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Chapter 1
Introduction

Abstract This chapter presents the main topics that will be discussed in the book.

Keywords Porcelain tile + Coffee industry - Coffee hush ash - Properties

Porcelain stoneware tile is the class of ceramic coatings of highest added value
in the market of floors and coatings due to its excellent technical characteristics.
This condition allowed manufacturers of porcelain stoneware tiles to invest in
technology for control and automation of the manufacturing process of their
products. Strict criteria in the selection and purchase of raw materials have also
been established. The commercial value of a product, in any situation, is crucial
for its marketing; however, in relation to porcelain stoneware tile, product quality
is also critical to its acceptance in the consumer market.

Seeking better competitiveness, manufacturers invest in research to better
understand the factors and processes that influence the properties of the final
product and to control them in order to obtain the desired microstructure. The
challenge is to produce porcelain stoneware tiles in an economically viable way,
and within the quality standards required by regulatory agencies.

Many researchers concentrated efforts to find a flux material, with technical
and economic feasibility to allow its use in the manufacture of porcelain stone-
ware tiles. Flux material play an important role in the final microstructure of the
ceramic coating. During firing, these materials form a liquid phase that fills the
pores, decreasing porosity and water absorption, promoting the thermodynamic
conditions for the growth of mullite crystals in acicular shape and contributing
to increase the mechanical strength. However, to promote the desired effects, it is
necessary that the liquid formed during burning has adequate amount and viscosity
characteristics. Currently, feldspar is the flux material most widely used by por-
celain manufacturers, since it is responsible for obtaining products with excellent
technical and aesthetic properties. Costs with the purchase of feldspar significantly
contribute to the final product price. According to some studies, some flux materi-
als can keep the technical properties or even improve them, but compromise the
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2 1 Introduction

aesthetic of the product, restricting its use only in glazed porcelain tiles. When the
aesthetic factor is essential, such as the manufacture of polished porcelain tiles, the
proportion of feldspar in the ceramic mass can reach 50 % by mass. Flux materials
that allow decreasing this ratio without impairing the technical properties and
favorable regarding the availability and costs of acquisition are well accepted by
manufacturers. Thus, many industrial and agricultural wastes have potential to be
investigated in order to assess its use in ceramic masses in general and also in the
manufacture of porcelain stoneware tiles. Thus, the environmental is also favored,
since besides the recovery of waste, once discarded, the extraction of a natural raw
material is reduced.

Brazil is the largest coffee producer in the world, responsible for over 30 % of
world’s production. The process of coffee processing produces waste and the main
and of largest amount produced is the coffee bark. Domestic production generated
approximately 2,668,780 tons of coffee husks in the 2011 harvest, since for each
kg of processed coffee 1 kg of husk is obtained. Coffee husk ashes are obtained
when the husks are burned to generate heat for drying the fruit. These ashes are
produced in large amounts by farms that use mechanical dryers, and use coffee
husks as fuel. Coffee husk ashes are usually discarded by farmers randomly,
without proper treatment and in places near the farms, often at roadsides, rivers
and streams. Coffee husk ash has large amounts of potassium oxide (K,0O), and
to a lesser extent, calcium oxide (CaO) and magnesium (MgO). Together, these
alkali oxides and earth alkaline account for almost 95 % of the material, giving
it flux characteristic, that is, it melts at lower temperature when compared to clay
minerals.

The aim of this book is to show the possibility of reducing the consumption of
feldspar in the production of porcelain stoneware tiles by adding coffee husk ash
byproducts as flux material in the industrial ceramic mass. This book is divided
in nine chapters (Introduction, Porcelain Tile, Solid Waste Materials, Coffee
Industry in Brazil, Using CBA in Ceramic Formulations, Theoretical Analysis
of Crystalline Phases, Physical and Mechanical Properties of CBA incorporated
Materials, Mullite and Leucite formation), where results and discussion about this
probability were shown.

The raw materials investigated were collected directly in a manufacturer of
glazed porcelain tiles located in the municipality of Dias d’ Avila, state of Bahia.
The compacting pressure, firing temperature and holding time parameters were
the same as those used in the company. For comparison purposes, a standard mass
(SM) with raw materials in the same proportion used by the company and with no
addition of the coffee waste were analyzed.



Chapter 2
Porcelain Tile

Abstract This chapter described all features and characteristics of the porcelain
tile such as the raw materials and the ceramic processing to produce the porcelain
as well as some properties defined by the norms. Some aspects of pressing, drying
and fire are also presented.

Keywords Porcelain tile + Ceramic processing * Norms

Porcelain stoneware tile is without doubt the class of ceramic coating which most
evolved in recent decades, both in terms of technical properties as in relation to
marketing. According to Heck (1996), porcelain stoneware tile emerged in the
1980s, being basically used in industrial and commercial flooring with very few
color options and manufactured in small formats. The author mentions two impor-
tant changes in the porcelain industry that allowed this evolution. The first was the
replacement traditional tunnel ovens by modern roller ovens, allowing the manu-
facture of products with large formats, the most significant change was the trans-
formation of porcelain stoneware tile in a modern and versatile material through
the polishing process and the introduction of decorating techniques.

Porcelain tile is certainly a product of higher quality compared to traditional
stoneware, resulting from the use of carefully selected raw materials and process-
ing procedures accurately controlled. The emergence of the porcelain tile is partly
associated with a conceptual and technological development in all the phases of
the production process, from the reformulation of masses to the redefinition of the
firing cycles, and also to the development of coloring and decorating techniques
(Oliveira 1998).

The porcelain designation is sufficient to define the origins and characteristics
of the product. Indeed, in the ceramic terminology stoneware indicates a very com-
pact material composed of various crystalline phases dispersed in a glassy matrix,
while the adjective porcelain has an etymological root in the term porcelain, the
noblest ceramic material in evidence and appreciated for centuries (Oliveira 1998).
According to Biffi (2002), porcelain tile is the product that offers the highest
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4 2 Porcelain Tile

possible interventions on the production lines and with which ceramic technicians
have acquired the pleasure of “making pottery” because they can invest in this
product all the expertise they have. Therefore, large sums are invested in research
for product innovation and process innovation for ceramic plates of porcelain tiles.
According to Heck (1996), porcelain tiles stand out due to the following features:

High abrasion strength;
Resistance to frost;

Resistance to acids and alkalis;
Uniformity of colors;
Waterproofing;

Easy maintenance;

Various composition possibilities.

It is noteworthy that the excellent technical properties of porcelain tiles are
achieved through careful control of the entire ceramic processing, which starts in
the careful selection of raw materials and final inspection for packaging and ship-
ping of the product. All that is required to obtain the desired microstructure, which
should be as compact as possible, with minimum porosity and exclusively closed,
i.e., any existing pores must be closed without interconnection with the outside
of the ceramic body. Thus, with the desired microstructure, the desired properties
and quality of the manufactured product are maximized. The accurate control of
ceramic processing with a firing temperature ranging from 1,200 to 1,250 °C, are
the factors responsible for the high added value of porcelain tiles.

In Brazil, ceramic coatings are classified according to NBR 13817 using solely
water absorption (WA) as a parameter for the classification of ceramic coating as
described in Table 2.1.

According to NBR 13817, porcelain tile belongs to the ceramic group Bla, with
AA less than or equal to 0.5 %.

WA is a property that measures the amount of water that the ceramic body is
able to absorb within a normalized period of time. To be determined through an
extremely practical test and also reveal a notion of the ceramic body behavior
in relation to porosity, WA was for a long time, the main parameter to classify
a ceramic plate. Intuitively, the lower the WA, the more compact and dense the
material microstructure; this was the way the porcelain quality was assessed
until the NBR 15463 entered into force in February 2007. This standard is spe-
cific for porcelain tiles and determines the minimum values of the main proper-
ties that the product should achieve. According to ANFACER, NBR 15463 is the

Table 2.1 Classification of Water absorption (%) Extruded Presssed Others
ceramic tiles according to

NBR 13817 WA <0.5 Al Bla Cl
0.5<WA<3 Blb
3<WA<6 Alla Blla Clla
6<WA<10 Allb Bllb Cllb

WA < 10 Alll Blll Cll
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Table 2.2 Classification of porcelain tiles according to NBR 15463

Physical properties Units | Product Product
area < 50 cm? area > 50 cm?
Technical | Glazed Technical Glazed
Water absorption | Mean % <0.1 <0.5 <0.1 <0.5
Individual (max) | % 0.2 0.6 0.2 0.6
Flexural strength | Mean MPa | >45 >45 >37
Individual (min) |MPa |42 42 35
Rupture load *e < 7.5 mm N >1,000 >900 >900
*e > 7.5 mm N Not applied >1,800 >1,500
Abrasion resistance (not glazed) mm? <140 Not <140 Not
applied applied

*e thickness

first specific standard for porcelain tiles in the world and aims to raise the quality
of products and protect consumers from misuse of the term “porcelain tile” about
products whose characteristics do not comply with the new Brazilian standard.
This standard defines “porcelain tile” as: “Ceramic plates for coating consisting
of clays, feldspars, and other inorganic raw materials. It is intended to coat floors
and walls, and can be shaped by pressing, extrusion, or other processes. The
manufacturing process involves a high degree of grinding, high content of fluxing
raw materials and high densification upon firing, resulting in products with low
porosity and high technical performance. It can be glazed or not, polished or
natural, rectified or not. Porcelain tile may have various dimensions: Small
(product area < 50 cm?), intermediate (50 cm? < Product area < 2,500 cm?) or
large size (product area > 2,500 cm?)”.

NBR (Brazilian Norm) 15463 divided porcelain tiles into two categories: techni-
cal porcelain tile and glazed porcelain tile and also added other technical properties
such as “performance evaluators,” apart from water absorption (wa). Table 2.2 shows
the main properties and characteristics of porcelain tiles according to NBR 15463.

Therefore, NBR 15463 undoubtedly provides the classification of porcelain
tiles using physical properties (water absorption, flexural strength, abrasion resist-
ance, and tensile strength) and chemical properties and parameters (resistance to
staining and to chemicals) and geometry of plates (side straightness, orthogonally,
central and lateral bending, and twist).

2.1 Ceramic Processing of Porcelain Tiles

2.1.1 Raw Materials

Ceramic coverings are manufactured by ceramic processing from the dust, where
a mixture of raw materials, known by ceramists as “ceramic mass,” undergoes a
sintering process (Petzold 1992). A ceramic mass for porcelain tile production
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Fig. 2.1 Ternary diagram PLASTIC
highlighting the region of

compositions of a ceramic

mass

INERT
MATERIALS FLUX

consists of raw material of distinctive characteristics, which can be classified into
three main groups: (a) plastic, (b) fluxing agents and (c) inert materials, with com-
positions ranging within the region shown in the ternary diagram of Fig. 2.1.

The plastic materials used are clay and kaolin, which main function is to pro-
vide plasticity to the mass and therefore green resistance to the pressed body. The
main flux materials used are feldspar, talc and pyrophyllite, whose main role is to
produce liquid phase during sintering. As inert raw materials, quartz is undoubt-
edly the most common due to its immense availability, and as inert materials, they
essentially remain inert during the firing cycle and are used mainly for the purpose
of improving the dimensional stability after firing. Detailed information and fea-
tures of each raw material are described below.

Every ceramist knows that a classical whiteware must have clay (50 %), feld-
spar (25 %), and flint (25 %). The main function of the clay is to provide plasticity
and workability to form different suitable shapes. The feldspar acts as a flux dur-
ing firing and the flint, usually quartz is inert filler, providing strength to the dried
and fired specimens (Brownell 1976; Acchar 2006).

2.1.2 Clay

According to Santos (1989), clay is a natural, earthy and fine-grained material,
which generally acquires certain plasticity when moistened with water; chemically,
clays are composed of hydrated silicates of aluminum, iron and magnesium, con-
taining certain amounts of alkali and alkaline earth elements. There is considerable
variation in the terminology of clay minerals in various scientific and technological
fields that use this material. As described above, plasticity is the main reason for
the use of clays for ceramic masses, and according to Santos (1989), plasticity in
clays is mainly a result of attraction forces between clay particles and the lubri-
cant action of water between anisometric lamellar particles. It could be assumed
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that plasticity develops when clay has enough water to cover the entire accessible
surface of clay minerals with a film that acts as a lubricant facilitating the sliding
of the plates on each other when a shear stress is applied. Como-oriented water
molecules are trapped on the surface of the clay minerals through hydrogen bonds,
they also serve to bind clay particles to each other in the wet clay form, giving rise
to various forms of mechanical strength of the green clay.

Biffi (2002) states that in addition to plasticity, clays used in ceramic masses
for porcelain tiles need to present additional features as below:

e To provide light coloring during firing;

e To provide rheological properties facilitating flow;

e To provide with the flux characteristics a good density in firing;
e To provide excellent mechanical characteristics in firing.

To meet the characteristics described above, especially in relation to the light col-
oring during firing, kaolinite clays are preferably used, evaluated as little plastic as
compared to the group of illite and montmorillonite clays.

2.1.3 Kaolin

The kaolin name derives from Kau-ling, China location from which the first sam-
ples were extracted. Kaolin is mainly composed of kaolinite. Kaolinite is a clay
mineral whose chemical formula is Al,03-2510,-2H;0 and has highly refractory
behavior after firing (Biffi 2002).

In many situations, kaolin used in the production of porcelain tile in Brazil is
obtained from the processing of kaolinite clays in order to increase the percentage
of kaolinite and reduce the content of impurities. Importantly, the main character-
istic of kaolin for use in ceramic masses for the manufacture of porcelain tiles is
its whiteness. This feature directly influences the market value of the product as it
is a great indicator of the material purity, and the higher its whiteness, the brighter
the appearance of the ceramic mass after firing. According to Biffi (2002) in addi-
tion to providing whiteness to the ceramic mass, kaolinite is a basic supplier of
aluminum oxide (Al,O3), which during the glazing phase of the ceramic mass,
becomes a regulator of the equilibrium of reactions. In fact, alumina can take part
in the formation of a silicon aluminous glassy phase in association with alkaline
fluxing elements or also found predominantly at the end of the firing process as
mullite (3A1,03-2Si0,), which due to its needles morphology, acts as a “skeleton”
to products obtained contributing to increase the mechanical strength.

The light color of the porcelain tile samples is desired by manufacturers and is
caused by the interaction of Fe;O3 and TiO, with pigments and dyes, resulting in
deviations in color of glazed samples. According to Moraes et al. (2007), ceramic
kaolin must have kaolinite content between 75 and 85 % and absence of minerals
affecting the firing color such as hematite (Fe;O3), whose content should be less
than 0.9 %, so that the whiteness index after firing is within the range from 85 to 92.
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2.1.4 Feldspar

According to Biffi (2002), feldspars are defined as silicon aluminates of alkali and
alkaline earth metals. From the chemical point of view, they are classified into the
following types:

e Orthoclase K(AlSi30g) potassium feldspar;
o Albite Na(AlSi30g) sodium feldspar;
e Anorthite Ca(Al,Si,0g) calcium feldspar.

