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Calcium aluminate-based refractory ceramic was developed as an innovative refractory material, using garden snail 
(Helix aspersa) shells as a natural source of CaCO3. A 1:1 molar ratio mixture of CaCO3 from snail shells and commercial 
Al2O3 powder was prepared by means of high-energy mechanical milling. The mixed powder was compacted in cylindrical 
samples (disks) and consolidated by sintering at 1450°C and 1500°C for 1h. The density and porosity were evaluated 
using the Archimedes principle, while the mechanical properties (hardness, fracture toughness, and shear modulus) were 
determined by indentation and ultrasonic methods, respectively. The thermal shock resistance was tested by heating samples 
to temperatures between 900 and 1400°C and subsequent quenching in water at room temperature. X-ray diffraction patterns 
of sintered samples indicate the formation of different calcium aluminate phases, such as CaAl12O19 (krotite/monoclinic), 
CaAl4O7 (grossite/monoclinic) and CaAl2O4 (hibonite-5H/hexagonal). The fracture toughness and shear modulus values 
of materials sintered at 1450°C were higher (0.48 MPa·m1/2 and 59 GPa, respectively) than those of materials sintered at 
1500°C (0.43 MPa∙m1/2 and 55 GPa, respectively). Also changes in the bulk density, hardness and thermal shock resistance 
values were observed in materials sintered at 1450°C and 1500°C.

INTRODUCTION

 Biomineralization refers to a natural process for 
the formation of organic-inorganic minerals by means of 
a living organism, such as calcium carbonate, calcium 
phosphate, silica, iron oxide, hydroxyapatite, and 
others [1-3]. The main interest of these minerals is the 
innovation in their applications to improve durability 
and reinforcement of concrete-buildings, remediation 
of environment as water or soil, and also as bone-
replacement in dentistry and orthopedics (i.e. implants 
devices) [1, 2], other minerals as ZnO crystals have been 
used as semiconductors and photocatalysts [4]. CaCO3 
biomineralization produces three different biological 
phases of calcium carbonate as anhydrous polymorphs, 
viz. calcite, aragonite and vaterite [5-7], CaCO3 is a 
material that can be used in the restoration of concrete 
building structures (i.e. reduction of permeability, pore 
and crack filling, avoiding carbonation) [8]. The calcium 
can be obtained from corals, fish bones, egg shells or 
snail shells, etc. which are natural sources due to their 

advantage of biological origin, as well as reducing of 
bio-organic waste disposal [9, 10].
 The garden snail (Helix aspersa), a common gas-
tropod mollusk, is one of the best-known species of snails 
in the world. In the case of some freshwater snail-shells 
as Helisoma trivolis, Physa, and Biomphalaria glabrata 
have about of 95.2 - 98.8 weight % of CaCO3 [11]. 
The content of calcium carbonate (CaCO3) is around 
95 - 99.9 wt. % in freshwater snail shells, the remaining 
0.1 - 5 wt. % being organic matter [11-14]. Furthermore, 
aragonite is the principal inorganic material in snail shells 
and is decomposed into CaO and CO2 by upon heating. 
Thermogravimetric studies of CaCO3 decomposition 
have been performed to analyze the thermal decompo-
sition kinetics, showing that decomposition occurs bet-
ween 635°C and 865°C [15], while other studies show 
that at 871°C CaCO3 needs about 1 hour for complete 
decomposition [16]. Calcium carbonate polymorphs 
(aragonite and calcite) obtained from snail shells or egg 
shells can be useful in biodiesel synthesis [9], in the 
preparation of hydroxyapatite nanorods for orthopedic 
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applications [10] and in biocompatibility studies [17]. 
In other cases, CaO obtained by thermal decomposi-
tion of CaCO3 is used to obtain calcium aluminates 
(CaO·Al2O3) for concrete and mortars [18] or even as 
a binder, considering their biocompatibility characteris-
tics with body fluids [19]. Calcium aluminate is the main 
component of calcium aluminate cement, which is widely 
used in the construction industry and is a promising 
candidate as a persistent luminescence material [18]. 
Calcium aluminate-based cement has also been studied 
for biomedical applications as endodontics because of 
their good physical and mechanical properties, as well as 
its biocompatibility [19, 20].
 The aim of the present research is the synthesis of 
calcium aluminates refractory material by an easy and 
direct processing route through a chemical solid-state 
reaction between alumina (Al2O3) and calcia (CaO) [18], 
using CaCO3 from snail (helix aspersa) shells as a CaO 
source to obtain calcium aluminates [16] with favorable 
physical properties. On the other hand, if the synthesis 
of these materials turns out to be viable, the authors are 
will take this research as a reference for a future work 
on the in-situ synthesis of a calcium aluminate with 
metallic particles of Al and Ag as reinforcement for the 
study of the mechanical properties and biocompatibility 
characteristics for dental applications.

