (calcium dialuminate) (2)

It is well known that although the CA2 has unique proper-
ties, the mineral suffers poor hydration capacity at ambient
temperature. To overcome this challenge and optimize the
reactivity of the refractory cements, they were cured at 105 1C
with 100% humidity. The hydraulic activities of the products
were studied using XRD, DTA and DTG. Fig. 2 shows the
X-ray diffraction patterns of the hydrated cements. All
the samples BX3 (1 0 5), BX55 (1 0 5) and BX8 (1 0 5) show
one part of calcium dialuminate (CaO � 2Al2O3), calcium
titanate (CaO �TiO2) and hydrated components tricalcium
aluminate hexahydrate (3CaO �Al2O3 � 6H2O), associated with
gibbsite (Al2O3 � 3H2O). The reaction of the hydration process
is presented as follows [24]:

3CA2+21H-C3AH6+5AH3

The XRD patterns of the hydrated samples of refractory
cement show CA2 with high intensity peaks, an increase in the
amorphous phase and the appearance of new crystalline phases
for all the three systems (Fig. 2). The presence of CA2 on the
hydrated matrices confirms the poor hydration ability of CA2.
In general the hydration of CA2 is very slow and can take
many days [1–6,30]. From the XRD patterns in Fig. 2, it is
observed that there is a great reduction of CA2 in sample BX3,
while the peaks of CA2 remain more prominent in samples
BX8 and BX55. The reduction of the CA2 phase which is
common for all the samples is followed by the formation or
increase of AH3 and C3AH6 (Katoite). The amount of AH3 in
the samples is relatively low. It should be noted that the
Legend : ◊ = CA2, = CT,
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= AH3 = C3AH6 

Fig. 2. XRD diffractogram of hydrated cement after stabilization at 105 1C for
48 h, W/C¼0.33.
alumina phase is not observed in the cements (Figs. 1 and 2);
however, the hydration may have allowed the formation of
small amounts of residual alumina phases at the interlayer of
the structure of the cement which were not enough to be
identified by XRD. The absence of alumina phase in the
refractory cement samples suggests the high degree of sinter-
ing achieved during the elaboration of the binders. Figs. 3–5
describe the behavior of the hydrated cement samples under
thermal treatment. From ambient temperature up to 250 1C, the
AH3 loses its water leading to a total weight loss of 1 wt% for
sample CBX3. The weight loss for samples CBX8 and CBX55
was 2 wt%. The first explanation for this behavior can come
from the aluminum hydroxide content of the three cements. In
fact the bauxites used for the sintering of the cements
contained 80 wt% of alumina for CBX3 and 90 wt% for the
BX8 and BX55. While the AH3 phases tend to lose water, the
significant CT phase in sample CBX3 does not allow weight
loss. We can suggest that the higher the alumina content, the
Fig. 4. DTA and DTG curves of cement BX55 after stabilization at 105 1C for
48 h.



Fig. 5. DTA and DTG curves of cement BX8 after stabilization at 105 1C for
48 h.
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lower the residue of the non-sintered alumina and its rehydra-
tion in the cement matrices. However, the results of the DTA/
TGA confirm the optimum transformation of the bauxite
during sintering. Figs. 3–5 show evidence of the formation
of C3AH6 as the principal phase in the refractory cements. Its
decomposition at 300 1C releases significant amount of water:
14 wt% for CBX3 and CBX8 while CBX55 presented up to
17.5 wt% of water loss. From the XRD, the peaks intensity of
CA2 is low for the CBX3 sample and high with similar
significance for CBX8 and CBX55: results that can be easily
correlated to the bulk chemical composition of the three
bauxites used. The fact that CBX3 and CBX8 present similar
weight loss after the decomposition of C3AH6 is indicative of
the non-uniformity of the hydration behavior of the three
cements. CBX55 with a similar content of Al2O3 as CBX8
presented high hydration in regard to the total weight loss
resulting from the decomposition of C3AH6. The presence of
CT as from the TiO2 and the incorporation of Fe2O3 in the
crystalline phase during sintering have affected the structure of
CA2 matrices and their hydration capacities. The second
endothermic peak at 500 1C is due to the thermal decomposi-
tion of C3AH1.5. Even though this appears not as significant as
the decomposition at 300–310 1C, one can conclude on the
partial decomposition of C3AH6 at around 300 1C and
some transitional phases that see their total decomposition
take place only at 500 1C. The decomposition of the C3AH6

can be described with two sequences of reactions from
DTA/TGA and the authors [25]:

At 310 1C C3AH6-C3AH3=2 þ 9=2H

And at 500 1C C3AH3=2-C3A

The compound Ca3Al2O6 remains a metastable compound
that will reorganize itself with free alumina from gibbsite to
form stable CA2 at 950–970 1C. The matrix with CA2 remains
stable up to the densification at temperature beyond 1300 1C.
For CBX3, the densification took place before 1300 1C. The
presence of CT as well as the incorporation of iron in the
structure of the CA2 phase has a large effect on the extent of
densification. The grain size is then increased and the micro-
structure is then stabilized again with hydration as already
indicated above (Figs. 3–5). Kumar et al. [6] described calcium
dialuminate with particle size under 100 μm. In this study,
about 87 vol% of the particles of the cement CBX8 have the
particle size under 90 vol% of particles of CBX55 and 93 vol%
of CBX3 have size under 100 μm (Fig. 6). The grains growth
in the CA2 cement and the development of highly dense
matrices is essential to explain the resistance to hydration. In
the final products from CBX8, CBX3 and CBX55, the crystal
size of CA2 and the secondary phases is controlled by the
temperature and the impurities content. Although the CA2 is
known for its low rate of hydration, the use of curing at
105 1C and the porosity of the microstructure would have
contributed to some improvement of the process of hydra-
tion in comparison to what is described in literature [20–
24,30]. Singh and Majundar [3] have postulated that hydra-
tion of CA2 cements starts at an earlier time when a quantity
of granulated blast furnace slag is added. Parker et al. [23]
found that the hydration of pure CA2 is not efficient even
after 24 h of curing when the temperature is maintained at
20 1C. Hence unlike the coarsening of the cement particles,
the use of bauxites described in this work can find some
advantages for their applications where temperatures beyond
1300–1400 1C are not required. For very high temperatures,
only CBX55 was found to be suitable as an effective
refractory cement. The dilatometric curves of Fig. 7 show
a shrinkage of 0.8% for CBX8 and CBX55 and 1% for
CBX3 when the temperature is 310 1C. The shrinkage here
corresponds to the dehydration of AH3 and C3AH6. The
departure of water left some porosity at the origin of
shrinkage. However, in spite of the importance of dehydration
(Figs. 3–5), the energy available at this temperature was not
enough to make a significant volume contraction. Another
slight contraction of volume is observed between 950 and
1000 1C for all the three samples. Making reference to the
differential thermal analysis curves, the shrinkage can be due
to crystallization. The transformation of a hydrated phase to an
anhydrous one results in a volume contraction. At this point
the total shrinkage is 1% for CBX3 and CBX55 but relatively
high for CBX8 (2%). At 1300 1C, densification initiates with
significant volume contraction. At this temperature, the energy
available is sufficient to eliminate voids available in the
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matrixes. Here once again the difference of structural imper-
fection between the samples due to the impurities is traducing
the difference in densification. At 1500 1C, CBX55 presents
only 9% of shrinkage while CBX8 and CBX3 presented 12.4
and 17% of shrinkage respectively Fig. 7.

3.2. Densification, Young's modulus behavior and
microstructure

The densities of the CA2 matrices are 2.95, 2.98 and 3.17 g/cm3

respectively for CBX55, CBX8 and CBX3. The relatively high
value of density (Table 1) of sample BX3 compared to BX8
and BX55 can be justified by the bulk chemical composition of
the raw materials used for this study. The presence of
TiO2+Fe2O3 (15.7 wt%) (Table 2) in this sample explains
the formation of the CT phase; the coarsening of the grains of
CA2 is due to the incorporation of iron in their structure and
earlier densification described with DTA/TGA (Figs. 3–5) and
dilatometry (Fig. 7). The high density of CBX3 as well as the
coarsening of grains presented gives rise to lower specific area
(0.72 m2/g) with respect to 0.85 and 0.80 m2/g respectively of
CBX8 and CBX55. This trend also follows the desorption and
absorption behavior of the three cements. The variation of the
total porosity presented could explain the latter (Table 1). In
Fig. 8, it is observed that sample BX3 with high impurities
content displayed higher porosity (25 vol%) and a lower value
of Young's modulus.
The increase of Young's modulus of sintered cement is due