Feldspars play a fundamental role in ceramic masses for porcelain tile production.
In fact, these minerals provide high vitrification and mechanical strength at the end
of the firing process.

To achieve accurate water absorption and mechanical strength values, which
characterize porcelain tiles, it is necessary to suppress open porosity and reduce
closed porosity after firing. For this purpose, the use of fluxing raw materials in
the ceramic mass is necessary, so that a liquid phase is formed before maximum
firing temperature is reached. This liquid formed during firing must have adequate
quantity and viscosity to promote the filling of the pores present in the ceramic
body and also improve the reactivity between elements, so that the onset of sinter-
ing occurs at lower temperatures. The most characteristic behavior of this mineral
is the remarkable fusibility and the formation, with other elements, of eutectic ele-
ments that enable achieving vitrification even at relatively lower temperatures. The
basic element for the fluxing properties is the content of alkali in the mineral. The
theoretical values of K>O and NayO, respectively, in potassium and sodium feld-
spars are 16.9 and 11.8 %. The more the alkali content approaches the theoretical
value, the higher the commercial value of the feldspar.

2.1.5 Pyrophyllite

Ceramic pyrophyllite or only pyrophyllite, is a very fine metasedimentary rock
primarily composed of sericite, kaolinite and quartz, with alkali content of about
7 %, giving it fluxing characteristics. Due to its mineralogical and chemical nature,
pyrophyllite shows no plastic and plastic properties and can compose up to 50 %
of many ceramic masses of wet process, especially in industries in the state of Sao
Paulo, favored for its relative abundance in the southern state (Motta et al. 1998).

2.1.6 Talc

Talc is not always present on ceramic masses to porcelain stoneware tiles. Talc
is a magnesium silicate of formula 3Mg0-4Si0;,-H,0 used in ceramic masses in
varying amounts up to 4 % increased fusibility due to the formation of an eutectic
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between talc and feldspar, giving better results in terms of resistance to staining
and flexural modulus. P. Grosjean 1995 reports that the use of talc led to the
following improvements:

e Resistance to stains (from values above 1.6 %);

Improvement of the flexural modulus up to 30 %;

It seems to favor the polishing operations when microporosity is minimal;
Lowers the thermal expansion coefficient;

Increased whiteness when in the presence of zirconium.

2.1.7 Quartz

Also known as ‘sand,” quartz (SiO,, with crystalline structure) is added to ceramic
masses for porcelain tiles with the function of maintaining a siliceous skeleton in
the mass when, due to the increasing temperature, the other components such as
clay, kaolin, and feldspars soften. In addition, it is an important regulator of cor-
rect ratio between SiO, and Al,O3 to form mullite (3A1,03-2S510,). It can also play
the role of regulator of contraction and deformations during firing when it forms a
structure of grains that are slightly attacked by the surrounding mass (Biffi 2002).

Quartz is also present in the mineralogical composition in other raw materials:
clays, kaolin, and feldspars. Thus, some attention should be given to the allotropic
change that occurs during heating around 573 °C, when quartz shifts from a to
B, and also in the cooling step when submitted to the same temperature and the
inverse transformation occurs. During these allotropic transformations, expansions
and contractions occur due to changes in the crystalline structure of quartz, result-
ing in internal defects such as microcracks. The a-quartz has rhombohedral struc-
ture and B-quartz form has hexagonal structure.

2.1.8 Dosage and Grinding

Dosage is performed at the time of preparing the load to be ground. To obtain the
desired product, dosage is performed based on formulation developed at the labo-
ratory (Barbosa et al. 2008).

Depending on the moisture content (wet basis) of each of the raw materi-
als, the wet weight required is calculated (according to the formulation) and the
scale is programmed. The addition of each raw material is manually performed
with mechanical shovels up to the wet weight indicated by the scale. Plastic and
nonplastic materials are alternately added to facilitate the discharge operation
(Barbosa et al. 2008).

In the grinding operation, there is reduction of the particle size of raw materials.
The result of this ceramic processing step influences not only the properties and
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behavior of the mass in the following manufacturing steps, but also the quality of
the final product after firing due to the close relationship with the sinterability of
the ceramic mass.

In most industrial plants, porcelain tile manufacturing uses the wet process
through discontinuous grinding (Ribeiro and Abrantes 2001; Barbosa et al. 2008).
The particle size distribution of raw materials specifies the size of balls in the mill
(large, medium, and small). The volume of balls is controlled by the addition of
large- and medium-sized balls based on measurements of the level every month.
This level is indirectly measured as the difference between the diameter of the mill
and void space height. The grinding efficiency is checked usually after 5 h from
start of batch production—through sieving of samples taken from the mill, and
depends on the measurement of the percentage of residue on the sieve, bulk den-
sity, and flow time (Barbosa et al. 2008).

In the grinding step by wet method, the ceramic mass is called “slip” and
viscosity must be such as to allow the total discharge from the mill by inject-
ing compressed air. To control the slurry viscosity, deflocculants are added at the
beginning of the charge of the mill. After milling, the slip follows to homogeniza-
tion and to storage tanks.

2.1.9 Spraying

Briefly, it could be assumed that spraying is the transformation of an aqueous
suspension of solid particles (slip) into dried particles by spraying the suspension
inside a heated chamber. The sprayed slip droplets acquire a spherical shape by
the action of strong pressure exerted and by the surface tension, and undergo
rapid water evaporation (Ribeiro and Abrantes 2001). Currently, mixed flow
atomizers are used, where the slip is sprayed first countercurrent to the hot
air, and then in parallel, with capacity of 16,000 kg of dust/hour. Air heated
by natural gas and forced circulation are used to extract water vapor and finer
powder (Barbosa et al. 2008).

At this stage of processing, the homogeneity of moisture and particle size of
the sprayed powder should be controlled because these variables can affect the
uniformity and regularity of the ceramic body packaging after pressing and may
cause changes in color and dimensions from one batch to another. According to
Barbosa et al. (2008), defects in the final product such as twisted square, loop,
black heart, peeling, dirty stamping, size variations, and cracks due to low
mechanical strength may be associated with these variables.

The moisture content of the atomized powder is controlled by adjusting the
inlet air temperature, pressure in the slip pump, or flow of the exhausting air
through the exchange of worn pads. Negre et al. (2000) state that variations in the
moisture content of the atomized powder is mainly responsible for small changes
in the density of the green body, and consequently, differences in the dimensions
of the fired product. The particle size is manually controlled using as measuring
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devices, manual or electromechanical sieves. The atomized powder is continuously
produced through conveyor belts to storage silos. The material remains in silos for
at least 24 h in order to obtain homogeneous moisture.

2.1.10 Pressing

At this stage, the ceramic body is formed and assumes its final shape, taking into
account the shrinkage after firing. So, as in all stages of the porcelain tile process-
ing, the pressing stage has its importance because the positive or negative effects
will be observed in the behavior of the material pressed in the following steps,
and especially in the microstructure of the final product. The characteristics of
the atomized powder, particularly particle size and moisture content can influence
packaging during pressing. The highest possible packaging is desired in order to
maximally reduce intergranular porosity, i.e., voids between particles. According
to the literature, the higher the density of the green body, the greater the reactivity
during firing. It could be inferred that the more particles are in contact with each
other (high density values), the largest contact surface and then higher the possi-
bilities of severe reactions during firing.

The conformation of the material is made by double-action differential uniaxial
pressure. In the production of porcelain tiles, hydraulic presses with capacity of
2,000 tons with four cavities are used. The press has its own automatic pressure
control and verifications are hourly performed (Barbosa et al. 2008). According to
Biffi (2002), the compression pressure for the production of porcelain tiles must
be between 350 and 450 kg/cm? because the density of particles must allow, dur-
ing firing, oxidation of organic substances and removal of gases that are generated.
Compaction pressures higher than 500 kg/cm?, in some cases, can cause internal
defects and thus increased porosity of the fired body.

2.1.11 Drying

Before the firing step, the green ceramic body must be dried, i.e., its moisture con-
tent should be reduced from approximately 5.5-6 % to less than 0.5 %. This is due
to the very high heating rate to which pressed bodies are submitted. Moisture con-
tents above this parameter would cause cracks, warps, and eruptions on the surface
of the ceramic body due to rapid loss of water. According to Brownell (1976) and
Barbosa et al. (2008), the drying operation is performed with vertical dryers by hot
air circulating, which generates the required gradients, both for mass transfer and
for heat transport.

The temperature at the dryer outlet, in general, ranges from 180 to 210 °C and
then the pressed part is directed to glazing and decorating processes when it comes
to the production of glazed and/or decorated porcelain tile. The heat transferred to
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the green ceramic body assists in the drying step helps the impregnation and adhe-
sion of the ceramic glaze, and especially the soluble salts used for decoration. In
the production of polished porcelain tiles, the pressed material is not submitted to
glazing and decorating steps, going straight from the dryer to the firing furnace.

2.1.12 Firing

As previously mentioned all stages of porcelain tile processing have their impor-
tance and influence the final characteristics of the product. However, the firing
stage is undoubtedly the watershed of ceramic processing because the ceramic sin-
tering, responsible for all changes in the microstructure of the material, occurs in
this stage. It is also necessary to mention the vitrification phenomena through the
formation of the liquid phase that flows to interstices filling the pores and when
cooling, promotes the formation of a glass that results in a dense and durable body.
The vitrification degree depends on temperature and cooking time, as well as on
the composition of the body. The temperature at which the liquid phase is formed
is reduced by adding fluxing agents such as feldspar. During firing, as the tempera-
ture increases, the ceramic body contracts, with consequent decrease in porosity,
making it denser or sintered (Castro and Benthem 2013). At this stage, constriction
occurs along the contact between neighboring particles. With the advancement of
sintering, the pores tend to decrease and acquire more spherical shape. The sinter-
ing of clay minerals is conducted at temperature below the melting temperature,
so that in general (without the use of fluxing agents), a liquid phase is present.
Mass transport is achieved through diffusion of atoms from the particles within the
material to constriction regions.

It should be accentuated that both sintering and vitrification occur by heating
at high temperatures, but glazing cannot occur during sintering of a ceramic mass.
Vitrification is directly related to the formation of the liquid phase and in the pres-
ence of elements that produce liquid phase at temperatures lower than the maxi-
mum firing temperature. These elements are commonly known as fluxes. Both
phenomena result in densification and reduced porosity, favoring the mechanical
properties.

Manufacturing ceramic bodies with maximum densification, extremely low
water absorption, high resistance to flexure, abrasion, and stain are only achieved
by adding fluxing elements to the ceramic mass, because the sintering of clays and
kaolin is not enough to drastically reduce the porosity of ceramic bodies. The for-
mation of liquid phase during heating with adequate characteristics of quantity and
viscosity, minimal addition to filling the pores, anticipates and enhances chemical
reactions and changes of phase and mass transport, i.e., the sinterability, and also
promotes vitrification of the ceramic body. This is the difference between porce-
lain tiles and other ceramics classes for coating.

Another approach that should be highlighted refers to the formation of mullite
from kaolinite. When heated at about 450 °C, kaolinite begins to lose structural
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water, turning into metakaolin. This process occurs up to temperature of 600 °C,
approximately. According to literature, with continued heating, close to 980 °C,
metakaolin turns into a Si—Al spinel (2Al,-03-35i0,) and nonreactive silica. If
heating reaches temperatures between 1,000 and 1,100 °C, the spinel begins to
transform into orthorhombic mullite 3:2 (3A1,03-2S10,), known as primary mul-
lite. When the temperature exceeds 1,250 °C, the spinel disappears and the appear-
ance of a 3:2 mullite begins to be observed at acicular or needle shape, called
secondary mullite (Restrepo and Dinger 2003; Santos et al. 2006). Restrepo and
Dinger (2003) reports that mullite developed from Al-Si spinel, called primary
mullite, forms large blocks and lamellar crystals and little contributes to increase
the mechanical strength of porcelain parts. The crystallized mullite from the amor-
phous aluminum silicate phase, called secondary mullite grows in the shape of
needles and help strengthen the system in the same way as fibers reinforce com-
posites. The author also reports the secondary mullite crystals in the shape of nee-
dles only form from the melt material or in the presence of liquid phase.

It should be observed that the presence of flux materials in the ceramic mass
also allows the crystallization of secondary mullite at lower temperatures (from
1,100 °C), since the liquid phase necessary for mullite crystallization in acicular
format will be present before the maximum firing temperature is reached and,
therefore, before the merger of clay minerals (Noni et al. 2010).

Currently, for the production of porcelain tiles, horizontal roller ovens with
length of about 120 m are used, as well as natural gas as fuel to generate heat are
used. The oven is divided into regions along its length, each of which has a ther-
mocouple and a servomotor as actuator to automatically modify the air/fuel ratio
in the corresponding burner (Barbosa et al. 2008). According to Biffi (2002), roll
ovens allow a number of adjustments performed with the aid of microprocessors,
able to avoid temperature differences between the center and sides of the oven,
obtaining products with great geometric features. The firing cycle of porcelain
tiles decreased considerably if compared to the cycles used in the mid 1990s, time
at which there was a great production expansion and marketing of porcelain tiles.

The current firing cycles used by manufacturers of porcelain tiles comprise
time intervals ranging from 40 to 60 min, with holding time from 6 to 8 min at

Fig. 2.2 Typical firing curve
for porcelain tile
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maximum firing temperature, between 1,190 and 1,230 °C, and according to
Biffi (2002), this temperature may reach 1,250 °C for “super white” products
containing refractory elements such as zirconium silicate and alumina. Figure 2.2
shows a typical firing curve of porcelain tile production, where heating, plateau,
and cooling are observed.

2.1.13 Polishing

This step is performed only on unglazed porcelain tiles. Polishing step is an inno-
vation in the production of ceramic tiles. Brightness is a feature quite sought by
coating consumers, because besides the esthetic effect, it also facilitates cleaning.

During grinding and polishing, a layer with about 0.5-1.0 mm of thickness is
removed (Oliveira 1998). However, parts submitted to polishing are more suscep-
tible to staining because the removal of this layer exposes pores that were previ-
ously closed. According to Oliveira (1998), the existence of irregularities on the
surface of a ceramic body causes particles to adhere to its surface and makes them
more difficult to be removed. Relatively large pores (>60 um) facilitate cleaning of
the product but determine loss of esthetic appearance on the product surface, since
these pores can be viewed with the naked eye. Other studies point out the pore
diameter as the main cause for the incidence of stains on polished porcelain tiles
(Arantes et al. 2001; Amords et al. 2007). Alves and Baldo (1998) assessed which
class of pore sizes was responsible for making the polished surface of the porce-
lain tile more susceptible to the staining phenomenon and found that parts that had
the highest percentage of pores with diameters ranging from 5 to 20 um were more
susceptible to staining. The authors state that for surfaces with greater presence of
pores with diameters below this range, the penetration of staining agents is more
difficult, and for surfaces with greater presence of pores with diameters above this
range, the removal of staining agents is facilitated.
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Chapter 3
Solid Waste Materials

Abstract In this chapter is described the definition and classification of the solid
residues as well as an overview of the current Brazilian legislation and a summary
of the use of residues in the ceramic industry.

