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Ceramic bodies (7.0 cm x 2.0 cm x 1.0 cm) of kaolinite clay and soapstone residuals collected from workshops in
Ouro Preto and Mariana, Minas Gerais, Brazil, containing from 2.5 to 97.5 wt% steatite (soapstone) were prepared
and firing at 500, 1000 and 1200 °C, for 2 h, in air. The linear shrinkage, compressive strength, water absorption
and mass loss by heating were determined on the samples after heat treatment. The fired samples at 1000 and
1200 °C, with steatite percentages of 85, 90 and 95%, presented the best results for technological applications
in ceramic industry. For these samples, the values of the compressive strength were higher than 10 MPa and

Keywords: ; - - .
Soapstone residues those of water absorption varied between 8 and 22%, which means that the values of these properties are supe-
Kaolinite clay rior and inferior, respectively, to the reference values established by Brazilian Standards. The linear shrinkage was
Composites lower than 6%, which is the maximum value established by the Pélo Ceramico de Santa Gertrudes, in Sdo Paulo

State. These samples were chemically, mineralogically, and morphologically analyzed using ICP/OES, X-ray dif-
fraction, Mossbauer spectroscopy, SEM and BET.
Talc and kaolinite were the dominant minerals, followed by quartz, chlorite, magnetite and magnesite. When
firing at 1200 °C, the talc changes to enstatite and the appearance of mullite, periclase, hematite, clinoenstatite
and protoenstatite occurs. The partial fusion of the talc promoted an increase in the liquid phase diminishing
porosity and, consequently, water absorption. This process and the combination with mullite and periclase,
increased the strength, reaching the values of 78 MPa, which is much greater than the minimum value of
10 MPa defined by the Brazilian Standard 15270-1 (ABNT 2005) for application on structural ceramic blocks.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The southeastern region of Minas Gerais, Brazil, especially the
Barroque cities of Ouro Preto and Mariana, is well-known for its
soapstone art works that include traditional handicraft objects and
kettles. This historical exploration of soapstone created handicraft shops,
processing industries, separation and mass artifact production. These
manipulation and production processes generate a great amount of
fines that are normally discarded in inadequate places, being deposited
in the soil and in waterways, causing silting and contamination. In addi-
tion, in this region, commonly occur kaolin deposits not yet industrially
explored in spite of the great potential for the production of ceramics,
paints, rubber, paper, pozzolanic material and mullite (Murray, 2007).
The technological characterization of the kaolinite clay from this region
has been the focus of various studies (Morales-Carrera et al., 2010;
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Peralta-Sanchez et al., 2011a,b) which showed the need for additional re-
searches to enhance the kaolinite clay application in the ceramic industry.
Talc, which is the principal mineral present in the steatite, has a
trioctahedron structure of 2:1 layers with no charge on the layers. The
layers are bonded by van der Waal forces (Sanchez-Soto et al., 1997;
Wiewiéra et al., 1997). This mineral has important properties for the
manufacturing of many industrial products, such as cosmetics, pharma-
ceuticals, filler in paper, pesticides, polymers, paints, rubber and also in
ceramics because of its low thermal and electrical conductivity and capac-
ity to improve the mechanical characteristics and dimensional stability of
ceramics (Sanchez-Soto et al., 1997; Dellisanti et al., 2009). During the
heating of the mineral, water is liberated and amorphous phase and
enstatite appear. The thermal treatments even give rise to other polymor-
phic forms such as protoenstatite and clinoenstatite (Wesolowski, 1984;
Sanchez-Soto et al., 1997).

Therefore, the use of steatite residuals as additives to the ceramic mass
can be an alternative to improve the quality of the kaolinite clay products
besides contributing to the reduction of environmental pollution.

