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ABSTRACT

The clay ceramics industry comprises materials used in construction (bricks, tiles, and expanded clay, among
others), is of great importance for Brazilian economic development, and the industry is seeking new sources
of raw material, mainly clay. The present work aims to characterize a clay deposit located in the central re-
gion of the state of Piaui, to make feasible its use as ceramic raw material, seeking to boost the clay ceramics
industry. The chemical composition, the crystalline phases, and the plasticity of the clay were
analyzed. Specimens were prepared by uniaxial pressing, dried in an oven at 110 °C, and then heated to
900 °C, 1000 °C, and 1100 °C. Bending strength, apparent porosity, linear shrinkage, water absorption, and
mineralogical, macrostructural, and microstructural analyses were determined. The results showed an im-
provement in the indices with the increase in the firing temperature and that the samples showed a reddish
coloration due to the presence of iron, as well as quartz and kaolinite. Thus, the clay deposit has the potential
to become raw material for the clay ceramics industry in the state of Piaui.
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RESUMO

A industria da ceramica de argila compreende materiais empregados na construgdo civil (tijolos, telhas, argila
expandida, entre outros), é de grande importancia para o desenvolvimento econémico brasileiro, e busca no-
vas fontes de matéria-prima, principalmente argila. O presente trabalho tem por objetivo caracterizar uma
jazida de argila localizada na regido central do estado do Piaui, para viabilizar seu uso como matéria-prima
cerdmica, buscando impulsionar a industria de cerdmica de argila. A composicéo quimica, as fases cristalinas
e a plasticidade da argila foram analisadas. As amostras foram preparadas por prensagem uniaxial, secas em
estufa a 110 °C e depois queimadas a 900 °C, 1000 °C e 1100 °C. Determinou-se entdo a resisténcia a flexao,
porosidade aparente, retracdo linear, absor¢do de &gua, além de analise mineral6gica, macroestrutural e mi-
croestrutural. Os resultados mostraram uma melhora nos indices com o aumento da temperatura de queima e
que as amostras apresentaram coloracdo avermelhada devido a presenca de ferro, bem como quartzo e cauli-
nita. Assim, o deposito de argila tem potencial para se transformar em matéria-prima para a inddstria de ce-
ramica de argila no estado do Piaui.

Palavras-chave: argila, ceramica de argila, jazida, propriedades tecnoldgicas.

1. INTRODUCTION

Ceramic material, among dozens of possible definitions, can be described as any product, composed of inor-
ganic raw materials consisting of metallic and non-metallic elements, namely, natural or synthetic, who in a
state of dust, is transformed by means of firing, into a solid object with useful applications [1]. Currently,
ceramic materials have various applications, from adobe, kitchenware, and tiling to dental prostheses, electri-
cal insulators, and coating of nuclear reactors, but the most visible use of ceramic materials is in the civil
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construction industry [2].

The civil construction sector is growing constantly; although this sector is responsible for relevant envi-
ronmental demand, it also has a significant positive impact on society and the economy. In Brazil, this sector
currently represents 5% of national GDP and shows signs of growth [3].

Clay is the essential material from the point of view of technology for the manufacture of ceramic mate-
rials. Clay is heterogeneous and behaves differently according to its mineralogical and chemical composition,
thus also affecting its chemical and physical properties, which are essential to the finished ceramic products
[4].

The increased need of clay by the ceramics industry has caused environmental impacts, such as the need
for increased volumes of raw material deposits and the search for new and better deposits; thus, sites that
have the potential to become raw material producers for ceramic products are being studied increasingly [5].

As clay is a heterogeneous material, it is necessary to technologically characterize clay to verify the
possibility of its use (clay ceramics, ceramics tiles, coating, and advanced ceramics, among others). Several
studies have already been conducted with this important issue and are presented in sequence.

SILVA et al. [1] studied two types of clay in the southern region of the state of Amap4, aiming at the
appropriate use as raw material for the ceramics industry. Specimens were prepared by uniaxial pressing and
the water absorption, apparent porosity, linear shrinkage and flexural modulus of rupture, as well as miner-
alogical evolution after firing were determined. The results showed that one of the clays showed a better per-
formance in the technological properties, having a red coloration and another presented clear color, with the
potential to become refractory material.