Keywords Solid residues  Brazilian legislation + Ceramic industry

According to estimates of the United Nations (UN), the world population reached
5 billion on July 11, 1987, and reached 6 billion people on October 12, 1999. This
rapid and continued expansion of human impression on a planet that seems increas-
ingly smaller has serious implications in almost every aspect of life. Now, 10 years
later, it was estimated to be approximately 7 billion (Dultra and Acchar 2010).

It is not difficult and even intuitive to realize that the consequences of this
growth directly affect the environment. The famous sustainability and the desired
sustainable growth are still far from our current reality. However, we are reaching
critical levels of environmental degradation and its effects and consequences can
already be perceived in our lives. On the other hand, there is a world tendency
to increase the stringency of environmental protection policies upgrading and
improving laws and legal provisions.

The productive sectors of different countries are increasingly incorporating costs
related to environmental issues, implying need for significant changes in production,
trade, and consumption patterns. These changes are the response to strict legal
control norms (national and international) associated with a new consumer profile
(FIESP 2004).

The proper management of solid residues leads to the idea that reduction in
waste generation results in the economy of raw materials and reduced operating
costs (Coelho et al. 2011).
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3.1 Definition and Classification of Solid Residues

For the perfect understanding of the subject, it is necessary to differentiate terms
“solid residues” and “waste”. According to law 12.305/10, solid residue is any
material, substance, or object resulting from human activities in society, whose
final destination proceeds, is proposed to proceed or is required to proceed, in
solid or semi-solid state, as well as gases and liquids in containers whose char-
acteristics make it impossible to be released into public sewage systems or water
bodies, or that require technically or economically unviable solutions in the
light of best available technology. This definition is similar to that adopted by
the Brazilian Association of Technical Standards (ABNT) through NBR 10004:
2004. Wastes are solid residues that after exhausting all possibilities of treatment
and recovery by available and economically viable technological processes, will
not present another possibility that the environmentally sound disposal (Law No.
12.305/10). Thus, solid residues should be referred to a process for reuse and/or
recycling, and only after “exhausted all possibilities,” and with the nomenclature
of “waste” be forwarded to the “environmentally sound final disposal.”
ABNT through NBR 10004: 2004 ranked solid residues as:

e (lass I residues—Hazardous: residues that due to their physical, chemical, or
infectious properties may offer:

(a) Risk to public health, causing mortality, diseases, or increase their incidence;
(b) Risk to the environment when improperly managed.

e (lass II residues—Non-hazardous: These are subdivided into:

— Class II A residues, not inert;
— Class II N residues, inert.

According to NBR 10004: 2004, residues may be classified as Class II B and
thus considered inert when not belonging to Class I (hazardous waste) and also
when submitted to dynamic and static contact distilled or deionized water at room
temperature, according to NBR 10006, do not present any of their solubilized
constituents at concentrations higher than drinking water standards, except for
appearance, color, turbidity, hardness, and taste.

3.2 Overview of Current Brazilian Legislation

In Brazil, trends of increasing environmental protection, from the point of view of
legislation, may be evidenced by citing Law No. 12.305, published on August 2,
2010, which established the National Policy on Solid Wastes (PNRS) that among
other requirements, establishes in its Article 54, the deadline of 4 years from the
date of publication, that the environmentally sound disposal of waste through a
“shared responsibility for the lifecycle of product” is implemented. For the
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purposes of this law, the shared responsibility for the lifecycle of products includes
manufacturers, importers, distributors and retailers, consumers, and holders of
those responsible for urban sanitation and solid waste management.

One of the principles of PNRS (Law No. 12.305/10) is the recognition of reus-
able and recyclable solid waste as an economic good with social value, which gen-
erates jobs and income and promotes citizenship. Among the many goals of PNRS
included in Article 7, the following are worth mentioning:

IV—adoption, development, and improvement of clean technologies in order to
minimize environmental impacts;

VI—encouragement of the recycling industry, aimed at promoting the use of raw
materials and inputs derived from recycled and recyclable materials;

XV—promotion of environmental labeling and sustainable consumption.

As instruments of PNRS described in Article 8, to ensure that objectives are
achieved, the following should be highlighted:

VII—scientific and technological research;

IX—fiscal, financial, and credit incentives.

The law also provides in Articles 15, 16, and 18, the elaboration of Solid Waste
Management Plans in federal, state, and municipal levels and determines the
period of 2 years from the date of publication for states and municipalities to do so
as a condition for access to federal funds aimed at businesses and services related
to solid waste management services, or to be benefited by incentives or financing
from federal credit entities or encouragement for such purpose. It also provides
in Article 20 that the Solid Waste Management Plans are developed by the waste
generator and establishes in Article 24 that it should be an integral part of the envi-
ronmental licensing process of the project or activity.

In Brazil, the waste generator is responsible for the waste generated and the
waste generator’s responsibility for managing the waste generated is described
in Article 10 of the National Policy on Solid Wastes (Law No. 12.305/10).
Preferably, industrial waste should be treated and stored at the site where they
were generated and have proper disposal in accordance with the legal norms and
current techniques (Governo Federal 2011).

3.3 Use of Residues in the Ceramic Industry

The ceramic industry stands out in the recycling of industrial and urban wastes due
to its high production volume that enables the consumption of large amounts of
waste and that, allied to the physicochemical characteristics of ceramic raw materi-
als and the particularities of ceramic processing, it allows the incorporation of a
reasonable amount of such waste without impairing the properties of the final prod-
uct. In addition, it obtains advantages in the production process with the incorpora-
tion of waste, reducing the consumption of high-quality raw materials, increasingly
scarce and expensive, reducing energy consumption, and therefore reducing costs.
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Segadaes (2006) highlights a very important feature in the manufacture of ceramic
products that are the high firing temperatures, usually equal to or greater than
1,000 °C, which can promote the blanketing of hazardous waste, which make the
ceramic industry make an excellent welcoming of waste with distinct characteris-
tics. According to Santos (1989), another feature is that some residues have compo-
sition similar to raw materials and often have elements that not only are compatible
with the desired products but also bring benefits to the manufacturing process of
ceramic materials.

In general, residues with potential use in the ceramic industry can be classified
according to the role played in the manufacturing process such as: (a) fuel, with
high levels of organic matter, which gives them high calorific value; (b) fluxes,
which assist in the sintering of ceramic bodies (forming the glassy phase); (c) con-
trolling plasticity, which influence the characteristics of the green body (Menezes
et al. 2007; Segadaes 2006). Segadaes (2006), reports that most often, a residue
produces one of the dominant effects described above; however, in some cases, the
use of a residue can influence other features, in addition to its dominant effect.

According to Pinto (2004), for the recovery of a residue by the ceramic industry,
some basic requirements are important:

e Selective and temporary storage in order to obtain batches of significant size
and free from other types of waste;

e Mixing different batches in order to ensure good homogeneity;

e Pretreatment when needed, which usually involves simple operations such as
milling, drying, deferrization, and calcination.

It is worth mentioning that a residue will only be used if the application brings
significant benefits to the manufacturing process, either by reducing costs, either
by facilitating any stage of the production process, or even by improving some
characteristic of the manufactured product. Only the environmental “appeal” is
not enough for the industrial sector to use waste as a raw material. However, the
trend of environmental policies for environmental protection through legal provi-
sions (such as Law No. 12.305/10), and greater awareness of the consumer class,
result in a preference for environmentally friendly products can change this reality.
Thus, the environmental labeling of a product can bring benefit such as “greater
acceptance” in the market. Casagrande et al. (2008) claim that the concern for the
environment has grown in recent years and several factors indicate this growth,
among which: the increasing interest of the general public that gradually will
make environmental label a marketing argument, the increase in the amount and
level of civil society organizations dedicated to the subject, and the demand for
environmental certification for Brazilian exporters, leading to changes even in the
domestic industry. In this context, a product that uses waste to partially replace
some natural raw materials has doubled environmental effect: first, its manufac-
ture recovers waste, avoiding its disposal and environmental consequences, and
second, there is the preservation of deposits of natural raw materials, decreasing
the extraction volume and again, environmental consequences.
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Chapter 4
Coffee Industry in Brazil

Abstract This chapter presented the state of the coffee industry in Brazil. Brazil has
a great production of coffee and causes a huge amount of waste. In the productive
sector, the main residue is coffee husk, obtained after processing of coffee fruits.
Information of the coffee processing and refining as well as details about the waste
from the coffee production are described.

Keywords Coffee industry + Coffee waste

Brazil has a prominent position in the world coffee production. The country is the
world’s largest producer and its production exceeds the sum of the production of
the other top five of the list, as shown in Fig. 4.1.

According to the Brazilian Institute of Geography and Statistics (IBGE), the
national coffee production in the 2011 harvest was approximately 2,668,780 tons
of processed coffee. Figure 4.2 shows the percentage of domestic production by
state. The state of Minas Gerais is the main coffee producer, with approximately
half the national production, followed by the states of Espirito Santo, Sao Paulo,
Bahia, Parand, and Rondonia.

In Brazil, plants of species Coffea ardbica, known as Arabica coffee, and
Coffea canephora, mostly conillon variety, also known as Robusta coffee, are
grown. The species Arabica is better adapted to regions of higher altitudes,
between 1,000 and 2,000 m in relation to sea level and cooler temperatures, with
annual averages between 18 and 22 °C. The species Robusta easily adapts to lower
regions, close to sea level areas, and higher temperatures, with annual averages
between 22 and 26 °C. The fruit of the Arabica species results in a more refined
drink in terms of aroma and flavor, a condition that substantially affects the com-
mercial value of the product. However, Robusta has high contents of soluble solids
and therefore is preferred by manufacturers of instant coffee and by pharmaceuti-
cal and food industries due to the interest in caffeine as a raw material. Figure 4.3
shows the percentage of state wise domestic production of both species of plants
according to IBGE.
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The state of Minas Gerais, the largest coffee producer in Brazil, figures as
the main producer of species Arabica, with approximately 67 % of the national
production. The state of Espirito Santo is the main producer of species Robusta,
followed by the state of Rondonia. Figure 4.4 shows the main coffee growing
regions by species.

In Bahia, of the 160,033 tons of coffee produced in the 2011 harvest, 74.5 %
were of the species Coffea arabica and 25.5 % were of the species Coffea
canephora (IBGE 2012). The western, northern, and mid-eastern regions of the
state are producers of the species Arabica, while Robusta is grown in the southern
coast. According to Bessa (2012), in Bahia, the most significant growth occurred in
the Cerrado region (high technology, fully irrigated), with growth rate around 20 %
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Fig. 4.4 Main coffee growing regions in Brazil by species. Source Markcafe

per year. Recently, this growth is also occurring in the Conillon region (Robusta
coffee), called “Atlantico,” with a growth rate of 10 % per year. Therefore, one
could conclude that coffee production in Bahia is currently under expansion.

4.1 Coffee Processing and Refining

After harvest, the coffee fruit undergoes processing for the removal of impurities,
as well as bark, parchment, and separation of the grain, which is the commercial
product, from unused parts for manufacture of the beverage. Figure 4.5 shows a
schematic drawing of the coffee fruit structure.

Coffee processing and refining can be performed by two different methods
for drying fruits: wet or dry process. Both begin with the step of separating
and classifying the fruit by maturation stage: green, cherry, or dry. Thus, the
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Fig. 4.5 Schematic drawing Bean
of the coffee fruit structure Outer skin
(Saenger et al. 2001)
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manufacturer has greater control of the processes, since for each maturation stage,
there are different characteristics in the drying step.

Drying agricultural grain means improving its condition to be stored at room
temperature, maintaining its characteristics with the best cost—benefit ratio. Then,
after drying, the moisture content should present the maximum value with which
the product can be stored for predetermined periods at room temperature without
any damage that could reduce the quality (Palacin et al. 2005).

Drying as a step in processing and beneficiation is considered critical for
providing heat stresses, developing undesirable fungi, adding odors from fumes or
other contaminants in fruits and grains, depending on the technique used in the
operation (Palacin et al. 2009; Oliveira, 1998). Many researchers claim that the
drying conditions of the fruit influence the quality of commercial coffee and hence
the value of the final product (Machado et al. 2003; Palacin et al. 2009). Drying in
yards, with natural air, is possible in environments with low relative humidity and
low cloud conditions. The main advantage of this method is energy saving, but it
has disadvantages such as requiring large areas and dependence on climatic fac-
tors, which are not favorable, slow the process, and compromise the quality of the
final product. In Brazil, a predrying step in yards with mechanical dryers for addi-
tional drying is common (Machado et al. 2003).

Artificial drying in mechanical dryers has the advantages of reducing the drying
time, use in humid regions and periods of rain, reducing the climate influence on
the quality of coffee, and allowing the reduction of the area of yards and hand
labor, despite requiring better professional qualification. Thus, the literature classi-
fies artificial drying by mechanical dryers as advantageous from the technical point
of view due to the reasons above. Still according to the literature, the main disad-
vantage is the higher drying cost compared with outdoor natural drying. However,
due to the smaller influence from climatic factors and the less likely action of fungi



4.1 Coffee Processing and Refining 27

and bacteria, and also their influence on the quality and therefore the price of the
product, the cost—benefit ratio at the end of processing may be favorable to the use
of mechanical dryers.

This review on the use of mechanical dryers is important for it is at this stage,
with the use of such equipment, that coffee hush ashes are produced (result-
ing from burning coffee husks), the residues used in this study. From the point
of view of coffee production in Brazil, it is difficult to estimate and quantify the
use of mechanical dryers. There are a few studies of regional coverage, for exam-
ple, carried out by Freitas et al. (2000) which evaluated the characteristics of the
production processes of coffee in southern Minas Gerais. In this study, 170 farms
classified as small, medium, and large were analyzed. According to the authors,
approximately 82 % of farms used mechanical driers in the drying process of
grains. Of these, 90 % were medium (with area between 10 and 50 acres) and
large (above 50 ha of area), that is, most of the farms that did not use mechanical
dryers were classified as small (less than 10 ha). It is noteworthy that this study
was conducted over 10 years, and many investments in improvements of process-
ing conditions have been made by small producers, for example, through associa-
tions, causing this percentage to be currently higher. In a recent study, (Sater et al.
2011) reported that virtually all drying of the production in the state of Espirito
Santo is made with the use of mechanical dryers. After the drying step, the coffee
grains are packaged and stored, and later marketed.

4.2 Waste from Coffee Production

Due to their high production, the coffee industry in Brazil generates huge amounts
of waste. In the productive sector, the main residue is coffee husk, obtained after
the processing of coffee fruits.