EXPERIMENTAL

CaCO3 obtained from a natural source

 A sufficient quantity of snail (Helix aspersa) was 
collected as a raw material of CaCO3 mineral [6, 18] for 
the synthesis of calcium aluminate. In order to eliminate 
surface impurities, the snail shells were rinsed with 
distilled water and isopropyl alcohol and then dried with 
a flux of hot air. All snail shells were crushed using a 
porcelain mortar to produce coarse powder, and then 
this powder was submitted to a heating process at 200°C 
by 1 hour in an electrical furnace (Yamato FO200CR).  
Resulting powder was subjected to a dry ball-milling 
process in a planetary mill (Fritsch Pulverisette 6) during 
1 hour at 200 rpm, using an agate container and agate 
grinding balls (with diameter 10 mm) with a mass ratio 
of materials and grinding balls of 1:6. The size reduction 
of the CaCO3 powder was to particle sizes < 100 mesh in 
average.

Chemical composition
and synthesis process

 The raw materials used were α-Al2O3 powder 
(< 100 mesh, ≥ 98 % purity, Aldrich) and CaCO3 
powder obtained as previously described [3, 11, 14]. The 
chemical composition formed for the synthesis material 
is 49.5 wt. % CaCO3 + 50.5 wt. % Al2O3 considering 
a 1:1 molar ratio; the mixture was submitted to a dry 

ball-milling process for 4 hours at 200 rpm through 
a high-energy planetary mill (Fritsch Pulverisette 6), 
using an agate container and agate grinding balls with 
a ratio between powder- and balls of 1:10. The powder 
mixture was compacted by uniaxial pressure (300 MPa) 
at room temperature in the form of cylindrical samples 
of 20 mm in diameter and 3 mm in thickness (Figure 3). 
Subsequently the samples were sintered at 1450°C 
or 1500°C in an air atmosphere, using an electrical 
furnace (Nabertherm LHT 02/18), with a heating rate 
of 10°C·min-1. The heating process was performed in 
several stages; first, the temperature was elevated and 
stabilized at 400°C for 20 minutes, then the temperature 
was elevated to 800°C and stabilized for 20 minutes 
to remove the organic matter that was not eliminated 
in the previous stage [21]. After this, the temperature 
was elevated at 1200°C and stabilized for 20 minutes, 
assuming the whole decomposition of CaCO3 [15,16]; 
finally, the temperature was elevated to 1450°C or 
1500°C to promote the chemical reaction between 
CaO and Al2O3 in order to obtain the desired refractory 
material with good density. Figure 1 shows samples 
before and after sintering; the different color is due to the 
burnout of organic matter and the chemical reaction that 
has occurred during sintering.

Characterization of synthesized materials

 The bulk density was determined by the Archime-
des’ principle. The microstructure was determined by 
scanning electron microscopy (FEI Quanta 3E FEG) at 
low vacuum using the backscattered electrons signal. 
Crystalline phase identification was carried out by means 
of X-ray diffraction (Panalytical X´Pert-PRO) patterns 
recorded using Cu radiation (λCu = 1.54056 Å) at 40 KV 
and 40 mA, in the range between 15° ≤ 2θ ≤ 100° with 
a step of 0.02°. The mechanical properties such as 
hardness and fracture toughness were evaluated by using 
the indentation method (EMCO-TEST DuraScan 20) 
[22, 23]. Finally, the sintered materials were subjected 
to a thermal shock resistance test by heating samples 
to temperatures in the range between 900 and 1400°C 
(Yamato FO200CR) in intervals of 100°C and subsequent 
coolling in water at room temperature.

Green samples

Sintered samples

Figure 1.  Green samples and samples after sintering process 
at 1450°C.
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RESULTS AND DISCUSSION

Chemical composition and solid 
state chemical reactions

  Al2O3 and snail-shell powder were the raw mate-
rials to produce calcium aluminates by solid-state che-
mical reaction through the sintering process at 1450°C 
or 1500°C. The X-ray diffraction patterns of Figure 2 
confirm that the snail-shell powder is principally CaCO3, 
identified as calcite and aragonite.