to the excess CA2 refractory compound than the conventional
cement that contains majority of CA (Table 3), which is less
refractory and not more rigid. A study of the phase diagram of
the binary CaO–Al2O3 system indicates that the cement contains
26–32 wt% CaO and has a mixture of CA and CA2, where CA
has a lower modulus of elasticity and a lower thermal expansion
coefficient than CA2. Fig. 8 also demonstrates Young's modulus
of cement with the decreasing porosity.
The same value of porosity is observed in CBX3 and CBX8

with different values of Young's modulus. This difference
reveals that Young's modulus of hydrated bodies increases
with decreasing impurities like Fe, Ti, and Si in the cement.
The high value of Young's modulus 39.4 GPa with a porosity
of 11.63% has been observed from cement BX55. From the
authors [9] the higher magnitude of Young's modulus is
believed to be caused mainly by the higher CaO content of
the stabilised cement paste and the larger holding time (5 h) at
temperature 1500 1C, while in this work, the presence of CA2

is the only phase that gives much higher Young's modulus than
the presence of a mixture of CA and CA2 which consequently
demonstrates that the probability of the setup of bond linkage
between CA2 and CA2 grains in the matrix is higher than CA
and CA in the matrix. Sample BX8 presents a similar value of
porosity but with high Young's modulus value. The value of
porosity of BX55 was 11.63 vol%, half of the total porosity
presented by BX3 and BX8. The Young modulus values of
35.5, 38 and 39.4 GPa could be easily correlated to the
alumina content of the raw bauxites used. Moreover, these
values were inversely proportional to the impurities content
(mainly Fe2O3 and TiO2). It was concluded that the purity of
the bauxite reduces the rate of grain growth during sintering.
From Fig. 6, it can be observed that sample BX55 presents a
finer grains size. Lower amounts of impurities in this sample
would have enhanced the development of smaller size of
grains and hence improvement in the packing process with
consequent reduction of intergranular voids. This packing
process allows an increase of the Young modulus with respect
to sample BX3 where impurities would have increased the
porosity and thereby reduced the Young modulus. The fact that
BX8 and BX3 showed similar porosity (25 vol%) and have
different values of Young's modulus is still linked to the purity



Table 2
Constituents of alumina cement.

Sample SiO2 Al2O3 CaO MgO Na2O K2O Fe2O3 TiO2 Total

BX3 0.52 80.26 0.04 0.08 0.073 0.014 8.67 7.05 96.73
BX55 Nd 89.4 0.018 Nd Nd Nd 1.83 1.4 92.6
BX8 0.65 91.10 0.00 0.01 0.000 0.050 2.14 1.13 95.08
Lime Nd Nd 95.58 1.3 Nd Nd Nd Nd 97.1

Table 3
Identification of the phases present in refractory cements.

Temperature of hydrated phase Cement made from bauxite (28% CaO, 72% Al2O3)

T1o11075 1C CA2, CT, C3AH6, AH3

11075oTo500 1C CA2, CT, C3AH1.5

500oTo950 1C Dehydroxylation of C3AH1.5

T4950 1C Anhydrous phases CA2, A, CT
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25.38 25.35
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Fig. 8. Young's modulus and porosity of different cements after stabilization at
105 1C.
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of the raw samples of bauxites used. Globally, the value of
Young's modulus presented by the present samples of refrac-
tory cements is relatively high with respect to the Young
modulus of CA2 matrices available in the literature [14–25]. In
fact most authors generally describe CA2 with additional CA
or some other secondary phases. Moreover much of the pure
CA2 available in the literature is amorphous or semi-crystalline
[26,27], a situation that is absolutely not favorable for their
mechanical behavior. The sintering method proposed here is of
greater advantage to the design of refractory cements with
upgrade properties [28,29].