Coffee husk is derived from the cleaning of coconut coffee, composed of
epicarp (husk), mesocarp (pulp or mucilage), and endocarp (parchment). The pulp
is the residue of wet pulping the cherry coffee, composed of epicarp and meso-
carp (Matiello 1991). The amount of husks produced in a harvest season is huge.
According to several authors, in the processing of coconut coffee, approximately
50 % is grain and 50 % is husk (Badocha et al. 2003; Giomo et al. 2006; Rocha
et al. 2006). Thus, in the 2011 harvest season, about 2,668,780 million tons of cof-
fee and therefore the same amount of husks were produced.

A small part of the coffee husks is used in farms as fodder for coffee plants
(Badocha et al. 2003). There are differences between authors on the use of this
waste as animal feed. So, large amounts are discarded, most often, inappropriately.
The inadequate disposal of wastes generate serious environmental problems such
as pollution and siltation of rivers, air pollution due to burning, and use of areas
for the storage of this material that could be aimed for other purposes, and waste
of raw materials entering the industry.
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The most interesting use in terms of use of coffee husk is the production of
thermal energy from biomass (Vale et al. 2007). Due to the growing world concern
to increase the use of renewable energy, wastes of various origins emerge as inter-
esting energy alternatives (Protasio et al. 2012). Studies have shown the excellent
energy viability of coffee husk to produce heat (Saenger et al. 2001; Vale et al.
2007; Oliveira et al. 2008; Protasio et al. 2012). This conclusion is mainly based
on the calorific value of coffee husk, with values between 3,990 and 4,393 kcal/kg,
rated as excellent in terms of biomass residue from agriculture. Vale et al. (2007)
compared results of the combustion of coffee husk with Cedrelinga catenaeformis
residue (shavings) and concluded that coffee husk, despite having lower calorific
value than Cedrelinga catenaeformis (3,933 and 4,932 kcal/kg, respectively),
has higher bulk density (567,965 kcal/m? for coffee husk and 470,463 kcal/m?3
for shavings), resulting in higher energy output per unit volume, optimizing the
use of burning appliances. The authors emphasize the possibility of manufactur-
ing charred briquettes from coffee husk for the production of thermal energy, with
viability for use in thermoelectric power plants. Other studies have also suggested
this possibility (Saenger et al. 2001; Oliveira et al. 2008; Sater et al. 2011; Protésio
et al. 2012). Coffee husk is an excellent fuel for industries that use furnaces. Many
coffee producing farms use this residue as fuel for their mechanical dryer, main-
taining energy autonomy in the drying process, as shown in Fig. 4.6. Burning the
coffee husks results in residual ash, which is discarded by farmers.

According to Dultra and Acchar (2010), in many cases, the ash is disposed in
areas close to producing farms, on roadsides, or near rivers and streams without
treatment and may contaminate soil or water. Figure 4.7 shows an example of the
improper disposal of coffee husk ashes.

Coffee husk ash, currently of no commercial value, is rich in alkali (K,O) and
alkaline earth metals (CaO and MgO). Dultra and Acchar (2010), concluded that

Fig. 4.6 Coffee husks used
as fuel
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Fig. 4.7 Improper disposal
of coffee husk ashes

Fig. 4.8 Coffee husk ash

it is possible to incorporate this residue into masses for the production of ceramic
tiles. In this study, the author evaluated as satisfactory results for water absorp-
tion and mechanical strength obtained by ceramic bodies with 10 % added residue,
without the use of other fluxes. According to the author, the residue contributed
to the formation of liquid phase, or vitrification, improved sintering and, conse-
quently, increased the densification of the ceramic body. Figure 4.8 shows coffee
husk ash obtained in a producing farm in Eundpolis—Ba.

The fact is that coffee husk ash comes from coffee cultivation, its offer is
submitted to the harvest period, which begins in late March and continues until
early October, according to the Ministry of Agriculture. However, if one considers
that: (a) the annual production of coffee husks (and its improper disposal) is abun-
dant, (b) the current situation in the search for renewable energy sources, along
with policies to encourage the use of residues may contribute so that more indus-
tries make use of coffee husks as a source of energy, the amount of ash generated
from burning coffee husks tends to steadily increase, allowing the accumulation of
strategic reserves of this residue.
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A positive factor highlighted by Dultra and Acchar (2010), regarding the use of
coffee husk ashes by the ceramic industry is the geographical location of both pro-
ducers. Coffee cultivation is very strong in the states of Sdo Paulo, Parand, Minas
Gerais, and Espirito Santos (as can be seen in Fig. 4.4), and the major states of
ceramic coatings production are Sao Paulo and Santa Catarina, where there is a
higher concentration of manufacturers. Thus, geographically, obtaining the resi-
dues by ceramic tile manufacturers is facilitated.
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Chapter 5
Using CBA in Ceramic Formulations

Abstract This chapter describes formulations investigated in this book (clay with
coffee husk ash), methodology adopted in the performance of tests and proce-
dures. Physical characteristics of these formulations such as particle size, mixing,
homogenization, thermal analysis, sintering and also mineralogical analysis by
X-ray diffraction (XRD) are presented.

Keywords Clay -+ Coffee husk ash -+ Characterization of the mixtures

This chapter describes all the materials used as well as the standards and methodology
adopted in the performance of tests and procedures. To better clarify the procedures,
Fig. 5.1 shows the flowchart of the experimental phase.

5.1 Raw Materials

A Brazilian ceramic company provided clay, kaolin, quartz, feldspar, pyrophyllite,
and talc used in this work. The raw materials used in the manufacture of glazed
porcelain tiles were directly collected from the storage silos of the company.

Coffee husk ash was collected in its raw state in a coffee farm located in
Eundpolis, southern state of Bahia. Importantly, this farm uses solely coffee husks
as fuel for the production of heat to be used in drying ovens and coffee processing.
Residues 1 and 2 are byproducts obtained from a physical treatment performed
in coffee husk ash in its original state. The main purpose of this coffee husk ash
treatment was to decrease the amount of charred matter contained in fresh ashes as
a way to mitigate the negative effects caused during firing (excessive weight loss
and gas formation), as reported by Dultra and Acchar (2010).

The treatment consists of adding distilled water to the fresh ash in the ratio of
3:1 by weight (water and ash). About 500 g of ash was used and after mixing with
distilled water, part of the charred matter migrated to the surface of the mixture and
was removed with the aid of sieves. After removal of the excess charred matter, the
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Fig. 5.1 Flowchart of the experimental methodology adopted

mixture was stirred and placed for decantation for 3 h. After this time, the surface
was composed of a yellowish liquid and the ash particles were at the bottom.
The liquid portion was collected and the procedure with the remaining material
was repeated two more times. Then, the yellow liquid solution was transferred
to another container, which was filtered on filter paper to eliminate impurities.
After filtering, the solution was dried in oven so that all the water was eliminated.
After this procedure, 148 g was left in the container, i.e., 29.6 %, approximately,
of a white particulate material, hereinafter, for the purposes of this study, will be
referred to as residue 1 (R1). The solid material of gray color that remained after
decantation, was dried in an oven to obtain a mass of 308 g, i.e., 61.6 %, approx-
imately, hereinafter, for the purposes of this study, will be referred to as residue
2 (R2). Figure 5.2 shows residues R1 and R2.

All raw materials from the supplier company were previously ground and
sieved through 325 mesh sieve (0.044 mm). Residue R1 was not submitted to
grinding for being completely soluble in water. Residue R2 was ground and sieved
through 200 mesh sieve (0.075 mm). The material was ground in a ball mill for
3 h (each batch), and then the materials were sieved. Sieving was carried out in
wet method where excess water was removed after decantation and the remaining
water was removed by drying in an oven at 110 °C for 24 h.
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Fig. 5.2 Residue R1 and
residue R2

5.2 Formulations

In this book, two residues R1 and R2 were used separately (in total or partial
replacement of fluxing materials) and added to the glazed porcelain mass used by
a given industry. For each formulation, 5 specimens were made, and for MP, MB,
and MB+6.7F+6.7R2 formulations, 10 specimens were made.

5.3 Standard Formulation of Supplier Company

The formulation used by the company to produce glazed porcelain tile was
provided together with the raw materials, provided the wording, designated in this
work with MP. Table 5.1 describes the percentage by weight of the standard MP
mass and MB mass, free from fluxes.

The MP formulation was used as a comparison parameter in relation to the
properties for formulations with the addition of residues.

The MB mass, whose acronym stands for basic mass, is a mixture of clay,
kaolin, and quartz in the same proportions of MP, where the same ratios between
the amounts of clay and kaolin, and between clay and quartz were kept, but without
fluxing materials (feldspar, talc, and pyrophyllite). Residue R1, residue R2, and
feldspar were added to the MB mass to obtain formulations in Table 5.1.

Table 5.1 Standard MP Material MP (%) MB (%)
and MB formulation Clay 31 44.93
Kaolin 33 47.83
Quartz 5 7.25
Feldspar 11 0
Phyllite 15 0
Talc 5 0
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5.4 Formulations with Residue R1

Formulations containing residue R1 were determined based on the amount of
residue needed to compensate for the removal of the fluxing material from the
standard formulation with respect to the sum of elements: K,O, NayO, CaO, and
MgO. For this, the X-ray fluorescence results of each raw material were used and
the percentage by weight of components (K>O, NayO, CaO, and MgO) present in
the standard mass was determined. Then standard mass of feldspar, pyrophyllite,
and talc was disregarded, and the mass of clay, kaolin, and quartz was kept (in
the same proportion as the standard mass, i.e., keeping constant the clay/kaolin
and clay/quartz ratios) and calculating the percentage of residue R1 needed for
the percentage of elements K,0O, NayO, CaO, and MgO, combined, reached the
same percentage present in the standard mass. Based on this principle, it was
concluded that with the addition of 7.67 % of residue R1 to the mass containing
clay, kaolin, and quartz (in the same proportion as the standard mass), the per-
centage of elements K>O, NayO, CaO, and MgO, together, would be the same.
Thus, we took as a reference for adding residue R1, the percentage of 8 % and
formulations with higher and lower percentages of residue R1 were also used, as
shown in Table 5.2.

Where MB, for the purpose of nomenclature of formulations used in this work,
refers to the mixture of clay, kaolin, and quartz in the same proportions as the
standard mass, as described in Table 5.1. Masses containing clay, kaolin, quartz (in
the same proportions as the standard mass—MB), residue R1, and feldspar were
also formulated, as described in Table 5.3.

Table 5.2 Formulations with the addition of residue R1

Formulation Clay (%) Kaolin (%) Quartz (%) R1 (%)
MB+2R1 44.03 46.87 7.10 2
MB+4R1 43.13 4591 6.96 4
MB+6R1 42.23 44.96 6.81 6
MB+7R1 41.78 44.48 6.74 7
MB+8R1 41.33 44.00 6.67 8
MB+9R1 40.88 43.52 6.59 9
MB+10R1 40.43 43.04 6.52 10
MB+12R1 39.54 42.09 6.38 12
MB+14R1 38.64 41.13 6.23 14

Table 5.3 Formulations with the addition of residue R1 and feldspar
Formulation Clay (%) Kaolin (%) Quartz (%) R1 (%) Feldspar (%)
MB+17.5F+2.25R1 35.94 38.26 5.80 2.25 17.50
MB+17.5F+4.5R1 35.04 37.30 5.65 4.50 17.50
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Table 5.4 Formulations with the addition of residue R2
Formulation Clay (%) Kaolin (%) Quartz (%) R2 (%)
MB+5R2 42.68 45.43 6.88 5
MB+10R2 40.43 43.04 6.52 10
MB+15R2 38.19 40.65 6.16 15
MB+20R2 35.94 38.26 5.80 20
Table 5.5 Formulations with the addition of residue R2 and feldspar
Formulation Clay (%) Kaolin (%) Quartz (%) R2 (%) Feldspar (%)
MB+6.7F+6.7R2 38.91 41.42 6.28 6.7 6.7
MB+10F+10R2 35.94 38.26 5.80 10 10

5.4.1 Formulations with Residue R2

For formulations containing residue R2, masses with percentages of materials
were mixed according to Table 5.4. To determine the percentage of addition of res-
idue R2 in MB mass, the results obtained by Dultra and Acchar (2010) in experi-
ments with coffee ash in ceramic masses were analyzed.

Mixtures containing clay, kaolin, quartz (in the same proportions as the standard
mass—MB), residue R2, and feldspar were also formulated, as described in Table 5.5.

5.5 Formulations with Feldspar

To evaluate and compare the fluxing effect of both residues in the ceramic mass, mix-
tures with clay, kaolin, quartz, (in the same proportions as the standard mass—MB)
and feldspar were formulated, as shown in Table 5.6. The amount of feldspar was
determined to obtain increasing percentage up to 35 % by weight. This maximum
feldspar percentage was defined according to the main aim of this work, i.e., the
possible reduction in the consumption of feldspar for the manufacture of porcelain
tiles. Reviewing the vast literature, it was found that the percentage of feldspar por-
celain masses vary between 35 and 50 % by weight when the feldspar is the only
fluxing material in the composition. Thus, the minimum amount of feldspar used in
the composition of porcelain tiles was taken as reference.

5.5.1 Preparation of Ceramic Masses

Raw materials were previously dried in oven at 110 °C for 24 h. Then, amounts
specified for the formulations used were weighed. For this, a Mettler Toledo®
digital scale model AL204, with accuracy of 0.0001 g, calibrated with standard
weights of 20 and 50 g was used.
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Table 5.6 Formulations with the addition of feldspar

Formulation Clay (%) Kaolin (%) Quartz (%) Feldspar (%)
MB+10F 40.43 43.04 6.52 10
MB+17.5F 37.07 39.46 5.98 17.5
MB+20F 35.94 38.26 5.80 20

MB+35F 29.20 31.09 4.71 35

5.5.2 Mixing and Homogenization

After dosing, the raw materials were mechanically mixed and homogenized by
eccentric rotation in ceramic containers with alumina balls, using a mill. Distilled
water was added in the ratio of 1:1 (water/solid material). The stirring time was
approximately 15 min. Then, the mixed and homogenate material was placed in
an oven at 110 °C for 24 h. After this time, the material was disaggregated in a
mortar and then placed in plastic bags. About 7 % of distilled water was added
as a lubricant in order to obtain a better distributed packing and increased green
strength, according to Santos (1989), and then the material was manually crushed
still inside the bags. The material remained at rest for 24 h to standardize humidity.

5.5.3 Pressing

The pressing of specimens was performed in uniaxial hydraulic press with capacity
of 15 tons, using SAE 1045 steel with internal dimensions of 60 x 20 mm. For
molding, 15 g of material was used, which resulted in specimens with thicknesses
between 5.7 and 6.1 mm. The load applied was of 5.6 tons and maintained for
a period of 1 min to accommodate particles, resulting in compaction pressure
of 45 MPa. After pressing, the specimens were placed in an oven for 24 h and
then weighed on a Mettler Toledo® digital scale model AL204, with accuracy of
0.0001 g and its dimensions were measured using Mitutoyo® digital caliper with
precision of 0.01 mm.