 The compacted samples before and after sintering 
process were weighted, to determine of the mass loss 
percentage (α). The values of (α) listed in Table 1 were 
determined via Equation 1,

,                       (1)

where m1 is the mass after sintering and m0 is the mass 
before sintering. 
 Of course, the change of mass is due to the decompo-
sition of CaCO3 between approximately 635 and 865°C 
[15], during which CO2 gas is formed according to 
Equation 2, i.e. 

CaCO3 →
Δ     CaO + CO2↑ .                 (2)

 Then, a solid state reaction between Al2O3 and CaO 
occurs according to Equation 3, forming calcium alu-
minate due to the increase in temperature up to 1450°C 
or 1500°C [18]. 

Al2O3 + CaO →Δ     CaAl2O4 .               (3)

 After the sintering process and considering the mass 
loss (Table 1), the experimental chemical compositions 
finally formed between Al2O3 and CaO are 71.0 wt. % 
Al2O3 + 29.0 wt. % CaO and 70.3 wt. % Al2O3 + 29.7 wt. % 
CaO for samples sintered at 1450 and 1500°C, respec-
tively. 
 Although the percentages of CaO and Al2O3 are 
slightly different in the two systems, it is approximately 
70 % alumina and 30 % calcium oxide; therefore, 
according to the CaO–Al2O3 binary phase diagram, the 
possible calcium aluminate phases that can form are 
CaO∙Al2O3 (CaAl2O4/krotite) and CaO∙2Al2O3 (CaAl4O7/
grossite), considering the sintering temperatures in 
each system as shown in Figure 3  [24]. In other work, 
the formation of the grossite and krotite phases was 
observed in a heating process at 1300°C [25]. Finally, 
when CaCO3 is decomposed completely into CaO and 
CO2, a sequence of simple reactions [24] or simultaneous 
multiple reactions occur, leading to the formation of 
calcium aluminates [26].

Microstructural and structural analysis

 Sintered samples were observed by scanning elec-
tron microscopy using backscattered electrons to obtain 
atomic number contrast micrographs, where each gray 
tone corresponds to a phase with different elemental 
composition. Figure 4 shows the microstructure obtai-
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Figure 2.  XRD pattern of snail-shell powder.

Figure 3.  Binary phase diagram of CaO–Al2O3 system (wt. % 
vs. temperature) [24].

α = (1 –       ) × 100m1
m0

Table 1.  Mass loss of the materials before and after sintering.

 Initial mass Final mass 
MassMaterial before sintering after sintering 
loss (Al2O3 + CaCO3) (Calcium aluminate)

Temperature 1450°C 2.473 g 1.758 g 0.71 g → 28.9 %
Temperature 1500°C 2.479 g 1.779 g 0.70 g → 28.2 %
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ned after sintering process at 1450°C or 1550°C (with 
magnifications 800X and 5000X, respectively). In all 
micrographs 2 or 3 distinguishable gray tones are visible, 
see Figures 4a through 4d.  In particular, Figures 4b and 
4d referring to the sample sintered at 1500°C suggest 
the formation of 3 phases with different chemical com-
position and a smaller amount of pores than the sample 
sintered at 1450°C. An interesting detail is that the pores 
are usually located inside areas with medium gray tone. 
Finally, is evident that the clear gray areas surround the 
pores and the darker gray grains grow with characteristic 
morphologies as can be seen in Figure 4d.
 The structural data obtained through XRD analysis 
of the sintered samples at 1450°C or 1500°C are shown 
in Figure 5. In these XRD patterns, the absence of CaO 
and Al2O3 confirm the complete reaction between the raw 

materials. Three crystalline phases have been identified, 
corresponding to several calcium aluminates, which 
were formed during sintering: CaO∙6Al2O3 (CaAl12O19/
hibonite) with reference code 00-033-0253, hexagonal 
crystal system and space group P63/mmc; CaO∙2Al2O3 

(CaAl4O7/grossite) with reference code 98-004-4519, 
monoclinic crystal system and space group C 1 2/c 1, 
and CaO∙Al2O3 (CaAl2O4/krotite) with reference code 
98-018-0997, monoclinic crystal system and space 
group P 1 21/c 1. According to the chemical composition 
and the sintering temperatures only the formation of 
grossite and krotite was expected in both samples on the 
basis of the CaO-Al2O3 equilibrium phase diagram [24, 
25].  As far as the presence of hibonite is concerned, the 
formation of this phase CaO∙6Al2O3 (CaAl12O19/hibonite) 
occurs probably during the sintering process because 

Figure 4.  Backscattered electron images: a, c) sample sintered at 1450°C and b, d) sample sintered at 1500°C.