BRITO et al. [2] characterized clays originating from deposits in the municipality of Cubati, PB, Brazil,
aiming to establish their appropriate uses as raw materials for ceramics. The clays were subjected to physical,
chemical, mineralogical, and thermal analyzes. The results proved that the clays were composed of smectite,
quartz, and kaolinite. And three of them were suitable for use in ceramic tiles and one for clay ceramic.

MORENO et al. [6] analyzed clays used by a factory of ceramic blocks located in the center Tatui-
Sorocaba - SP, Brazil. Physical, chemical, geochemical, mineralogical, and ceramic aspects were analyzed to
assess their influence on the composition of the pastes, which were formulated and processed in the laborato-
ry based on analysis of the consistency of clay-water mixtures. The results of the study showed that the
method of analysis of curves of consistency of clay-water mixtures proved to be a quality control, for better
use of materials and alternatives for adjusting the proportion of the components of a paste.

SANTOS et al. [7] characterized four different clays used in the production of ceramic tiles of the type
Bllb in Sergipe State, Brazil. The clays were characterized by X-ray diffraction (XRD), X-ray fluorescence
(FRX), thermogravimetric analysis (TG), differential thermal analysis (DTA), particle size distribution, At-
terberg limits, and dilatometry. The results confirmed the correlation between the formation of the liquid
phase and the reduction of porosity in the sintered ceramic bodies.

PEREIRA et al. [8] studied the smectite clays in the city of Sossego, Paraiba, Brazil. The samples were
subjected to a physical, chemical and mineralogical characterization through the particle size distribution by
laser diffraction, chemical composition by X-ray fluorescence, X-ray diffraction, differential thermal and
thermogravimetric analyses. The results showed that the clays showed in their mineralogical composition
smectite, kaolinite, feldspar, and quartz. In relation to the rheological properties, the results were promising
for some samples for use in drilling fluids.

The papers suggest the need to know the clay as raw material to be able to indicate the true potential of
the material. Thus, it is emphasized the importance of the study carried out in view of the need to character-
ize the mineralogy of clay deposits aiming at quality in the final product and sustainability of the ceramic
sector. On this basis, the study aims to characterize a clay deposit located in the central region of the state of
Piaui for use in the ceramic industry.

2. MATERIAL AND METHODS

The clay used in this study is from a deposit located in the central region of Piaui, more precisely, in the mu-
nicipality of Oeiras (latitude: —7.0844417 and longitude: —42.1477047), in the territory of Vale do Canindé.
The clay was dried in an oven at a temperature of 110 °C and then subjected to the grinding process per-
formed by a hammer mill to reduce the particle size. Then, the material was passed through a ABNT 200
sieve (0.075 mm) for the characterization and analyses of technological properties.

The clay was characterized using the following techniques: granulometric analysis (AG; electrical
sieve shaker, ABNT NBR 7181 [9]), chemical analysis by X-ray fluorescence, FRX (Epsilon-XL of PANa-
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Iytical), thermogravimetric analysis, TG and differential thermal analysis, DTA (SDT-Q600 MARK TA In-
struments — temperature range: room temperature to 1200 °C; heating rate: 10 °C/min; atmosphere: air; flow
of gas: 50 mL/min), XRD (XRD-6000 — SHIMADZU with Cu-Ka radiation (1.54060 A), 25 kV, 25 mA,
scan speed: 2°/min, sampling pitch: 0.02° and in the 26 range of 0°-80°), and plasticity index (liquid limit by
ABNT NBR 6459 [10] and limit of plasticity by ABNT NBR 7180 [11]).

To prepare the specimens, the sample was mixed with a clay content of 7% moisture (moisture used
by the industry) and pressed to 30 MPa. Fifty specimens were manufactured (size 12.0 cm x 4.0 cm x 2.0
cm). Then, the specimens were dried in an oven at 110 °C for 24 h and subjected to heat treatment (firing) to
900 °C, 1000 °C, and 1100 °C at a heating rate of 5 °C/min, with soaking time of 1h.