The principal objective of this study was to evaluate the properties of
the ceramics produced from mixing kaolinite clay with the steatite
(soapstone) residuals from the region of Ouro Preto and Mariana.
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Table 1

Percentage (wt.%) of steatite (S) in the mixture steatite (S) + kaolinite clay (R5).
Sample  Mixture Sample  Mixture Sample  Mixture

proportions proportions proportions

PR R5 P5 R5 +S(20%) P10 R5 + S (85%)
P1 R5 +S(2.5%) P6 R5 +S(25%) P11 R5 + S (90%)
P2 R5 + S (5%) P7 R5 + S (50%) P12 R5 + S (95%)
P3 R5+S(10%) P8 R5 4+ S(75%) P13 R5 + S (97.5%)
P4 R5+S(15%) P9 R5 +S(80%) PS S

2. Materials and methods

Samples of steatite residuals (E) collected from handicraft shops in
Cachoeira do Brumado, district of Mariana, and of kaolinite clay (R5)
from a slope on highway BR-383, at 40 km from Ouro Preto, were
dried at a temperature of 65 °C, for 72 h, in air, crushed and ground to
yield a powder with a particle size suitable to pass through a
#35 mesh (425 um) sieve.

The humidity of steatite and kaolinite clay was measured in an
electrical resistance ID200-Marte scale with 3 g of material for 3 min,
followed by an adjustment of 10%; a value considered more adequate
for the fabrication of the samples under pressure (Gaspar Janior,
2003; Morales-Carrera et al., 2010). Fifteen samples were prepared
containing different proportions of kaolinite clay and steatite (Table 1).

Bricks with a mass of 40 g and approximate dimensions of
7.0 cm x 2.0 cm x 1.0 cm, were molded at a velocity of 1 kN/s until
reaching 50 kN, corresponding to a final pressure of 35 MPa, utilizing
a uniaxial hydraulic press C1-SOLOCAP model LM-02, Digital Dyna-
mometry Appea. Then, the bricks were dried in an oven at 65 °C, in
air. Their dimensions were measured every 2 h until present dimension-
al stability. After this time, the bricks were kept in the oven for 24 h, to-
talizing 72 h. After drying, the bricks were fired at 500, 1000 and
1200 °C, for 2 h (plateau at the maximum temperature of treatment),
in air, using the electric furnace Giron 1200. The heating rate was 5°/
min. Through macroscopic analysis, without using equipment, samples
were chosen that were free of systematic defects, such as cracks, chips,
and surface irregularities. They also needed to be homogeneous in color
and free of other or imperfections (ABNT, 1983). Other tests, such as lin-
ear firing shrinkage (LS), compressive strength (CS), bulk density (BD),
water absorption (WA) and mass loss by heating (ML) at 1200 °Cfor 2 h
were performed. For each sample, a total of three bricks per firing tem-
perature were tested, and the average was recorded. Linear firing
shrinkage (LS) of bricks was obtained from:

LS (%) = (11 —12) 100 /11.
where: 11 = length of bricks before firing and 12 = after firing.
Bulk density (BD) was calculated by the ratio of the mass (m) to

volume (v):

BD = m/v
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For WA test, the mass of bricks before firing was measured (M1). The
bricks were soaked in boiling water for 2 h and cooled with running
water. Then, the bricks were reweighed (M2). Water absorption capac-
ity was determined as

WA = (M2—M1) x M1 x 100

To determine ML, the mass of bricks before firing (M1) and after
firing was weighed. Mass loss by heating was calculated as

ML = (M1—M2) x M1 x 100

For these tests a Vernier caliper Mitutoyo and a precision balance
Kern KB were used.

Mechanical tests NBR 15270-3 (ABNT, 2005) were executed using a
uniaxial hydraulic press at a velocity of 1 kN/s, C1-SOLOCAP model LM-
02, Digital Dynamometry Appea. Three samples, P10, P11 and P12, with
the best results from the physical and technical tests were submitted to
chemical, mineralogical and morphological analyses.

The chemical composition was determined by inductively coupled
plasma/optical emission spectrometry (ICP/OES) with radial vision,
Ciros CCD model, Spectro. The crystalline phases, before and after firing,
were determined by X-ray diffraction (XRD) using a Panalytical
EMPYREAN diffractometer with CuKa radiation, range of 2-70° 26,
step size of 0.02 and counting time of 10 s. Morphological features
were observed by scanning electron microscopy with X-ray microanal-
ysis (SEM/EDS-Secondary Electrons), Vega 3 Tescam/Oxford, with gold
coating. Volume fraction of porosity (pore volume) was measured by
the nitrogen absorption using the Quantachrome BET (Brunauer-
Emmett-Teller) model Nova 1200e. The N,BET technique (Brunauer
et al., 1938) is explained by the tendency of all solid surfaces of
attracting molecules of surrounding gas, resulting in a process called
gas sorption. The grain size distribution of the steatite and kaolinite
clay was measured on a laser particle-measurement instrument, Cilas
1064, using the optical model Fraunhofer.