c) 1450°C

a) 1450°C

d) 1500°C

b) 1500°C
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the compacted samples before heating do not have a 
uniform distribution of CaO and Al2O3 powders; this fact 
may cause that CaO in local excess concentration reacts 
with the aluminates already formed. Moreover, taking 
up again thermodynamic data reported by some authors 
[24, 27], the first phase formed during sintering process 
must be hibonite phase (CaAl12O19), which is richer in 
Al2O3 content; only after this, grossite (CaAl4O7), and 
krotite (CaAl2O4), which are poorer in Al2O3 content, are 
formed. 
 Finally, on basis of aluminum and calcium elemental 
profiles along the white line in Figure 6, it is possible 
to recognize qualitatively the variation of Al and Ca 
concentration in areas with different contrast, which are 
coincident with changes in atomic number contrast on the 
backscattered electron image. Combining XRD results 

and elemental profiles obtained by EDS along the white 
line in Figure 6, one may conclude that the lightest gray 
areas correspond to hibonite (CaO∙6Al2O3 = CaAl12O19), 
the medium gray areas to grossite (CaO∙2Al2O3 = 
= CaAl4O7) and the darker gray areas to krotite 
(CaO∙Al2O3 = CaAl2O4).

Density and mechanical properties

 Bulk density and apparent (open) porosity of the ma-
terials synthesized were determined using Archimedes’ 
principle. The results obtained for the sintered materials 
are shown in Table 2; as expected, the bulk density of 
2.88 g·cm-3, corresponding to the calcium aluminate 
material sintered at 1500°C, is higher than 2.40 g·cm-3, 
determined for the material sintered at 1450°C, because 
at 1500°C the diffusion coefficients are higher, leading 
to enhanced densification. Of course, the bulk density is 
related to the porosity and the shrinkage. As the sintering 
temperature increases, the bulk density increases, and 
the porosity decreases (5.4 and 3.0 % respectively); 
this fact explains why the volumetric shrinkage value 
shown in Table 2 is higher for the material sintered at 
1500°C. In another work [28], a porous ceramic material 
was processed from commercial Al2O3 and commercial 
CaCO3 by mechanical milling, uniaxial compaction, 
and sintering. The authors reported an apparent poro-
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Figure 5.  XRD patterns of samples sintered at 1450 °C or 1500 °C.

a) Sample 1450°C/1 h b) Sample 1500°C/1 h

Table 2.  Basic characteristics and mechanical properties of 
sintered samples.

Property
                         Sintering temperature

 1450°C 1500°C
Bulk density (g·cm-3) 2.40 2.88
Apparent (open) porosity (%) 5.4 3.0
Volumetric shrinkage (%) 42.8 49.5
Hardness (GPa) 5.8 ± 0.3 8.4 ± 0.2
Fracture toughness KIC (MPa·m1/2) 0.49 ± 0.04 0.43 ± 0.07
Shear modulus (GPa) 59 ± 1 55 ± 2

Figure 6.  Backscattered electron image of sintered sample at 
1500°C, showing elemental profiles along a white line obtained 
by EDS.
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sity of more than 20 %, with an average pore size of 
1 µm, while the apparent porosity in the materials of 
the present work, sintered at 1450°C and 1500°C is 5.4 
and 3.0 % respectively, with pore sizes between 0.5 and 
20 micrometers. 
 Indentation tests were applied to evaluate the hard-
ness and fracture toughness of the synthesized materials. 
It was found the material sintered at 1450°C and 1500°C 
have hardness values of 5.8 ± 0.3 GPa and 8.4 ± 0.2 GPa, 
respectively. 
 The fracture toughness (KIC) was calculated from 
using the mathematical models of Lawn-Evans-Marshall 
[29], Lawn-Fuller [30], Evans-Charles [31], Anstis-
Chantikul-Lawn-Marshall [32], Japanese International 
Standard (JIS) [33], and Niihara-Morena-Hasselman 
[34]. All the values determined for these materials 
are low, with a consistent tendency for the different 
mathematical models as is shown in Figure 7. The 
Lawn-Evans-Marshall model gives the lowest fracture 
toughness and the Niihara-Morena-Hasselman model the 
largest fracture toughness values for both samples. As 
is known, if the fracture toughness value is low for any 
material, this material is sensitive to mechanical flaws 
when is submitted to mechanical stresses such as tension, 
vibration, and impact. The values of KIC presented in 
Table 2 for both materials, namely 0.49 MPa·m1/2 for the 
material sintered at 1450°C and 0.43 MPa·m1/2 for the 
material sintered at 1500°C, are average values of the 
fracture toughness determined by all these mathematical 
models [35-38]. The low KIC values indicate that the 
synthesized materials are very brittle and sensitive to 
mechanical flaws. Similarly, low fracture toughness 
values, determined by the Vickers indentation technique, 
have been reported in hydroxyapatite ceramics and 
PLZT sensor materials [39, 40]. The sample sintered at 
1500°C has slightly lower fracture toughness values than 
the sample sintered at 1450°C, which indicates that the 
denser material is even more brittle than the porous one. 
 The shear modulus was measured by ultrasonic 