Fig. 9 shows the micrographs of the calcined bauxites
treated at 1500 1C as granulate. Specimen BX3 seems to
contain the highest amount of titanium oxide as evident by the
white color observed compared to BX8 and BX55. Fig. 10
shows the grains size of the cement and the pores exhibited
during the hydration of cement. The grains sizes of cement
CBX55 are better grown than CBX3 and CBX8. In fact this
result is in agreement with the variation of the porosity
assessed using the density method (Table 1). The pore size
in BX55 is very fine and can explain the relatively low content
of impurities which did not hinder the high compactness of the
sample. In Fig. 10, high magnification of micrographs allows
the observation of the phase distribution in the matrices of
refractory cements. Samples BX3 and BX8 present more
heterogeneity and dispersion in the phases content. These
samples with relatively high impurities have microstructure
different from that of BX55. Even though it was not evident to
identify some minor phases in the cements using XRD, it
should be noted that 0.52 wt% and 0. 65 wt% of SiO2 are
present in BX3 and BX8 respectively. This silica most
probably amorphous will tend to favor the heterogeneous
densification and dispersion of newly formed phases. 7.05 wt%,
1.4 wt% and 1.13 wt% of TiO2 are present in BX3, BX55 and
BX8 respectively. In the same order, 8.67 wt%, 1.83 wt% and
2.14 wt% of Fe2O3 were identified in the samples of raw
materials for the refractory cements. The effects of TiO2 and
Fe2O3 on the microstructure are the formation of the CT
phases with more light in the micrographs with content that
follow the amount of iron and titanium in the raw samples of
bauxite. The authors [3,4,13] showed the important role played
by iron in enhancing the crystallization of Calcium hexalumi-
nate cements. They demonstrated the progressive shift to lower
temperatures of the formation of hexaluminate phases with the
increase in iron content. The presence of iron could be
attributed to the substitution of Al3+ with Fe3+. This substitu-
tion was at the origin of the expansion of a unit cell with
increasing Fe3+ content. In Fig. 6, we observed the difference
in the coarsening of grains with CBX55 presenting the tinier
particles. The coarsening of the cement particles followed by
the difference of the iron content means that our hypothesis of
the incorporation of iron in the structure of CA2 is in
agreement with the phase evolution and microstructure.
Fig. 10 shows the significance of this difference of TiO2 and
Fe2O3 content on the crystallization, grain growth and grains
boundaries. Fig. 10a shows the CT phase and some amorphous
structure in the grains boundaries, an indication of the origin of
heterogeneity of the distribution of CA2 phase in the matrix.
These amorphous phases were at the origin of the minor liquid
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phase which can easily explain the round shape of some of the
pores identified in the CBX3 samples during the SEM
investigations (Fig. 9). In the literature the liquid phase has
been identified to enhance the grain growth phenomenon
which could be the case here as we can observe in Fig. 11.

Figs. 10 and 11 show the SEM micrographs of hydrated
cement after stabilization at 105 1C. These micrographs show
that different locations and magnifications networks of CA2

plates and CaO �TiO2 could be observed in all samples in back
scattered electrons (BSE) forming the matrix of this micro-
structure. The bonding role is favored by C3AH6 and AH3

interlocking the hydrated product. The hydrated phase sur-
rounds the grain of CA2 and sets up the bond linkage between
CA2 and CA2 in the bonding matrix by C3AH6 and AH3; this
bonding matrix is believed to cause the increase in Young's
Modulus in the cement.

4. Discussion and conclusions

4.1. Surface charge of cement particles

Surface charge of aluminous cement particles is involved in
the hydration mechanisms of calcium aluminate cement [31].
The sign of the surface charge of starting cement particles can
be estimated. One approach can be considered by statistical
representation of the charges on the surface of the cement
grains to estimate the electric state of the surface in the case of
major component of the calcium aluminate cement (CA,
CaO �Al2O3) [31]; by denoting s+ and s� as the surface
charges of the positive and negative sites for this component it
yields from Fig. 12

sþ
s� ¼ ðCa2þÞsurface projectionþ 2ðAl3þÞsurface projection

4ðO2�Þsurface projection
where (Ca2+) surface projection, (Al3+) surface projection and
(O2�) surface projection are equal to πr2 ion radius associated
with each ion, in which the ionic radius of each element is
known, namely 1.35 Ǻ for oxygen, 1.05 Ǻ for calcium and
0.5 Ǻ for aluminum. For CA ðsþ =s�Þ ¼ 0:22 and for CA2

ðsþ =s�Þ ¼ 0:16. The surface charge of cement is negative;
although this approach gives interesting results, it is somehow
too simplistic because it assumes that all surfaces have the
same atomic arrangement and that the surface of the grains has
the same chemical composition as that of the bulk. The
strongest negative charge of calcium dialuminate cements
improves their resistance to the corrosive effects of certain
acids and industrial wastes. They can be used to resist
corrosion down to a pH of about 3.5–4.0 depending on the



Fig. 11. Different micrographs of hydrated cement CBX3, CBX55 and CBX8 after stabilization at 105 1C.