The Fe content and the type of Fe>* and Fe? ™ occupation in the raw
and sintered phases were determined by Mdssbauer spectroscopy (MS).
Méssbauer spectra (MS) were collected at room temperature with a
spectrometer using a constant-acceleration drive with triangular
reference signal, 1024 channels (unfolded), and in the velocity range
of —11 to + 11 mm/s (increment of ~0.09 mm/s). The velocity was cal-
ibrated from the MS of a standard «-Fe foil at room temperature. The
spectra were computer-fitted either with discrete Lorentzian sextets
and/or doublets or with distributions of magnetic hyperfine fields.

3. Results

After drying at a temperature of 65 °C, for 72 h, the samples with the
greatest quantity of R5 (Table 1), up to P7 (R5 + E(50%)), presented a
reddish color (Fig. 1). This color turned to gray as the amounts of steatite
content increased from P8 to PE. Laser particle size analysis for the
kaolinite clay showed a mean particle size of 12.68 ym and a

PR

[RENE>P3 P4 PS5 P6

|17

PE P9 P10 Pl11 P12 SRISSEE

Fig. 1. Color evolution of the samples, evaluated macroscopically without instruments, after drying at a temperature of 65 °C, for 72 h, in air.
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Fig. 2. Apparent volume (AV in cm?) and bulk density (g/cm?) in relationship to the
amount of R5 in the composition of the green bodies after drying at 65 °C, for 72 h, in air.

predominant size of 20 um. For steatite, the mean particle size was
22.68 um and the predominant size was 27 um.

The color turned from red to gray as the amount of steatite (soap-
stone) in the mixture was increased from P8 to PS (the compositions
of the samples are given in Table 1).

The bricks with greater amount of R5 showed the apparent volume
higher than those with greater S content, after drying at a temperature
of 65 °C, for 72 h, in air (Fig. 2). The apparent volume of the bricks
decreases as the amount of R5 content is reduced. This reduction is
regular up to the P6 proportion. Between P6 and P8, the variation of
the steatite content in the samples is greater (25%), directly reflecting
in the apparent volume variation. From P8, the amount of steatite
surpasses 75% and the apparent volume does not vary. From PR to P8,
the bulk density increases from 1.52 to 2.15 g/cm? with the steatite
increment (Fig. 2). The major difference occurs between P6 and P8 in
function of the greater difference in the steatite quantity present in
the samples (between 25% and 75%). From P8, the samples show a
greater value for the bulk density: 2.15 g/cm°.

The linear shrinkage for the bricks dried at 65 °C, for 72 h, in air, was
less than 1%. The fired samples at 1000 and 1200 °C presented linear
shrinkage (Fig. 3). The samples with greater amount of R5 (>75% of
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Fig. 3. (a) Linear shrinkage (LS) and (b) compressive strength (CS) of the fired samples in
relationship with the amount of steatite present in the mixture, at three different
temperatures.

Table 2
Chemical composition (ICP/OES) (wt.%) of the raw steatite (S), raw kaolinite clay (R5) and
bricks fired at 1000 °C and 1200 °C.

T(°C) Sample Si0, ALO; Fe,0; CaO MgO TiO, K,0 MnO LOI
Natural S 5997 251 609 214 1851 - - - 0.49
Natural R5 4314 3469 537 005 004 202 054 0.17 05
1000 P8 508 14 918 305 229 072 016 011 049
P9 499 12 909 303 239 062 013 011 081
P10 498 101 964 346 255 05 01 011 07
P11 498 854 984 345 268 042 007 0.12 061
P12 495 688 104 373 281 032 004 013 067
P13 496 598 106 383 291 027 003 013 0.79
1200 P8 498 135 905 291 223 07 018 01 0.1

P9 506 12.1 9.68 326 242 061 0.14 0.12 0.03
P10 506 105 979 341 262 051 01 012 0.08
P11 49.2 854 991 349 266 041 0.07 012 0.1