After firing, technological assays were performed on the specimens to determine the following proper-
ties: apparent porosity (PA), water absorption (AA), firing shrinkage, module of rupture, scanning electron
microscopy (SEM performed on the sintered samples at 1000 °C), and macrostructural analysis. Characteri-
zation by X-ray diffraction (XRD) of the samples fired after the tests were also performed.

3. RESULTS AND DISCUSSION

Table 1 presents the chemical composition of the clay sample, which is composed basically of SiO,, Al,Os,
and Fe,0,, with a significant predominance of SiO, that is associated with quartz and kaolinite in combina-
tion with Al,O3. These results are similar to those found in the literature [12—-15]. The sample also presented
9.25% of Fe,0s, which is responsible for the red color of the ceramic piece, and 1.75% of K,O, which is a
melting component, essential for the manufacture of ceramics of low porosity, helping in the sintering of ce-
ramics [16, 17]. The loss on ignition is in the order of 11.83% and is mainly associated with chemical reac-
tions (dihydroxylation of kaolinite) and the decomposition of organic matter present [18].

Table 1: Chemical composition of clay (% by weight).

Sample SiOz Al203 Fe20s Na;O K20 SOz CaO Others Lol*

Clay 48.14 26 9.25 - 1.75 0.51 0.27 2.25 11.83

*Lol: Loss on ignition.

Table 2 and Figure 1 show the granulometric distribution of the clay sample. The classification of the
International Society of Soil Science was used [19]. The sand fraction is represented by the percentage of the
material having a dimension larger than 20 pm (0.02 mm), the silt fraction by the percentage between 2 and
20 pm, and the clay fraction by a grain size less than 2 pm. The clay fraction (less than 2 pm) corresponds to
the fraction that confers the plasticity required to conform to the products. In the clay sample, this value is
high and important in the resistance of the final material after firing [1, 12, 13, 20].

The sample has 52% of silt and 23% of clay, with average diameter of 15.8 um. The quantity of fine
material (clay) confers a greater packaging property to the sample, as the thinner materials fill the spaces left
by the larger materials, and thus it is possible to obtain a denser and more resistant ceramic material due to
the inhomogeneous distribution [12, 14].

Table 2: Granulometric composition in percentage of clay sample.

9 ilt (9 0 .
Sample Clay (%) Silt (%) Sand (%) Average Diameter

v% <2 pm 2 pum<v% <20 pm v% <20 pm pm

Clay 23.50 52.40 24.10 15.80
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Figure 1: Granulometric distribution of the clay sample.

The plasticity index (PI) of the clay sample was also calculated and is shown in Table 3. The value
obtained for the PI of the clay was 20.11%. This value classifies it as a highly plastic material, because the
value is above 15% (index of plasticity up to 7%, poorly plastic; between 7% and 15%, medium plastic; and
greater than 15%, highly plastic), as obtained in other studies [6, 21, 22]. The difference between the percent-
ages obtained in the Pl and the classification is closely related to the granulometric distribution that was
shown previously, so a good amount of the clay fraction is present (in case of the presented sample) and it
provides greater strength of the products [23]. It should also be considered that high plasticity can hinder
the processing/conformation of the clay, so to reduce plasticity, it may be necessary to incorporate some clay
with low plasticity or deplasticizing materials, as was done in some previous works [12, 13, 24-26].

Table 3: Plasticity index of the clay sample.

SAMPLE LIQUID LIMIT (LL) PLASTIC LIMIT (LP) PLASTICITY INDEX (PI)
Clay 42.56 22.45 20.11

Figure 2 shows the Winkler diagram for the clay sample, in which appropriate regions for the pro-
cessing of clay ceramics products are identified according to the granulometry of the material used [27]. The
vertices of the diagram represent different sizes. From the diagram, it is possible to identify 4 main types of
clay ceramics products, namely, A, suitable for high-quality products; B, for tiles; C, for hollow bricks; and
D, for solid bricks [28]. According to the figure, a sample of clay of the deposit is suitable for manufacturing
hollow bricks.
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Figure 2: Winkler diagram for the clay sample.