5.5.4 Firing

The firing of specimens was performed in muffle-type EDG® electric oven with
heating capacity of up to 1,200 °C. Since it is a comparison with the standard
mass of a ceramic industry, the final firing temperature used was 1,200 °C, which
is the same as that used by the ceramic industry that provided the raw materi-
als. To be as close as possible to the firing conditions of the ceramic industry, the
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highest possible heating rate respecting the limitations of the equipment was used.
The heating rate was 25 °C/min up to 700 °C, 15 °C/min between 700 and 900 °C,
and 7.5 °C/min from 900 °C up to the final temperature. The plateau time at the
final temperature was 8 min, according to the ceramic industry that provided the
raw materials. After reaching the plateau time, cooling followed the natural condi-
tions of the furnace. To ensure the desired firing characteristics, all the cycles were
externally monitored with a thermometer model TH-060 (Thermometer®), along
with a K-type thermocouple. The thermocouple thermometer set was calibrated on
the water—ice thermal equilibrium (0 °C) and in boiling water (100 °C).

5.6 Characterization of Raw Materials

5.6.1 Chemical Analysis by X-Ray Fluorescence (XRF)

In this analysis, Shimadzu® X-ray spectrometer model EDX-700 was used in a
vacuum atmosphere using a semiquantitative method to determine the elements
present in the sample. Before analysis, samples were classified by sieving in par-
ticle size less than 0.074 mm, corresponding sieve No. 200 of ABNT, and dried
in oven at 110 °C for 24 h. The equipment does not detect elements with atomic
number less than 9.

Table 5.7 shows the XRF results of raw materials. The results are in the form of
equivalent oxides. It is possible that the main constituents of clay and kaolin are
Si0; and Al,O3, as expected. The amounts of Fe;O3 and TiO; in clay are close to
the limits (Biffi 2002) for clear firing. For kaolin, it is recommended that the sum

Table 5.7 XRF of raw materials supplied by the company

Oxides Concentrations by weight (%)

Clay Kaolin Quartz Feldspar Phyllite Talc
Si0, 54.17 66.15 94.65 68.87 56.48 54.91
AlO3 38.61 32.03 4.89 23.68 24.69 11.23
K>O 2.28 0.59 0.06 1.47 8.67 0.38
Fe 03 1.53 0.37 0.04 0.11 6.72 1.12
TiO, 0.63 0.73 0.07 0.01 1.44 0.17
MgO 2.69 - - - 1.82 31.77
P>0Os - - - 0.15 - -
NayO - - - 5.42 - -
SO3 0.05 0.09 0.20 0.07 0.06 -
CaO - - - 0.18 - 0.38
SrO - - - - 0.01 -
Outros 0.04 0.04 0.09 0.04 0.15 0.04
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Table 5.8 XRF of fresh
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Oxides Concentrations by weight (%)

ash and of residues Received ash R1 R2
SiO; 0.60 0.74 5.30
ALO3 - - -
K,0 72.33 95.18 31.00
F8203 0.43 - 0.73
TiO; - - 0.10
MgO 3.16 - 18.66
P>0Os5 1.66 0.34 14.98
Na,O - — —
SO3 1.41 3.68 0.77
CaO 20.27 - 28.18
SrO 0.09 - 0.12
Outros 0.05 0.06 0.16

of Fe>O3 and TiO, is below 0.90 % (Biffi 2002). These elements are responsible
for the dark color of products after firing. Quartz, as expected, has essentially SiO»
in the crystalline form. Feldspar has a high SiO; content (68.87 %) and, to a lesser
extent, AlpO3 (23.68 %). The predominant fluxing element in feldspar is NayO,
which characterizes it as sodium feldspar (albite). Table 5.8 shows the XRF results
of fresh ash and residues. It can be observed that the main constituent of fresh ash
is K70, which represents more than 72 % of constituents detected by the machine.
Significant amounts of CaO were detected in this residue (20.27 %), low amounts
of MgO (3.16 %) were also detected. These constituents are alkali and alkaline
earth metals that fluxing characteristics in relation to clay minerals, or its reaction
with increasing temperature results in liquid phase at lower temperature than that
of melting.

After treatment carried out with fresh ash residues R1 and R2 were obtained,
as explained previously. In residue R1, it was observed that the presence of K,O
is large, with over 95 % of the elements detected. The percentage of SOs3 is
considered high for raw materials used in the production of ceramic tile because
in significant amounts, the vaporization of sulfur can accumulate in the upper part
of the furnace and drip onto parts. Since R1 and R2 are residues, it is expected that
the added amounts of residue R1 in the ceramic mass are small, so that such an
effect does not occur.

Residue R2 features more balanced percentage of K>O (31.00 %), CaO
(28.18 %), and MgO (18.66 %). From the point of view of fluxing elements, this
can be interesting because KO has characteristics of energetic fluxing, while CaO
and MgO have characteristics of moderate fluxing. This ratio has a direct influence
on the amount, and mainly on the viscosity of the liquid formed during firing, and
both the amount and the viscosity of the liquid influence the microstructure and
hence the physical properties of the product after firing.
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5.7 Mineralogical Analysis by X-Ray Diffraction (XRD)

This analysis was performed on a Shimadzu® diffractometer model XRD-6000,
using Cu—Ka radiation with A = 1.54056 A, voltage of 40 kV, current of 30 mA,
and scanning angle from 5° to 80° corresponding to 26, speed of 2°/min, and step
of 0.02°. The identification of crystalline phases was made by comparing the peaks
generated by the diffraction patterns with charts using the JCPDF software regis-
tered in the ICDD (International Centre for Diffraction Data). Both raw materials
as sintered samples were characterized by XRD as described above. Figure 5.3
shows the graph with the XRD results for clay and kaolin.

According to the XRD pattern, the phases present in clay are: quartz, kaolinite,
and halloysite. In kaolin, quartz and kaolinite phases are present, as expected.
Figure 5.4 shows the XRD patterns of feldspar and talc. The phases present
in feldspar are quartz and albite, confirming that it is sodium feldspar. Talc is
composed of a hydrated magnesium silicate, characteristic of this type of material.
Figure 5.5 shows the XRD pattern of pyrophyllite, with peaks related to phases
quartz (Si0;), halloysite (Al»Si,03(OH)4-2H,0), and potassium aluminum silicate
(KAI3-Si3-Oq), responsible for the fluxing effect of pyrophyllite.
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Fig. 5.4 XRD pattern
of feldspar and talc

Fig. 5.5 XRD pattern
of pyrophyllite
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Figure 5.6 shows the XRD pattern of residue R1, where the main peaks are
related to the phase of hydrated potassium carbonate (KoCO3(H20);5). The
presence of potassium carbonate may explain the fact that the sample is highly
hygroscopic. As the sample was referred to X-ray diffraction test shortly after
a period of 24 h in an oven at 110 °C, it is likely that water has been absorbed
during the preparation and handling before the test. Therefore, the water absorbed
was not sufficient for the reaction of potassium carbonate with water to form potas-
sium bicarbonate (KHCO3) plus potassium hydroxide (KOH), as diffraction peaks
related to these phases were not detected. In the X-ray diffraction, potassium oxide
(K20) peaks also appear, increasing the fluxing effect of the material. Figure 5.7
shows the graph with the X-ray diffraction of residue R2. Peaks of the following
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phases were identified: Calcium carbonate (CaCO3), potassium carbonate (K,CO3),
phosphorous oxide (P,05), and Magnesite (MgCO3).

Figure 5.8 shows the XRD pattern of residue R2 after heating at temperatures of
600, 800, 950, and 1050 °C. At temperature of 600 °C, the presence of peaks relating
to fairchildite phase (K,Ca(CO3),) is detected. It is common to find fairchildite in
ash originating from the burning of biomass fuels (Navrotsky et al. 1997). Liodakis
et al. (2005) identified the presence of fairchildite when analyzing the mineralogical
composition of ashes originated from the combustion of forest wood in Greece. The
presence of calcium carbonate (CaCO3), a double potassium and calcium phosphate
(KCaPOy), and magnesium (MgO) and potassium oxide (K;0O) was also observed.

According to the XRD pattern, as the temperature increases, the peaks relating
to the fairchildite, calcium carbonate and double potassium and calcium phos-
phate phases lose intensity, becoming more discrete, suggesting a reduction in
amounts. With respect to fairchildite phase (K>Ca(CO3);) and double calcium and
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potassium phosphate (KCaPOy), the reduction of intensity of peaks is certainly
related to the decomposition of carbonate and phosphate. With increasing tem-
perature, the process of fairchildite decomposition occurs, individualizing both
carbonates, and thus, potassium carbonate decomposes into KoO + CO,, leaving
calcite residues (CaCOs), which also decompose. As a result, peaks related to
the calcium oxide phase, with increasing temperature, become more intense. The
decomposition of calcium carbonate (CaCO3), which begins between 720 and
840 °C (Liodakis et al. 2005), originates the calcium oxide stage (CaO)—with
consequent release of CO,—whose peaks become more intense with increasing
temperature. The peaks relating to the magnesium oxide phase (MgO) have slight
increase as the temperature increases.

5.8 Thermal Analysis

Thermogravimetric analysis (TGA) was performed using a Shimadzu® thermal
analyzer model TGA-60 from the Laboratory of Physical Properties of Ceramic
Materials—LaPFiMC, with sample weight of about 15.0 mg, heating rate of
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10 °C/min under argon flow at flow rate of 50 ml/min, reaching final temperature
of 1,150 °C. The analysis of results was performed using TA-60 software supplied
by Shimadzu®. Simultaneously to the thermogravimetric analysis, Thermal
Differential Analysis (DTA) was performed. The analysis of results was performed
using TA-60 software supplied by Shimadzu®.

For best viewing of the thermal analysis results, the TGA curves (Thermo-
gravimetric Analysis), the curve derived from TGA (DrTG) and the DTA curve
(Differential Thermal Analysis) were plotted on the same graph, for each mate-
rial. Figure 5.9 shows the graph with TGA, DTA, and DrTG curves of clay. The
initial weight loss up to 200 °C (1.875 %) is associated with an endothermic peak
(52.30 °C) in the DTA curve and was due to the loss of adsorbed water and zeolite
water from the mineral.

At temperatures between 400 and 650 °C, higher mass loss rate followed by
endothermic peak in the DTA curve at temperature of 508.14 °C was observed.
This can be explained by the fact that in this temperature range, the kaolinite struc-
ture loses water and transforms into metakaolin. The mass loss continues during
heating, however, the loss rate decreases, ending the cycle with approximately
9 % loss. The endothermic peak at 957.44 °C is related to the initial formation of
the Si—Al spinel from metakaolin. Figure 5.10 shows the graph with TGA, DrTG,
and DTA curves of kaolin. It is easy to perceive the similarity between the ther-
mal analysis of clay and kaolin. This similar behavior confirms the results of the
chemical and mineralogical composition of both materials. The endothermic peak
at 574.98 °C is due to the allotropic transformation of a-quartz into p-quartz. This
transformation was more noticeable in kaolin in relation to clay due to the greater
amount of quartz present in the kaolin sample.
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Fig. 5.9 DTA/TGA thermal analysis of clay
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Fig. 5.11 DTA/TGA thermal analysis of quartz

The peak at 992.42 °C in the DTA curve refers to the formation of the Si—Al
spinel, and is more evident in kaolin due to the greater amount of kaolinite present
in kaolin in relation to clay. Figure 5.11 shows the graph with TGA, DrTG, and
DTA curves of quartz.
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Fig. 5.12 DTA/TGA thermal analysis of feldspar

The excellent thermal stability of quartz in relation to mass loss during heating
can be observed. The allotropic transformation of a-quartz into p-quartz can also
be observed.

Figure 5.12 shows the graph with TGA, DrTG, and DTA curves of feldspar.
The maximum temperature of the thermal analysis of feldspar was 1,050 °C due to
the possibility of melting the material and hence loss of the crucible. Overall, the
material exhibited stable behavior in relation to mass loss up to the end of the test
with a little more than 1.2 % variation. The endothermic peak at 572.61 °C is due
to the allotropic transformation of a-quartz into f-quartz.

Figure 5.13 shows the graph with TGA, DrTG, and DTA curves of pyrophyl-
lite. Relatively low mass loss of about 2.6 % may be observed up to 850 °C. In the
DTA curve, in turn, the peak at 42.55 °C refers to the loss of water adsorbed by
particles of the material, and peak at 575.65 °C is related to the allotropic transfor-
mation of quartz shown above.

Between 800 and 900 °C, the mass loss of 2.577 % is followed by endothermic
peak at temperature of 847.79 °C, which is likely to be related to the formation of
a new phase involving MgO and SiO» (Fig. 5.14). According to the binary diagram
of the MgO-Si0; system and taking into consideration only the composition of the
talc used in this work (36.6 % MgO and 63.4 % SiO,, for 100 % MgO and SiO5),
the formation of the enstatite phase (MgO-SiO,) is more likely to occur, since the
formation of the fosterite phase (Mg>SiO4) occurs for compositions with higher
MgO contents. However, in this case, only the composition with percentages of
MgO and SiO; of one of the raw materials is not enough to identify with accu-
racy which phase was formed due to the interference from the other components.
Figure 5.15 shows the graph with TGA, DrTG, and DTA curves of residue R1.
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Fig. 5.14 DTA/TGA thermal analysis of talc

It is possible to observe a mass loss of about 8.95 % up to 200 °C. This mass loss
is accompanied by an endothermic peak in DTA curve (108.20 °C), which results
from the loss of adsorbed water and zeolitic water, confirming the presence of
hydrate component (K>,CO3) that will be confirmed latter in the X-ray diffraction

pattern.
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Fig. 5.15 DTA/TGA thermal analysis of residue R1

Then, the sample remains virtually constant mass up to temperature of
835.98 °C, when, thereafter, began to lose mass until the end of the heating cycle.
It was observed that the mass loss was very significant in the temperature range
from 850 to 1,150 °C, where the sample has lost more than 70 % of its original
mass. The mass loss in this temperature range is characteristic of carbonates, a fact
which once again confirms the presence of KoCOj3 in the sample. KoCO3 decom-
pose to form K>O + CO,, where CO, is removed in the form of gas and K,O
tends to volatilize upon decomposition of K,COj3 (Liodakis et al. 2005). It is pos-
sible that this feature makes the use of this residue in the manufacture of porcelain
tiles unfavorable, because considering the firing temperature, the effects of elimi-
nating these gases along with the high mass loss will certainly be observed in the
microstructure of the final product. Safronova (2009), reports that at high tempera-
tures, the decomposition of potassium carbonates may contribute to obtaining a
material with greater porosity.

Figure 5.16 shows the graph with TGA, DrTG, and DTA curves of residue R2.
Mass loss, along with endothermic peaks at the beginning of heating cycle up to
200 °C, relates to the loss of adsorbed water and zeolitic water. The mass loss up
to 600 °C may be associated with the presence of organic matter in the sample.