P12 50 697 104 3.72 284 032 005 0.13 0.08
P13 50.4 6.02 108 392 294 027 003 0.14 0.11

@ Mass loss on ignition.

kaolinite clay), such as P6, P5, P4, P3, P2, P1 and PR presented higher lin-
ear shrinkage with increasing temperature. For the steatite content
greater or equal to 75%, the linear shrinkage varied little with the tem-
perature and with the composition (LS < 2%). The raw dried bricks
with higher clay content showed greater apparent volume (Fig. 2).
However, for the fired bricks with the same high clay content the effect
is reversed, they show the highest percentage of linear shrinkage
(Fig. 3(a)). The bricks fired at 500 °C showed a linear shrinkage of less
than 1%.

For the compressive strength of the bricks fired at 1000 °C and at
1200 °C, except for PR and P1, the values are superior to the minimum
values established by the Brazilian standard NBR15270-1 (ABNT,
2005), which vary between 1 MPa and 10 MPa, depending on the utili-
zation of the ceramic bricks (Fig. 3(b)). However, taking into consider-
ation the parameters visually observed by macroscopic analysis and
the results of the linear shrinkage lower than 6% (reference value from
the Pélo Ceramico de Santa Gertrudes, in Sdo Paulo State (Gaspar
Junior, 2003)), the samples selected were P8, P9, P10, P11, P12 and P13
fired at 1000 and 1200 °C. The chemical composition of these samples
(Table 2) showed the predominance of SiO, and MgO, followed by
Al,03 e Fe,03, with less amount of Ca0. These samples were then submit-
ted to analyses of water absorption and mass loss by heating tests.

The samples fired at 1200 °C have less water absorption than those
fired at 1000 °C (Fig. 4), but the water absorption increases with the
increase of steatite in the mixture.

The mass loss by heating is less when the mixture has greater
quantities of steatite, but for all compositions, it increases around
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Fig. 4. Water absorption (WA) and mass loss by heating (ML) of the fired samples in rela-
tionship with the amount of steatite present in the mixture, at 1000 and 1200 °C for 2 h.
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Fig. 5. X-ray patterns of sample steatite, kaolinite clay, P10, P11 and P12, raw and fired at 500, 1000 and 1200 °C. A: anatase; C: clinoenstatite; Cl: chlorite; Co: cordierite; E: enstatite;

G: goethite, H: hematite; I: illite, K: kaolinite; M: mullite; Mg: magnetite; Ms: magnesite; P: periclase, Pt: protoenstatite; Q: quartz; R: rutile; Se: serpentine; T: talc.

0.5% when the heating temperature is increased from 1000 °C to

1200 °C (Fig. 4).

The P10, P11 and P12 samples showed the best results for the phys-
ical and technical tests and were thus, submitted to mineralogical and

morphological analyses. The green bodies predominantly consisted of
talc, kaolinite and chlorite, followed by quartz, magnesite and magnetite
(Fig. 5(a), (b), (c)). At 500 °C, the mixtures still presented traces of talc,

quartz, kaolinite and chlorite.
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Fig. 6. Micrographies of samples P10 (a), P11 (b) and P12 (c) fired at 1000 °C and P10 (d), P11 (e) and P12 (f) fired at 1200 °C. En: enstatite, Hm: hematite, Ml: mullite.

At 1000 °C, the talc disappeared to give place to the enstatite
(Si;eMg1604g JPDS 96-900-4118) and appeared hematite, periclase,
small traces of clinoenstatite and an amorphous phase in P10
(Fig. 5(a)). At this temperature, there is formation of plate-shaped mullite
grains with sizes ranging from 5 to 50 um (Fig. 6(a), (b) and (c)). These
same plates are covered with small grains which indicate the beginning
of the sintering process in sample P11 (Fig. 7(b)).