Figures 3 and 4 present the results of the differential thermo analysis (DTA) and thermogravi-
metric analysis (TG) performed with the clay sample.
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Figure 3: Differential thermo analysis (DTA) of clay.
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Figure 4: Thermogravimetric analysis (DTA) of clay.
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The DTA of the clay sample presented three main events: the first event was endothermic, with a
maximum of 39.22 °C; the second was exothermic at a temperature of 304.95 °C; and the third event was
endothermic, with a maximum of 488.73 °C. In the TG of clay, it is possible to observe the occurrence of
these three events, where the first event characterizes the release of free water around 39 °C (2.66%) and the
second event shows the combustion of organic matter with a loss of mass of 1.26%, with a maximum around
329.26 °C, and the third event regarding the release of hydroxyls of the clay structure, with loss of mass of
4.69% at the temperature of 483.75 °C, presenting total loss of mass of approximately 8.61%, corroborating
with the values found in the loss on ignition presented previously, Table 1. This result was expected for clays
that have a high kaolinite content, as seen in the literature [29-31].

The X-ray diffractogram of the clay sample is shown in Figure 5, in which there are the diffraction
peaks of crystalline phases relating to kaolinite (JCPDS 78-2110), quartz (JCPDS 46-1045) orthoclase
(JCPDS 31-0966), and hematite (JCPDS 33-0664), corroborating the results of chemical composition by the
presence of oxides: silicon, aluminum, potassium, and iron.

The quartz acts as the predominant mineral, and during firing acts as inert and non-plastic phase and
may also be partially dissolved in the liquid phase formed. Kaolinite is responsible for the development of
plasticity in the mixture with water and still features the refractory behavior of during firing. Kaolinite is the
main mineral component of clay, responsible for the high mechanical resistance of ceramic products [32].
Whereas hematite is responsible for the reddish color of ceramic fired products, de-—
tected in the mineralogical analysis [18]. Orthoclase or potassic feldspar is the main raw material
used as the flux and is of great benefit in ceramic pastes [33].

1000

1-Quartz
2 - Kaolinite
800_| 3 - Orthoclase
1 4 - Hematite
— 600
o
<
z
]
<
8 400
=
200
1
2 2 1
2 3 1 1
21 M4 1 2, 11 1 1
PR
g T T T T T T T T T T T T T
10 20 30 40 50 60 70 80

2 Theta (deg)

Figure 5: Diffractogram of the clay sample.

Figure 6 presents the macrostructural analysis needed to determine the possible visible cracks and fis-
sures and to analyze the specimen’s coloration after firing at 900 °C, 1000 °C, and 1100°C. There is a red
coloration of the specimens, which confirms the presence of iron in the chemical composition (iron oxide)
and crystalline phases (hematite).

It may be noted that with the increase of temperature the red hue is more intense (900 °C) reaching the
tones of dark red (1100 °C). Over 1000°C, the temperature in which the release of bivalent iron initiated,
which by oxidation passes to trivalent iron responsible for the red color. Temperatures near 1100 °C, in
which overfiring initiates, the trivalent iron starts to reduce causing a dark reddish color from brown to black
[34, 35].

It is also possible to see that the specimens do not show apparent fissures, agreeing with the granulo-
metric analysis (packaging, and plasticizing) and the presence of oxides, being, therefore, a homogeneous
sample. [36, 37].
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Figure 6: Samples of the specimens after firing.

The results of the technological tests of the clay sample at temperatures of 900 °C, 1000 °C, and
1100 °C are presented in Figures 7-10. Figure 7 presents the results of the linear shrinkage after firing. It can
be noted that the linear shrinkage increases as the temperature increases, the behavior attributed to the closure
of the porosity, which allows the densification of the samples accompanied by shrinkage, agreeing with the
chemical composition; the presence of fluxing oxides that make this phenomenon possible.