The increased mass loss rate observed in the temperature range from 600
to 750 °C, with a peak at 739.84 °C in the DrTG curve is mainly related to the
decomposition of calcium carbonate (CaCO3), as according to Winbo et al. (1998),
the experimental value of the temperature at which the decomposition of CaCO3
occurs is 697 °C at atmospheric pressure. The endothermic peak in the DTA curve
(735.84 °C) confirms the effect of this decomposition. In the range from 800 to
900 °C, slight increase in the mass loss rate is observed. In this temperature range,



48 5 Using CBA in Ceramic Formulations

DITGA  TGA DTA
mg/min % uv
1 30
0.00 . e
100F o 739.84°C 875.72°C

S 1091.57°C | 29

~ -14.763 %
-1.00 AN
9 | ~

-16.159 %

-2.00 80 F
10
49.51°C
\,
[ N -6.065 %
300 0 735.84°C L. 171
—— DTA U
——- TGA
60 - DITGA { -20
-4.00 + L L L L L L L
-0 200 400 600 800 1000 1200
Temp [°C]

Fig. 5.16 DTA/TGA thermal analysis of residue R2

fairchildite begins decomposition process, with formation of liquid phase plus
residual calcite (CaCOg3) (Navrotsky et al. 1997; Winbo et al. 1998).

5.9 Particle Size Analysis

The particle size analysis of raw materials was performed by classification of
particle size by laser diffraction on a CILAS® laser granulometer model 1180, cou-
pled to an ultrasound system. About 2 g of sample was used in 10 ml of distilled
water without addition of dispersing agent. The dispersion occurred at 60 s.

The result of the analysis was provided by The Particle Expert® software. The
device provides the corresponding diameters of particles from the flow trapped in
the fractions of interest, and also the mean diameter (Dmean) and the granulomet-
ric distribution curves of particles.

The size of the particles plays an important role in the preparation of raw mate-
rials for the production of porcelain tiles. Biffi (2002), highlights the role that par-
ticle size plays in the vitrification and densification reactions during firing and that
the smaller the particle size of the ceramic mass, the higher its reactivity during
firing. The author also states that the residue of grinding ceramic masses for por-
celain tile production shall be between 0.5 and 1.0 % in 325 mesh (44 um) and, for
this, the average particle diameters should be between 15 and 20 um.

Figure 5.17 shows the particle size curves of clay and kaolin. In clay, the
particle size is between 0.04 and 25 um, with mean diameter Dmean = 4.65 um,
D10 = 0.86 um, D50 = 3.34 um, and D90 = 10.67 pm.
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Fig. 5.17 Particle size analysis of clay (a) and kaolin (b)

For kaolin, the particle size is between 0.04 and 71 pm, with mean diameter
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Dmean = 13.61 um, D10 = 1.21 pm, D50 = 9.34 pym, and D90 = 32.53 um.
Particles in kaolin with diameter greater than 44 um (325 mesh) represent only

2.72 % and may be associated with impurities acquired after sieving. The smaller

particle size of clay was expected due to the characteristics of materials. Clays
have a higher clay fraction (particles with diameter < 2 pm), which is primarily
responsible for the clay sintering due to the particle size and predominance of clay

materials (Vieira et al. 2007).
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Figure 5.18 shows the particle size analysis of quartz, feldspar, phyllite, and
talc. In quartz, the particle size is between 0.04 and 63 um, with mean diameter
Dmean = 22.54 pym, D10 = 2.73 pm, D50 = 21.01 um, and D90 = 44.55 um.
For feldspar, particle size is between 0.04 and 63 um, with mean diameter
Dmean = 12.42 ym, D10 = 1.25 pm, D50 = 7.82 ym, and D90 = 30.96 um.
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For phyllite, the particle size is between 0.04 and 40 um, with mean diameter
Dmean = 8.50 um, D10 = 1.17 pm, D50 = 5.98 um, and D90 = 19.83 um. For talc,
the particle size is between 0.04 and 32 pm, with mean diameter Dmean = 6.43 pm,
D10 = 1.00 pm, D50 = 4.77 um, and D90 = 14.51 pm. Figure 5.19 shows the particle
size analysis of residue R2. This residue was sieved in 200 mesh because it is a highly
hygroscopic material, greatly reducing the sieving efficiency on 325 mesh. The residue
R2 showed particle sizes from 0.04 to 85 um and mean diameter Dmean = 15.05 pm,
D10 = 1.92 ym, D50 = 10.29 pm, and D90 = 35.40 pm. Although the sieving of resi-
due R2 was performed in mesh greater than those used for the other raw materials, the
material showed adequate particle size after the grinding process.

In the analysis of residue R1, equipment did not detect solid particles because the
material is water soluble. With respect to particle size analysis, all raw materials are
within characteristics reported in literature for the manufacture of porcelain tiles.

The results after the sintering process will be discussed in the next chapters.
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Chapter 6
Theoretical Analysis of Crystalline Phases

Abstract This chapter makes a theoretical analysis of the promising crystalline
phases using the phase’s diagram of the principal components. Phase diagrams of
the SiO,—Al,03-K»0, leucite—SiO,—mullite and SiO,—CaO-Al,O3—systems are
used to analyze the promising crystalline phases.

Keywords Crystalline phases + Phase diagram

To allow a view of the general behavior of formulations, the ternary diagram of
the Si—Al-K system was chosen. The phase diagrams are developed taking into
account the condition of thermodynamic equilibrium, and in current firing cycles
of porcelain tile production, this equilibrium does not occur. However, according
to Segadaes (2006), even in cycles where thermodynamic equilibrium does not
occur, the phase diagram of a system can provide important information about
the trends of chemical reactions. According to Segaddes (2006), it was consid-
ered that the sum of percentage of K,0O, NayO, CaO, and MgO elements should
be placed in the vertex of K;O due to the similarity of the fluxing effect between
them. Figure 6.1 shows the phase diagram of the SiO;-Al,03-K,O system.
Whereas virtually all formulations are located in the compatibility triangle region
K»0-Alx03-6510,-Si102-3A1,03:2Si0,  (Potassium feldspar—SiO,—Mullite), the
leucite—Si0O,—Mullite subsystem ternary diagram was used and positioned in for-
mulations. Thus, the information obtained from the diagram becomes more evi-
dent (Dultra and Acchar 2010).

In all diagrams, MB (fluxing-free mass) and MP (standard mass) formulations
are positioned for comparison purposes. Figure 6.2 shows the ternary diagram
related to leucite—SiO,—Mullite subsystem with formulations containing residue
R1 as single fluxing and formulations with the combination of residue R1 and
feldspar.

MP and MB masses (points 1 and 2, respectively) are located in the triangle of
mullite—feldspar potassium—SiO, compatibility, in the primary field of the mullite
region. However, the chemical composition of the MP mass sets it into a more
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Fig. 6.1 Phase diagram of the Si0>—Al>03-K;0 system

interesting region of the diagram, since the secondary phase formed in the diagram
will be potassium feldspar (K»,0O-Al,03-6Si0;). In the case of the MB sample, the
secondary phase is cristobalite (SiO,). Based on the phase diagram and accord-
ing to the calculation methodology described by Segadies (2006), the positions
of MP and MB masses in the diagram suggest that at temperature 1,200 °C (maxi-
mum firing temperature of samples of this study), the MP sample presents higher
amount of liquid than the MB sample. At the start of cooling outside the thermo-
dynamic equilibrium, the liquid solidifies forming this glassy phase and thus the
ceramic body resulting from the MP mass tends to become more vitrified com-
pared with the MB sample.

It could be clearly observed that the addition of residue R1 shifted the formu-
lation toward the leucite vertex. Regarding the mechanical strength, the mullite
region is more favorable. The spherical shape of leucite crystals does not improve
the mechanical strength. It is found that the addition of feldspar to formulations 10
and 11 caused no significant shift, and the formulations remained in the primary
mullite field.
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Fig. 6.2 Phase diagram of the leucite—SiO,—mullite subsystem containing formulation added of
residue R1

It is noteworthy that, according to the XRF results, residue R1 has 95 % KO
and this means that when larger amounts of residue R1 are added, displacement
toward the leucite vertex is practically real because it should be recalled that the
K;0 vertex is represents the sum of K>O, NayO, CaO, and MgO elements.

Figure 6.3 shows the ternary diagram related to the leucite—SiO,—mullite sub-
system with the position of formulations containing residue R2 as a single fluxing
agent, and formulations with the combination of residue R2 with feldspar. Similar
to formulations containing residue R1, the addition of residue R2 also causes dis-
placement towards the leucite vertex, but we must consider that residue R2 con-
tains more balanced amounts of K>O, CaO, and MgO. Although the diagram
indicates a trend to displace the leucite vertex, a smaller amount of this phase will
be obtained since the real amount of K,O is smaller in residue R2. As residue R2
is added to the mass, the formation of phases involving MgO, CaO, SiO;, and
Al»O3, like anorthite (CaAl>Si;0g) and cordierite (MgyAlsSisO1g) is also possible,
as these are located in nearby regions, but in their respective CaO-SiO;—Al>03
and MgO-Si0,—Al,03 systems.

The MB+5R2 mass is located in the primary field of mullite, while MB+10R2
mass is located near the boundary line between mullite and corundum, but already
in the primary field of corundum.
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The MB+5R2 mass is located at the primary field of corundum, in the leucite—
potassium feldspar—mullite compatibility triangle, near the border line with leu-
cite. The MB+4-20R2 mass is located outside the system of Fig. 6.3. Thus, as larger
amounts of residue R2 are added, the diagram reading indicates less formation of
mullite in favor of leucite and as mentioned above, of anorthite and cordierite. The
MB+6.7F+6.7R2 mass (point 7) is located in the primary field of mullite, near
the location of the MP mass.

Figure 6.4 shows the ternary diagram related to the leucite—SiO,—mullite sub-
system with the position of formulations containing feldspar as a single fluxing
agent along with formulations in association with feldspar residues R1 and R2
residue with feldspar. It could be observed that the addition of feldspar caused
displacement in parallel direction to the opposite side of the SiO, vertex, or the
amount of SiO; in the chemical composition of the mass remained constant with
the addition of feldspar. All formulations added to feldspar as a single fluxing

Crystalline Phases
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agent are in the region of mullite and mullite formation in the presence of liquid
phase favors the growth of acicular crystals, called secondary mullite. This charac-
teristic is desired, since it will lead to better mechanical performance of parts.

Figures 6.5 and 6.6 show another phase diagram in the SiO,—CaO-Al,0O3 and
cristobalite—corundum—periclase system that may be useful to identify and com-
pare the crystalline phases formed during the sintering process.

The crystalline phases formed during the sintering process as well as the theo-
retical previous will be discussed in another chapter.
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Chapter 7
Physical and Mechanical Properties
of CBA Incorporated Material

Abstract This chapter shows the physical and mechanical properties after the
sintering process. Dilatometric analysis and X-ray diffraction after firing as well
as the water absorption, porosity and bending strength values are described and
compared with the Brazilian norms.

Keywords Physical properties + Mechanical properties * Clay with coffee husk ash

7.1 Dilatometric Analysis

The dilatometric analysis is evaluated for expansion and contraction of sample as
a function of temperature (heating) and time. Through the analysis of results, it
is possible to determine the thermal expansion coefficient at different temperature
ranges.

For practical purposes, on ceramic masses, the main response obtained is
the temperature where the sintering of the ceramic body starts to occur, since
it is known that sintering is accompanied by volume shrinkage, as explained in
Sect. 2.1.12. This information is important for evaluating the thermal cycle in the
manufacture of ceramic products.

Figure 7.1 shows the dilatometric curve of masses containing residue R1 as
fluxing. The flux-free MB mass curve is also shown.

For temperatures little above 200 °C, there was volumetric contraction seen in
masses containing residue R1. The occurrence of this type of effect at this temper-
ature range is not common. As residue R1 is excessively hygroscopic, it is possible
that the sample has absorbed significant amounts of water, especially in the region
near the surface. The removal of this surface water due to the increase in tempera-
ture could have caused such initial contraction. From 200 °C, samples containing
residue R1 are expanding, where a volumetric expansion peak can be observed
due to allotropic shift of a-quartz to P-quartz around 573 °C and from this
temperature, contraction begins to occur. It was observed that, at the temperature
range from 573 to 858 °C, the contraction became more discrete in samples with
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a higher percentage of residue R1, and for MB4-12R1 formulation with 12 % of
residue R1, contraction instead of expansion was observed, considering the same
temperature range. This effect is certainly related to the increased content of car-
bonates in the formulations with higher percentage of residue R1, whose decom-
position (and subsequent release of gas) causes a typical volumetric expansion.

Contraction significantly increased at temperature range from 858 to 868 °C,
characterizing the onset of sintering. It was observed that the temperature
of onset of sintering is within a rather narrow range for masses containing
residue R1. According to the analysis of data, it was found that the addition of
residue R1 influenced the temperature of onset of sintering in relation to mass
MB. Mass MB begun sintering at 868 °C, while masses with residue R1 started
sintering at 858, 862, and 863 °C, respectively, according to the increasing
amount of residue added.

Figure 7.2 shows the curves of dilatometric analyses of masses containing
residue R2 and flux-free mass (MB). It was also observed that samples with addi-
tion of residue R2 showed contraction at the beginning of heating to 200 °C. This
contraction was more evident as the content of residue R2 increased. Residue R2
is hygroscopic and it is quite possible that this initial contraction is due to this fact.

It was observed that residue R2 obtained better contribution in relation to the
earlier start of sintering when compared to residue R1. In temperature ranges from
573 to 850 °C, contraction is observed in MB, MB+5R2, and MB+10R2 samples.
At this stage of the heating cycle, early signs of softening particles will melt first,
i.e., the microstructure of the material is thermodynamically preparing to the
beginning of the sintering process. It was also observed that the contraction tended
to be lower as the amount of residue R2 is increased due to the higher content of
carbonates in the formulation, whose decomposition (and consequent release of
gas) causes a typical volumetric expansion.

In MB+15R2 and MB+20R2 samples, no contraction was observed in this
temperature range, where instead of contracting, samples showed volumetric
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expansion. As previously mentioned, the decomposition of carbonates causes a
typical volumetric expansion due to the elimination of gases. If these gases remain
trapped within the ceramic mass it will cause the appearance of closed pores inside
the sample enhancing volumetric expansion. Thus, for residue R2 content equal to
or greater than 15 %, increasing the amount and possibly the larger size of closed
pores inside the sample caused an increase in volume of the ceramic mass, within
the heat range considered.

The MB mass began sintering at 868 °C, while the mass with the highest
content of residue R2 (MB+-20R?2) started sintering at 855 °C. Mass with the low-
est levels of residue R2 (MB+5R2) started sintering at 859 °C.