At 1200 °C, the enstatite phase predominates, followed by hematite
with traces of mullite, protoenstatite, clinoenstatite and periclase. At

1200 °C, it is possible to verify flaky structures typical of the enstatite
phase resulting from talc transformation (Figs. 6(e) and 7(a)). The
samples present large flakes and elongated forms with a high content of
aluminum, characteristics of mullite, and deformed plaques of hematite
(Fig. 6(d), (e) and (f)). The mullite appears more clearly as elongated
grains in P10 (Fig. 6(d)) where there is the formation of necks, a charac-
teristic that indicates the beginning of the sintering process, which is
seen in regions where enstatite and hematite prevail (Fig. 7(a)). In all
cases at 1000 °C, the surface was not compact, always having pores
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] Fe 0 i
(6) (7)

Fig. 7. EDS of the samples P10 (a), P11 (b) and P12 (c) firing at 1200 °C. Their analyses identified Mg, Si, Al and Fe in regions where there is the formation of (1, 5, 6 and 7) enstatite,
(2) hematite and (3 and 4) mullite.

10

between the grains. The porosity diminished at 1200 °C in three of the The presence of Fe?* and Fe** in samples P10, P11 and P12 was eval-
samples. BET analysis confirmed this result, where P10 presented the uated by means of Mdssbauer spectra (Fig. 9), which showed similarities
lowest pore volume (Fig. 8). for the three samples. In their raw state, a small doublet indicates the
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presence of magnetite, while two doublets of Fe?* and one of Fe>* relat-
ed to the hematite and chlorite. In the sample fired at 1000 °C, hematite
appears and also a doublet of Fe>* associated with the enstatite forma-
tion. At 1200 °C, besides the hematite and Fe® T, the Fe? * doublet appears,
probably related to the enstatite.

4-. Discussion

The presence of R5 clay in the mixture inhibits the absorption of
water (Fig. 4) and increases the linear shrinkage (Fig. 3) and the
mass loss (Fig. 4). Therefore, samples P10, P11 and P12 present
good results, especially those prepared at 1200 °C, because they con-
ciliate lower mass loss with greater bulk density values, high com-
pressive strength, and low values of linear firing shrinkage and
water absorption.

According to Fig. 5 and Table 2, the chemical-mineralogical trans-
formation of the talc due to heating is accompanied by a new ar-
rangement in the tetrahedral layers of SiO4. The formation of new
phases passes through a structural reorganization when thermal de-
composition occurs, modifying the physical properties of the ceramic
bodies.

The formation of protoenstatite and amorphous silica at 1000 °Cis a
consequence of the dehydroxylation of talc at 850 °C and this process

caused the weight loss (Wesolowski, 1984; Liu et al,, 2014). The oxygen
from the dehydroxylation creates a new arrangement in the amorphous
phase which initiates the nucleation of the enstatite. Once the enstatite
is formed, this new arrangement is predominant in the structure.
Enstatite also predominates at 1200 °C. At 1000 °C, mullite begins to
form, resulting from the sintering and crystallizing of the metakaolinite
decomposition (Brasileiro et al., 2006; Magliano and Pandolfelli, 2010;
Silva et al., 2011). The formation of the clinoenstatite is a consequence
of the protoenstatite decomposition (Reynard et al., 2008) and from
the enstatite, but its total crystallization only occurs at 1400 °C
(Wesolowski, 1984). The protoenstatite to clinoenstatite and clino-to-
proto inversions displayed the characteristics of martensitic transfor-
mation (Kelvin et al,, 2010). This transformation is normally responsible
to volume change (Vela et al., 2007; Reynard et al.,, 2008). Complete
protoenstatite to clinoenstatite inversion would require rapid cooling
(Mielcarek et al., 2004; Kelvin et al., 2010).

The magnesite decomposition generates periclase (Fig. 5) but the
proportion of oxides was not modified with the thermal evolution
from 1000 °C to 1200 °C, as shown in the ICP/OES analyses (Table 2).

The presence of magnetite is confirmed in the Mossbauer spectra
(Fig. 8) that evolves into hematite at 1000 °C, in good agreement
with the X-ray diffraction data. At this same temperature, and at
1200 °C, Fe?™ ions corroborate for the enstatite formation. In addi-
tion, the substitution of Mg?* by Fe?* can occur in the talc without
unbalancing the charges (Gongalves, 1991; Campos, 2001; Luz and
Lins, 2005).

In sample P10, the presence of hematite is evident (Figs. 6(a), (d)
and 7(a)) being responsible for the reddish coloring of the samples
(Pérez et al., 2012). On the surface of the sample, the deformed flakes
characterize the presence of enstatite at 1200 °C (Fig. 7(a)). The
presence of periclase at 1000 °C accelerates mullite grain growth and
diminishes the thermal expansion coefficient (Viswabaskaran et al.,
2004; Kim et al., 2009).