O2- Al3+ O2- Ca2+ O2- Al3+ O2-

O2- O2- O2- O2- O2-

O2-

O2-Al3+ Al3+ Al3+ Al3+Ca2+

Fig. 12. Statistical representation of the distribution of the surface charges for
anhydrous grain of CaO �Al2O3 (a) and CaO � 2Al2O3 (b).
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type of acid, temperature, length of exposure, frequency of
washing and other factors. This makes the concretes suitable
for use in such corrosive environments as wineries, tanneries,
sugar refineries, breweries, bakeries, dairies, fisheries and food
processing plants. These cements are also resistant to alkalis up
to a pH of 12, with the exception of alkali hydroxides. The
cement made will be used for making concrete that is suitable
for exposure to sulfate ground water and seawater.
4.2. Mechanism and kinetics of CaAl4O7 formation at 1550 1C

Activation energies (Ea) for the growth crystal and diffusion
processes are presented. It is seen that the mechanism operates
for CA2 crystallite growth from solid-state reactions between
crystallite CaO and Al2O3 [32]; the high Ea for Al diffusion
in Al2O3 (477 KJ/mol) versus the lower Ea for Ca in CaO
(142–268 KJ/mol) indicates that Ca diffuses into Al2O3 to
form CaAl4O7. This explains why the Ea for conventional
CaAl4O7 formation is comparable with the Ea for Ca diffusion
in CaO. The mechanism for solid state reaction between
crystalline CaO and Al2O3 to form CaAl4O7 occurs at the
CaAl2O4–Al2O3 interface and necessitates the diffusion of Ca
through the product phase toward Al2O3. The growth kinetic
exponent, n, for this type of reaction is considered to be 2.
The kinetics of isothermal growth are described by the pheno-
menological rate equation:

Gn�Gn
0 ¼ K0texpð�Ea=RTÞ

where n is the growth kinetic exponent, G is the average
crystallite size at time t, G0 is the nucleus size and K0 is the
temperature independent rate constant that includes frequency
and geometric factors as well as entropy terms. Ea is the
activation energy for the growth process; R and T are the
universal gas constant and the absolute temperature respec-
tively. Taking the time derivation of G for constant n gives the
reaction rate q. The activation energy Ea can be then
determined from the plot of ln(q) versus 1/T; ln(q)¼
lnK0� (Ea/R)(1/T); the activation energy of CaAl4O7 is calcu-
lated and we obtain about 140 KJ/mol.
The three precursors we used for this study could be

classified as iron+titanium rich bauxite (BX3) and pure
alumina hydroxide based bauxite (BX55). The sample BX8
is here considered as intermediate between both. The sample
with impurities (iron+titanium) results in the formation of
coarser grains of CA2 with additional CT (Figs. 1 and 2). The
sample of cement from this sample showed abnormal grain
growth and grain boundaries in the microstructure. The
growing of grains may be explained by the incorporation
(substitution) of iron in the structure of CA2. It was demon-
strated that this incorporation of iron ions gives rise to a drop
in the sintering temperature. Iron and titanium impurities may
segregate to the grain boundaries or form secondary phase at
the grain boundaries (Fig. 11). The mobility of grains at grain
boundaries could then be modified with significant modifica-
tion of the porosity and mechanical properties (Figs. 8 and 11).
Even though in the case of BX8 these secondary phases were
not enough to be identified by XRD patterns, it was agreed that
it presented relatively wet grain boundaries due to the presence
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of the amorphous phase. For sample BX55, Al(OH)3 and
Ca(OH)2 were pure enough, avoiding intermediate phases
between CA2 grains. During sintering, the contact between
grains allows uniform diffusion between alumina and calcium
oxide with regular and homogeneous matrix. We demonstrated
that the direct process of synthesis of CA2 with one stage
heating by solid state sintering is possible and raw bauxite
from Cameroon with their Fe2O3 and TiO2 content are suitable
for the production of CA2 matrices where very high tempera-
ture is not required. Additionally, BX8 and BX55 represent the
cases of the success of the process when compared to the
conventional solid state route with pure Al2O3. This process
may be economically sustainable in energy consumption. The
absence of silica in the bauxite could extend the chances of
application to linings of such a large scale installation as steel
ladles and cement kilns. However the kinetics of the CA2

phase at ambient temperatures would still need to be evaluated.
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