Figure 7.3 shows the dilatometric analysis of the masses containing feldspar
as fluxing, along with flux-free mass (MB) used by the supplier company as raw
material (MP), whose formulation is described in Table 2.3.
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It was observed that the initial contraction at temperature of up to 200 °C does
not occur in samples with feldspar. This confirms that the cause of this effect
involves a simultaneous feature present in residues R1 and R2. According to the
results, feldspar contributed little to the earlier start of sintering when compared
to the MB mass. The onset of sintering occurred virtually at the same tempera-
ture for all masses containing feldspar as fluxing in comparison with the MB mass,
unlike expectations. It is possible that the liquid formed at this temperature range
has very high viscosity, thus making the wetting of particles that remained solid
difficult. MP mass started sintering at 854 °C, and this anticipation was certainly
due to the presence of pyrophyllite and talc in the ceramic mass.

7.2 Characterization of Specimens After Firing

In this step, the mineralogical characterization of crystalline phases, the physical
properties, and microstructure will be assessed.

7.2.1 X-Ray Diffraction (XRD)

Figure 7.4 shows the graph with the X-ray diffraction pattern of sintered MB and
MP samples. MB Sample showed diffraction peaks related to quartz and mullite
phases. In MP sample, diffraction peaks related to quartz, cordierite, and mullite
phases were identified. The cordierite phase present in the MP sample comes from
the talc used as raw material. The results confirm expectations indicated by the
phase diagram for both MB and MP samples. The presence of fluxes in the MP
sample caused a displacement to the leucite region. However, it should be recalled
that the sum of K,O, CaO, NayO, and MgO elements was considered to position
formulations in the diagram. Then, hydrated magnesium silicate present in talc
promoted the formation of the cordierite phase in MP sample.

Figure 7.5 shows the graph with the X-ray diffraction pattern of sintered
MB+4.5R1 and MB+12R1 samples. In MB+4.5R1 sample, diffraction peaks
related to quartz and mullite phases were identified. In MB+12R1 sample, diffrac-
tion peaks related to quartz, mullite, and leucite phases were identified. The leucite
arises due to the greater amount of residue R1, confirming expectations regard-
ing the trends of chemical reactions indicated by the phase diagram. It should be
recalled that the leucite phase does not favor the mechanical flexural strength due
to the spherical shape of its crystals.

Figure 7.6 shows the graph with the X-ray diffraction pattern of sintered
MB+5R2 and MB+-15R2 samples. In MB4-5R2 sample, diffraction peaks related
to quartz and mullite phases were identified. In MB+15R2 sample, diffraction
peaks related to quartz, leucite, and anorthite phases were identified. The presence
of leucite and anorthite phases is due to the increase of residue R2 in the ceramic
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mass, confirming the trends shown by the phase diagram. According to the XRF
results shown in Table 5.8, the key elements present in residue R2 are K,O
(31.00 %) and CaO (28.18 %). However, positioning formulations in the phase
diagram considered the sum of K,0, CaO, NayO, and MgO elements as equivalent
to K>O. Then, the displacement to the leucite vertex when adding residue R2 to
the mass indicates not only the formation of leucite, but also of anorthite, since
anorthite is located at the same region of the diagram, but in the CaO-Si0,-Al,03
system, as can be seen in Chap. 8, Annex III, ray diffraction pattern of sintered
MB+4R1 and MB+12R1 samples.

Figure 7.7 shows the graph with the X-ray diffraction pattern of sintered MB+10F
sample. The presence of diffraction peaks related to quartz and mullite phases can be
observed. This result was expected as the trends shown by the phase diagram.

7.2.2 Open, Close and Total Porosity

AP is the amount of pores interconnected with the outside of the ceramic mass.
The AP results of sample residues R1 and R2 are shown in Fig. 7.8. It was observed
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that the percentage of residue R1 that yielded the lowest AP results is between
7 and 9 % of added residue. Observing the phase diagram shown in Fig. 6.1, it
could be seen that formulations with R1 percentages between 7 and 9 % are located
in the compatibility triangle region, potassium feldspar—SiO,—Mullite in the pri-
mary field of mullite, in a more favorable location, since this compatibility trian-
gle has an invariant point at 985 °C, temperature at which, for these formulations
during heating, the first signs of presence of the liquid phase appear. Formulations
with R1 percentages above this range are outside the primary field of mullite and,
considering formulations with 12 and 14 % residue R1, besides this feature, they go
beyond the boundary line of the compatibility triangle potassium feldspar—SiO,—
mullite, from this point belonging to the compatibility triangle leucite—potassium
feldspar—mullite, whose invariant point is at temperature of 1,140 °C.

For samples containing residue R2, AP values were lower compared to results
of samples with residue R1. The lowest AP values were obtained for MB+10R2
and MB+15R2 samples, with 0.68 and 0.16 %, respectively.
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Fig. 7.9 AP results of samples containing feldspar (a) and association of residue + feldspar (b)

Figure 7.9 shows the AP results of samples added to feldspar and samples with
association of residue + feldspar. For samples containing only feldspar as flux, the
AP values decrease as the amount of feldspar is increased, that is, the greater the
amount of feldspar in the ceramic mass, the lower the AP value of the sintered body.

Masses with associated fluxes (residue R1 + feldspar and R2 + feldspar
residue) obtained low AP values, highlighting MB+6.7F+6.7R2 mass that showed
0.28 % AP.

Table 7.1 shows the AP and CP values of masses whose properties obtained
positive or negative highlighting. According to Noni et al. (2010), the microstruc-
ture of the porcelain tile should have AP and CP below 10 %.

In porosity tests, AP was determined using the Archimedes principle, whereas
TP was determined as a function of the fired body absolute density. Then, the CP
is the difference between TP and AP. In MB sample, all porosity is of open type,
whose pores communicate with the outside part. Analyzing the other results, it
could be observed that samples with addition of R1 obtained a slight decrease in
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Table 7.1 Total, open, and closed porosity of sintered samples

Formulation Total porosity (%) Open porosity (%) Closed porosity (%)
MB 16.00 16.00 0
MP 8.52 1.69 6.83
MB+4R1 13.36 6.94 6.42
MB+8R1 7.96 291 5.04
MB+12R1 17.97 1.77 4.20
MB+5R2 11.30 3.74 7.56
MB+10R2 15.14 0.68 14.56
MB+15R2 21.21 0.16 21.05
MB+10F 11.71 7.86 3.85
MB+17,5F 10.26 6.94 3.32
MB+35F 5.97 2.30 3.68
MB+17.5F+2.25R1 7.49 1.68 5.81
MB+17.5F+4.5R1 8.81 1.01 7.80
MB+6.7F+6.7R2 9.80 0.28 9.52
MB+10F+10R2 21.89 0.92 20.97

CP due to the addition of residue. This may be related to the low viscosity of the
liquid formed during firing because the potassium oxide, as a strong flux, produces
a low-viscosity liquid during heating. With this feature, the liquid formed has less
ability to trap gases released in chemical reactions, favoring the emergence of AP
in relation to CP as observed in the results shown in Table 7.1.

In samples added to residue R2, it was observed that for percentages between
5 and 15 % of R2, a reduction in AP was observed as a function of the increase in
the percentage of residue added. In contrast, the CP increased for higher percent-
ages of R2. This suggests that the liquid formed showed viscosity high enough to
promote the trapping of gases released during heating, favoring the emergence of
CP in relation to AP. This increase in CP according to the percentage of residue R2
also occurs in masses with association of residue + feldspar.

The MB—+6.7F+6.7R2 mass showed CP equal to 9.52 % while in MB+10F+
10R2 mass, the CP increased to 20.97 %. Indeed, this increased CP was caused by
the increase in the amount of residue R2 in the mass, as feldspar little contributed to
the increase in the CP due to its good stability with respect to the mass loss during
heating, as can be seen in Thermal Analysis shown in Fig. 5.11.

7.2.3 Water Absorption

As seen in Table 2.2, NBR-15463 states that the WA value for glazed porcelain
tile should be equal to or below 0.5 % and for technical porcelain tile it should
be equal to or below 0.1 %. By comparing the AP results with the WA results, an
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Fig. 7.10 WA results of samples containing R1 (a) and R2 (b)

analogical behavior of samples with respect to these two properties was observed.
This analogy is expected, since both properties are associated with the existence of
pores that have interconnection with the outside part.

Figure 7.10 shows the graph with the WA results in function of the addition
of residues R1 and R2. The analysis shows that the addition of up to 8 % residue
R1 contributes to lower WA, reaching a minimum value of 1.24 %. For more than
8 % addition of residue R1, the WA values tended to increase. It is noteworthy that
none of the samples containing only residue R1 as flux obtained WA values within
specifications for manufacturing ceramic tiles. Other factor that may have contrib-
uted to higher WA levels is the lower viscosity of the liquid formed due to the
significant presence of KO in the material. Increased amount of fluid with lower
viscosity certainly increased AP and therefore WA, since the liquid with such char-
acteristics cannot trap the released gases, which migrate more easily to the surface
region of the part.

Regarding residue R2, WA decreased with the addition of residue up to 15 %,
and from this content, the WA values tended to increase. Figure 7.11 shows the
WA results in relation to the addition of feldspar, as well as samples with associa-
tion residue R1 with feldspar and R2 with feldspar.

The addition of feldspar also contributed to decrease the WA as expected,
and according to results, a trend of decreasing WA as the percentage of feldspar
increases is observed. The lowest WA value for samples containing only feldspar
as flux was 0.97 % for sample with 35 % feldspar. This WA value is considered
high in relation to the minimum standards for the manufacture of porcelain tiles.

Regarding the WA results of samples added to feldspar associated with resi-
dues, in general, low WA values were obtained. The best result was obtained by
the MB+-6.7F+6.7R2 sample (with 6.7 % residue R2 4 6.7 % feldspar), showing
0.12 % WA. This value can be considered excellent, considering the small pres-
ence of fluxes in the mass. It is noteworthy that the MB sample, free of fluxes,
showed 7.30 % WA, or the addition of residue R2 and feldspar as flux in the
respective proportions of 6.7 % provided a decrease of 98.36 % in the WA value.
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Fig. 7.11 WA results of samples containing feldspar (a) and residues + feldspar (b)

The MB+10F+10R2 sample obtained WA value equal to 049 %, i.e.,
greater than the value obtained by the MB+6.7F+6.7R2 sample. Analyzing the
WA results of residue R2 and feldspar separately (Figs. 7.10b and 7.11a), it was
observed that the addition of amounts greater than 15 % caused an increase in WA,
whereas for feldspar, no significant increase in WA due to the increased amount
of this flux was observed. Then, it could be inferred that the higher WA value in
MB+10F+10R2 sample in relation to the MB4-6.7F+6.7R2 sample is related to
the greater amount of residue R2.

MB+17.5F+2.25R1 and MB+-17.5F+4.5R1 samples with addition of residue
R1 and feldspar obtained WA values of 0.71 and 0.43 %, respectively. Analyzing
the WA results of samples containing feldspar as flux (Fig. 4.43a), it was observed
that for addition of 17.5 % feldspar, WA was approximately 3 %. It was also
observed that the addition of 2.25 and 4.5 % residue R1 in mass containing 17.5 %
feldspar caused a decrease in WA of 76.33 and 85.67 %, respectively.

7.2.4 Linear Firing Shrinkage

LSf is the comparison between length (longest dimension) of the specimen before
and after firing expressed as percentage. High retractions are unwanted as they can
cause defects in specimens after sintering, for example, warping and microcracks.
On the other hand, a very low linear shrinkage (up to 3 %) is an indication of lit-
tle densification and hence lower porosity reduction. According to Biffi (2002),
for porcelain type ceramic plates, LSf must reach from 7.0 to 9.0 %. Figure 7.12
shows graphs containing the LSf results in relation to the addition of residues R1
and R2. According to the results, the maximum LSf related to residue R1 was
obtained with the addition of residue in the range from 6 to 8§ % and the high-
est value among the formulations tested was 7.82 %. Regarding the MB sample
free of fluxes, the LSf value increases with the increase of R1 to approximately
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7 % of added residue (MB+7R1). For larger amounts of residue R1, LSf tends
to decrease up to value of 2.36 % related to the sample containing 14 % R1
(MB+14R1).

Regarding residue R2, it was observed that the highest linear Shrinkage (LSf)
was obtained with the addition of 5 % R2 (MB4-5R2). By increasing the percent-
age of residue, lower LSf values were obtained. This decrease is associated with
increased closed porosity of specimens with 10 and 15 % R2, as results of porosity
tests shown in Table 7.1. Figure 7.13 shows the graphs showing the LSf results in
relation to the addition of feldspar and samples with residue R1 in association with
feldspar and residue R2 with feldspar.

For feldspar, there is a clear trend of increasing LSf value as the percentage of
this flux increases. The highest LSf value was obtained with the addition of 35 %
feldspar (MB+35F).

MB-+17.5F42.5R1 and MB+17.5F4+4.5R1 samples obtained LSf values of
7.26 and 7.04 %, respectively. The MB+-6.7F+6.7R2 sample obtained LSf value of
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7.16 %, within the usual range indicated by Biffi (2002); however, MB+10F+10R2
sample MB obtained LSf value of 3.66 %, far below recommendations for ceramic
tile. LSt value presented by MB+10F+410R2 sample is associated to the higher
closed porosity observed in samples with higher amounts of residue R2.

The LSt values achieved by the samples under study are within the specified
range for ceramic tiles, with the exception of MB+10F+10R2 sample.

7.2.5 Apparent Specific Mass (ASM) and Real Specific
Mass (RSM)

The ASM value of fired bodies provides a notion on the material densification after
firing. Figure 7.14 shows the ASM values of samples added to residues R1 and R2.
Analyzing the ASM values of samples added to residues R1, it can be seen that
the maximum value achieved (2.36 g/cm®) coincides with the percentage of residue
that obtained the lowest water absorption (8 % residue R1), suggesting that for this
composition, densification was higher. This same analogy between ASM results
and WA can also be observed for samples added to residue R2, where the percent-
age of 5 % residue R2 obtained the highest ASM value. This fact was expected and
indicates the amount of R1 or R2 residues that resulted in higher densification. For
additions above this lower percentage, lower ASM values were obtained.

Figure 7.15 shows the graph with the ASM results of samples added to feldspar
and samples added to residues R1 and R2 associated with feldspar.

Samples with addition of feldspar obtained increasing ASM values as the per-
centage of flux addition increases. Thus, it was possible to establish a trend curve
for these results, suggesting that the densification of the ceramic body increases as
the percentage of feldspar in the mass increases. Samples with associated residue
R1 and feldspar obtained ASM values close to that of MP sample. When compar-
ing the ASM values of MB+17.5F sample with the results of MB+17.5F+4.5R1
and MB+17.5F+2.25R1 samples, it can be seen that the addition of residue R1 did
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Fig. 7.14 Results of the ASM values of samples containing R1 (a) R2 (b)
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Fig. 7.15 ASM results of samples containing feldspar (a) and association of residue + feldspar (b)

not affect significantly the ASM results, remaining between 2.33 and 2.36 g/cm?,
respectively.