technique according to relation µ = ρɛ2, where µ is the 
shear modulus, ρ is the bulk density of the materials, and 
ɛ is the transversal sound velocity measured in the ma-
terials [32]. These values are 59 ± 1 GPa and 55 ± 2 GPa 
for samples sintered at 1450°C and 1500°C, respectively, 
see Table 2. For comparison, other researchers reported a 
shear modulus of 126 GPa in CaAl4O7 refractory cement 
(Al2O3/CaO molar relation 1.41) [41]. 

Thermal shock resistance

 Thermal shock resistance on the samples was eva-
luated, and the change in the flaw generation in the calcium 
aluminates refractory materials during these tests was 
observed via optical microscopy. Figures 8a, 8c, and 8e 
correspond to samples sintered at 1450°C, while Figures 
8b, 8d, and 8f correspond to samples sintered at 1500°C, 
respectively. These images show sample surfaces after 
being submitted to different temperatures during hea-
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Figure 8.  Surface of samples sintered at 1450°C and 1500°C 
after thermal shock tests from 900°C (a) and (b). Continue on 
next page.
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ting (900, 1000 and 1100°C, respectively) and rapidly 
cooled (quenched) in water to room temperature (21°C). 
Figures 8a, 8b, 8c and, 8d do not reveal significant 
changes when the materials are submitted a thermal 
shock at 900 and 1000°C. However, a significant change 
is observed in the microstructure of the material sintered 
at 1500°C, when the refractory material is heated to 
1100°C and subsequently quenched, as is evident from 
the mechanical flaws shown in Figure 8f. 
 The flaws observed in Figure 8f considered as 
thermal shock flaws just occur in the refractory material 
sintered at 1500°C, this fact is not observed in the 
microstructure of the material sintered at 1450°C as 
shown in Figure 9. Therefore, the material synthesized 
at 1450°C is the better refractory due to that the porosity 
has an effect on thermal shock cracking, considering the 
crack deflection and the crack arresting caused by pores 
because of energy dissipation during fracture caused by 
thermal effects [42].

Figure 8.  Surface of samples sintered at 1450°C and 1500°C after thermal shock tests from 1000°C (c) and (d) and 1100°C (e) 
and (f).

d) 1500°C f) 1500°C

c) 1450°C e) 1450°C

HEAT TREATMENT SAMPLES

Thermal shock �aw

Sample sintered
         at 1450°C

Sample sintered
          at 1500°C

Figure 9.  Samples sintered at 1450°C and 1500°C, after 
thermal shock tests.
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CONCLUSIONS

 The synthesis of calcium aluminate refractory 
materials by in-situ solid state reaction between Al2O3 
and CaCO3 obtained from snail shells is feasible. During 
the sintering process, the CaCO3 is decomposed into 
CaO and CO2. As soon as CaO is available to react 
with Al2O3 calcium aluminate formation occurs and 
results in three different phases that were identified by 
XRD as CaO∙6Al2O3 (CaAl12O19/hibonite), CaO∙2Al2O3 
(CaAl4O7/grossite), and CaO∙Al2O3 (CaAl2O4/krotite). 
The formation of hibonite probably occurs during the 
sintering process, because the compacted samples before 
heating do not have a uniform distribution of CaO and 
Al2O3 powders. 
 The sintering temperature has an important effect on 
the microstructure and properties of calcium aluminate 
refractory materials during the sintering process, mainly 
the bulk density, porosity, and shrinkage. Materials sin-
tered at 1500°C exhibit higher bulk density (i.e. lower 
porosity) and higher shrinkage. Hardness and shear 
modulus are appropriate, but the fracture toughness 
is very low, i.e. the materials are very brittle. Thermal 
shock tests and subsequent flaw analyses indicate that 
the calcium aluminate refractory material sintered at 
1450°C performs slightly better than the material obtai-
ned by sintering at 1500°C, although the reasons are not 
clear. 
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