Periclase contributes to sintering improvement and samples
containing mullite displayed larger, more elongated grains with greater
density, which consequently diminishes porosity and increases com-
pressive strength (Viswabaskaran et al., 2004; Souto et al., 2009; Dong
etal., 2011). The mullite is mainly seen at 1200 °C in the P10 and P11
samples (Figs. 6(d), (e), and 7(b)).

Where the talc content is greater (P12 > P11 > P10), the water
absorption is also greater, due to the formation of pores caused by
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Fig. 9. Mossbauer spectra of samples P10, P11 and P12, raw (a) and fired at 500 (b), 1000 (c) and 1200 °C (d). Mg: magnetite, H: hematite.
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water evaporation (Chandra et al,, 2005). As the temperature increases
from 1000 °C to 1200 °C, the partial fusion of the talc promotes an in-
crease in the liquid phase which will progressively fill the pores,
diminishing porosity and, consequently, water absorption. Water
absorption is even lower for samples with the greatest amount of
kaolinite clay at 1200 °C. There was a slight decrease of 2% in water
absorption in P8 (Fig. 4) (Gokge et al.,, 2011). By filling the pores, the
liquid phase helps to densify the mass, generating a greater approxima-
tion of the particles, which results in a small retraction of the sintered
ceramic piece (Souza and Holanda, 2005). Densification and sintering
are slow processes in the function of the enstatite-protoenstatite trans-
formation (Rohan et al,, 2004; Gokee et al.,, 2011). After firing at 1200 °C,
P10 presented a lesser volume of pores (Fig. 8) and consequently, less
water absorption was observed (Fig. 4) along with greater compressive
strength (Fig. 3).

In spite of a small retraction, the centralization of the hydroxyl
groups and the crystalline symmetry of the talc provided greater
dimensional stability. To the contrary, kaolinite, that has hydroxyl
groups on the surface, is thermally less stable and its presence pro-
vokes greater linear retraction (Wesolowski, 1984). Furthermore,
heating kaolinite leads the formation of metakaolinite. The reaction
kaolinite-metakaolinite generates vacancies in the lattice which
are responsible for high sinterability of the material but they gener-
ate high linear shrinkage at temperatures higher (Magliano and
Pandolfelli, 2010; Seynou et al., 2011).

Thus, the samples with the greatest amount of kaolinite clay (P10,
for example), displayed greater linear shrinkage and lower water
absorption.

Formation of mullite and the simultaneous decreasing of the poros-
ity, at 1200 °C, favor the development of a microstructure that positively
affects the mechanical properties, which consequently increased the
sample densification during the firing process (Magliano and
Pandolfelli, 2010; Ozel and Kurama, 2010). Likewise, the high compres-
sive strength in P10 at 1200 °C is a consequence of the increase of
enstatite and the appearance of protoenstatite, together with the forma-
tion of mullite, all these phases are associated with the mechanical
properties of the material (Vela et al., 2007). The presence of
protoenstatite, although in smaller quantities than enstatite, is critical
to improve the mechanical strength. The protoenstatite is thermody-
namically stable at high temperature because it is stabilized by the vit-
reous phase. Thus, it contributes for the sintering and to improve the
mechanical strength. This change is characteristic of martensitic trans-
formation (Mielcarek et al., 2004; Vela et al., 2007).

5. Conclusions

The physical, chemical, mineralogical and morphological characteri-
zation of the kaolinite clay/steatite ceramic samples demonstrated that
a body containing 85% steatite (P10) presents adequate properties for
possible technological applications. The compressive strength and line-
ar firing shrinkage results were superior and inferior, respectively, to
the values established by Brazilian standards. The presence of
kaolinite clay in small amounts reduces water absorption. The transfor-
mation of kaolinite provoked sample linear shrinkage, but the presence
of talc, the appearance of periclase and the growth of the mullite grains
prevent this process. The partial fusion of the talc promoted an increase
of the liquid phase resulting in decreased porosity and water absorption.
As a consequence, there was an increase in sintering, density and com-
pressive strength; in other words, the combination of sintering, mullite
and periclase increased the compressive strength and the mechanical
resistance.
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