The reference values for the linear shrinkage after firing are: less than 1.5%; and acceptable: between
15% and 3% [38, 39]. According to the results, it is verified that the shrinkage after
firing was within the pattern optimum for a sample of the studied deposits and temperatures [22].
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Figure 7: Linear shrinkage after firing of the clay sample.

Figure 8 shows the values obtained for the water absorption after the firing of clay sample in the tem-
perature range. It may be noted that the content of water absorbed decreases as the temperature increases.
The literature [38, 40, 41] indicates that the water absorption index must be between 8% and 25% for bricks.
Thus, the clay sample of the deposit is in accordance with the standard for all the firing temperatures and thus
corroborates with the results already presented to shrinkage after firing and presence of fluxing oxides [42].
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Figure 8: Water absorption for the specimens of clay.

Figure 9 presents the apparent porosity of the fired samples of clay to the proposed temperatures. The
result shows a decrease in porosity with the increase in temperature, where at the temperature of 1100 °C, the
reduction was more significant.

This result is correlated to the water absorption, where the elimination of empty spaces was observed
on the samples with the increase of temperature. [1, 7, 16]. During firing, the sintering of the standard com-
position promoted the formation of liquid phase of low viscosity at lower temperature. This liquid tends to

fill the empty spaces between the refractory material of the specimen, reducing the porosity of the ceramic
body.
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Figure 9: Apparent porosity for the specimens of clay.

Figure 10 shows the result for the bending strength after firing (900 °C, 1000 °C, and 1100 °C) of the
clay specimens of the deposit. It is possible to notice that the bending strength increases as the temperature
increases, i.e., increases the strength of the specimens.

According to the NBR 15270 [42] standard, the minimum bending strength at firing is 2.0
MPa (20 kgf/cm?) for wall sealing blocks, and thus, at all temperatures, the sample proved to be within
the established standards. From the technological analyzes and results it is confirmed the viability and the
possibility of use of the clay from the deposit as raw material in the clay ceramic industry, presenting ac-
ceptable results according to the legislation in force, as seen in the literature [1, 29, 43].
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Figure 10: Bending strength for the specimens of clay.

Figure 11 shows the diffractogram of the fired clay sample at a temperature of 1000 °C (the other dif-
fractogram presented the same characteristics). In accordance with the diffractogram, it is possible to verify
that the peaks present the following crystalline phases: quartz (JCPDS 46-1045) and mullite (JCPDS 15-
0776).

Quartz is the raw material in its natural state. Mullite is derived from the decomposition of me-
takaolinite, an amorphous phase formed from the elimination of the constituent water of kaolinite. The im-
portance of mullite in traditional and advanced ceramics can be explained by the material properties: low
density, high thermal stability, stability in harsh chemical environments, low thermal conductivity, good me-
chanical strength, and creep. The most important characteristic of mullite and mullite ceramics is their low
thermal expansion, which explains their dimensional stability at high temperatures and excellent resistance to
thermal shock [44-46].
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Figure 11: Diffractogram for the specimens of fired clay to 1000 °C.

Figures 12 and 13 show the micrographs obtained scanning electronic micrography (SEM) of the fired
clay sample of at 1000 °C, with a magnification of 500x and 5000x, respectively.
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Figure 13: SEM micrographs of the composition CO fired at 1000 °C, 5000x.

The images show a more homogeneous microstructure, with high compaction and densification. This
result corroborates with those obtained previously: the presence of mullite, fluxing oxides, high plasticity,
low porosity, and high strength, among others. Several studies in the literature also presented these results
[47-50].

4. CONCLUSION

The characterization of clay originating from the deposit located in the central region of the state of Piaui was
performed. The chemical analysis showed the presence primarily of quartz, kaolinite, and fluxing oxides. The
technological properties showed an improvement in the indices with the increase in the firing temperature
(increased bending strength, decrease of porosity, and increasing linear shrinkage, among others).

Clay showed high plasticity and granulometric distribution quite heterogeneous, which explains the
high level of densification presented in the micrographic images.

Thus, the clay deposit has the potential to be used as the raw material for the clay ceramics industry.
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