The MB-+6.7F4-6.7R2 sample obtained ASM values a little below the aforemen-
tioned sample and MB+10F4-10R2 sample obtained a value even lower, 1.97 g/cm?.
In this case, comparing the ASM value with the green density value (Table 7.1) of
MB+10F+10R2 sample, it can be inferred that after heat cycle, the apparent density
value did not change substantially. Possibly, considering the thermal cycle to which it
was submitted, the MB+10F+10R2 sample has surpassed the maximum densifica-
tion point, where from this, the appearance of pores (in this case, closed) increased
and the body became less dense or with higher amount of internal voids. The RSM
values of the fired body were determined in order to calculate the total porosity as
procedures specified in item 3.6.8. Table 7.2 shows the RSM values of some samples,
whose properties had positive or negative highlighting.

The RSM/ASM ratio is the compactness, which for sintered bodies gives a
comparative view of the material densification. The higher the compactness value,
the greater the densification of the ceramic body. According to the results, it can be
seen that samples with feldspar (no residue) obtained increasing compactness val-
ues as the addition of feldspar is increased. Sample with the addition of 5 % resi-
due R2 achieved higher compactness than MB sample, free of fluxes, indicating
increased densification, and for higher percentages of residue R2, the compactness
values decreased. The same effect can also be observed when comparing the com-
pactness results between MB+6.7F+6.7R2 and MB+10F+10R2 samples, where
compactness values decreased from 0.90 to 0.78, respectively.

7.2.6 Bending Rupture Tension (BRT)

BRT is an important property for ceramic coating. In porcelain tiles, the minimum
BRT must be 37 MPa for glazed porcelain tiles and 42 MPa for technical porcelain
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Table 7.2 RSM, ASM values, and compactness of sintered samples

Formulation RSM (g/cm?) ASM (g/cm?®) Green compactness
MB 2.56 2.18 0.85
MP 2.60 2.37 091
MB+4R1 2.62 227 0.86
MB+8R1 2.56 2.36 0.92
MB+12R1 2.53 2.08 0.82
MB+5R2 2.61 2.31 0.88
MB+10R2 2.54 2.16 0.85
MB+15R2 2.57 2.03 0.79
MB+10F 2.61 2.30 0.88
MB+17.5F 2.56 2.30 0.90
MB+35F 2.51 2.36 0.94
MB+17.5F42.25R1 2.55 2.36 0.92
MB+17.5F+4.5R1 2.55 2.33 0.91
MB+6.7F46.7R2 2.54 2.29 0.90
MB+10F+10R2 2.52 1.97 0.78

tiles as described in Table 2.2. Figure 7.16 shows graph containing the BRT results
for samples with the addition of residues R1 and R2.

It was observed that samples with the addition of residue R1 (as single flux)
showed, in general, BRT values far below the minimum recommended for
porcelain tiles.

For masses with the addition of residue R2 (as single flux), it was observed that
the addition of 5 % residue contributed to increased BRT from 25.99 to 30.54 MPa.
For residue percentage between 10 and 15 %, no significant increase in BRT was
observed. The BRT of a ceramic sample is inversely proportional to porosity, or for
the same material, more porous bodies tend to be less resistant. Comparing the total
porosity values (Table 7.1) of specimens containing percentages between 5 and
15 % of residue R2, it can be observed that even with a trend of decreased AP, there
was a significant increase in CP. This explains the fact that even with very low AP
and WA values, ceramic tiles have not reached higher BRT values. For higher levels
of addition of residue R2, a decrease in BRT values was observed.

Figure 7.17 shows the BRT results of masses containing feldspar and associa-
tion of residue + feldspar.

The BRT results referring to masses with the addition of feldspar (as single
flux) indicate increasing trend of BRT due to the increasing content of feldspar
in the mass. In general, the addition of feldspar promoted good behavior in rela-
tion to the mechanical strength of specimens, especially MB+35F sample with the
addition of 35 % feldspar, which achieved BRT of 43.57 MPa.

Samples with associated residue R1 and feldspar (MB+17.5F+2.25R1 and
MB+17.5F+4.5R1) showed decreased BRT values compared to MB+-17.5F sample
with 17.5 % feldspar. When 2.25 % of residue R1 was added to the mass with 17.5 %
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feldspar, the BRT decreased from 37.79 to 25.19 MPa. With the addition of 4.5 %
of residue R1 to the mass with 17.5 % feldspar, the BRT decreased from 37.79 to
19.12 MPa. The analysis of these results showed that residue R1 contributed to the
decrease of the BRT. This effect may be due to the high mass loss of residue R1, seen
in the TGA curve shown in Fig. 4.24, along with the lower viscosity of the liquid
formed during firing.

Among the samples with associated residue R2 and feldspar (MB+6.7F+
6.7R2 and MB+10F+10R2), MB+6.7F+6.7R2 sample showed BRT value of
46.03 MPa. It should be recalled that this sample obtained WA value of 0.12 % and
therefore can be included in the range of porcelain tile classification established
by NBR-15463. The BRT and WA results become very interesting considering
the percentage of flux added to the MB+6.7F+6.7R2 mass. For comparison pur-
poses, the MB+4-35F sample containing only feldspar as flux in the ratio of 35 %
obtained WA of 0.97 % and BRT of 43.57 MPa. It was verified that the association
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of residue R2 with feldspar as flux is interesting from the point of view of reducing

costs of raw materials and from the point of view of technical properties.

7.2.7 Vitrification Curve

The vitrification of ceramic materials is the measure of microstructure evolution of
the material during firing. The vitrification curve used in ceramic tiles illustrates
the thermal behavior of the material as a function of temperature. Normally, it is
represented by two parameters: porosity and sintering. Porosity can be measured
by water absorption (simplest and most widely used method) or by mercury
porosimetry, whereas sintering is measured by the linear shrinkage (most used), or
thermal expansion (Sanchez-Muiioz et al. 2002).
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Of all masses used in this work, MB+6.7F+6.7R2 sample was the only one
that, after sintering, obtained WA and BRT results within the specified range for
the manufacture of porcelain tiles. Therefore, the behavior of the microstructure
using the vitrification curve was investigated. Figure 7.9 shows the vitrification
curve of MB+6.7F+-6.7R2 mass.

The WA curve follows a decreasing trend up to temperature of 1,200 °C,
while the LSf curve follows an increasing trend, with a trend of stabilization
from temperature 1,170 °C. According to Sanchez-Muifioz et al. (2002), the
temperature corresponding to beginning of the decrease of WA and increase of
LSf is the temperature of formation of the melting phase, which in the case of
the heating cycle of MB+6.7F+6.7R2 is below the lowest temperature investi-
gated at 1,020 °C. Upon reaching this temperature, all clay transformations, i.e.,
dehydration and dehydroxylation have occurred, as well as the partial transfor-
mation of kaolinite into mullite and the appearance of early stages of molten
material and the material develops WA smaller and LSf increasingly higher.
This process is known as sintering. According to the authors, sintering pro-
gresses up to the optimum firing temperature, which is characterized by being
the temperature at which the lowest WA value occurs, and this should coincide
with the highest LSf.

In the MB+6.7F4+6.7R2 mass cycle, LSf increased up to temperature of
1,170 °C, where constant values tended to occur. For MB-+6.7F+6.7R2 mass,
the optimum firing temperature was 1,200 °C. However, for the manufacture of
glazed porcelain tiles, NBR-15463 recommends WA < 0.5 % and it could be
observed that, for this WA value, there is a possibility of the firing temperature
to be slightly below 1,200 °C, resulting in decreased operating costs. The graph
of Fig. 7.18 highlights the temperature of 1,195 °C, for which, according to the
results obtained, the WA value is 0.5 %.
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Chapter 8
Mullite and Leucite Formation

Abstract In this chapter will be discussed the formation of mullite and leucite by
scanning electron microscopy (SEM) and their consequence on the properties of
CBA incorporated materials. SEM images of the fracture surface were presented
showing both the crystalline phases.

Keywords Mullite - Leucite -+ SEM analyzes

In this chapter will be discussed the formation of mullite and leucite by scanning
electron microscopy (SEM) and their consequence on the properties of CBA
incorporated materials.

8.1 Scanning Electron Microscopy (SEM)

SEM analysis has become an essential tool for evaluating the microstructure of
ceramic tiles. In ceramic coating, the fracture surface is usually investigated by SEM
in order to assess the presence and characteristics of pores (shape, size) of the glass
matrix and of crystalline phases. The analysis of the mullite phase in fired bodies
gains particular importance in SEM images, since it is possible to make a distinction
as to the form of the crystal, clearly defining if the observed mullite is primary (vol-
umetric shape) or secondary (acicular morphology). The geometric shape of mul-
lite crystals directly influences the mechanical performance of parts. According to
Restrepo and Dinger (2003), mullite with acicular or needle shape reinforces the vit-
reous matrix the same way as fibers reinforce composites. Figures 8.1 and 8.2 show
the SEM images related to the fracture surfaces of MP samples with magnifications
of 100, 500, 3000 and 8000x, respectively. The rectangles marked in the images
indicate the magnified region shown in the following images:

Figure 8.1b shows the existence of pores, mostly with spherical shape, char-
acteristic of closed porosity in the presence of liquid phase. Figure 8.2 shows in
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Fig. 8.2 SEM of fracture surface of MP sample with magnification of magnification of 3,000
(a) and 8,000x (b)

greater detail the size and shape of pores. Figure 8.2b shows small cracks possibly
as a result of thermal contraction.

Figure 8.3 shows the SEM images of the fracture surface of MB sample (free
from fluxes), with magnification of 100 and 500x. In XRD tests of the fired body,
quartz and mullite phases were identified in the MB sample.
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Fig. 8.4 SEM of fracture surface of MB sample with magnification of 2,000 (a) and 5,000 (b)

Figure 8.4 shows SEM images of the fracture surface of MB sample with mag-
nification of 2,000 and 5,000 x. The existence of cavities of irregular shape can be
observed, confirming the existence of AP. According to the porosity results, MB
sample showed no CP, or any existing porosity was open type. Figures 8.4b and
8.4a show the presence of primary mullite crystals.
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Fig. 8.6 SEM of fracture surface of MB+8R1 sample with magnification of 2,000 (a) and
5,000x (b)

Figure 8.5 shows the SEM images of the fracture surface of MB+8R1 sample,
with magnification of 100 and 500x. Cavities and irregular pores can be identi-
fied, confirming the existence of AP in the sample.

Figure 8.6 shows the SEM of fracture surface of MB+8R1 sample with magni-
fication of 2,000 and 5,000x.
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It is possible to identify some cracks of thermal origin, possibly caused by
differences in contraction during cooling. Quartz particles, generally smaller than
10 um immersed in the glassy phase can be observed.

Figure 8.7 shows SEM images of the fracture surface of MB+12R1 sample
with magnification of 100 and 500x. Figure 8.7a shows a pore with size of about
100 pum and of irregular shape.

The addition of residue R1 as single flux did not promote the growth of acicular-
shaped mullite crystals. It is possible that the lower viscosity liquid formed has no
influence on the thermodynamic conditions for the growth of secondary mullite crys-
tal during firing. This may be one of the factors that explain the low flexural mechani-
cal strength achieved by samples manufactured with added residue R1. The presence
of leucite also contributed to reduced mechanical performance of MB+12R1 sample.
The appearance of the fracture surface of MB+4-12R1 sample, shown in Fig. 8.7a, b
suggest that there was little densification of the ceramic body, confirming the results
of porosity and ASM tests, where the sample obtained TP equal to 17.97 %, of which
13.77 % of these pores were characterized as open, and ASM equal to 2.08 g/cm?.

Figure 8.8 shows the SEM images of the fracture surface of MB+5R2,
MB+10R2, and MB+-15R2 samples with magnification of 100x.

Analyzing images in a comparative way, it was observed that in the range
from 5 to 15 % of addition of R2, TP increased significantly as the percentage
of residue increased. It was verified that, in most cases, pores are isolated and
show spherical shapes, which indicates the presence of CP. Figure 8.8 confirmed
the results of porosity tests, which pointed to the presence of CP, and in quan-
titative terms, tests indicated increased porosity as the percentage of residue R2
increased. This significant increase of closed pores within the ceramic body surely

Fig. 8.7 SEM of fracture surface of MB+12R1 sample with magnification of 2,000 (a) and
5,000 (b)
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Fig. 8.8 SEM of the fracture surface of MB+5R2 (a), MB+10R2 (b), and MB+15R2 (c) sam-
ple with magnification of 100x

hampered the physical properties of LSf, ASM, and BRT as previous reviews. The
images also showed that, besides the significant increase in the number of pores,
the pore size also increased dramatically as the percentage of R2 increased. Higher
porosity, along with increased pore size certainly influenced the mechanical per-
formance of parts. It is noteworthy that each pore present within a ceramic body
can act as a stress concentrator and cause the early onset of cracking, leading to
the rupture of the material. The presence and characteristics of pores explain the
fact that despite having extremely low AP and WA levels, parts with higher levels
of R2 do not show high flexural strength.
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Fig. 8.9 SEM of the fracture surface of MB+5R2 sample with magnification of 2,000 (a) and
5,000x (b)

Although it is clear that the addition of residue R2 to ceramic mass causes
increase in CP, when comparing the technical properties between MB and MB+5
R2 masses, it was observed that adding 5 % R2 decreased TP (24.2 %), decreased
WA (77.8 %) and increased BRT (17.5 %), i.e., the addition of 5 % residue R2
resulted in improvements in key technical properties.

Figure 8.9 shows SEM images of the fracture surface of MB+5R2 sample with
magnification of 2,000 and 5,000 x. It is possible to observe in detail the presence
of closed and isolated pores.

Figure 8.10 shows the SEM images of the fracture surface of MB+5R2 sample
with magnification of 15,000x. The acicular mullite crystals can be easily identi-
fied. The existence of needles of maximum size of 2 pwm can be observed. The
existence of these secondary mullite crystals suggest that the amount and viscos-
ity of the liquid phase formed during firing promoted not only the filling of pores,
but established thermodynamic conditions favorable to the nucleation and growth
of mullite needles. These two characteristics should be taken into consideration
when evaluating a flux material, as the filling of pores reduces WA and TP, while
the mullite needles reinforce the glassy matrix, contributing to the mechanical
strength. It is worth mentioning that the porcelain tile must necessarily exhibit low
water absorption (<0.5 %) and high mechanical strength (>37 MPa).

Figure 8.11 shows SEM images of the fracture surface of MB+10R2 sample
with magnification of 2,000 and 5,000x.

In the image of Fig. 8.9, it is possible to observe a crack, possibly of thermal
origin, due to the contraction difference during cooling. Similarly to MB+5R2
sample, acicular crystals were identified; however, of maximum size of 4 pm, that
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Fig. 8.10 SEM of the fracture surface of MB+5R2 sample, with magnification of 15,000x (a)
and (b)

is, higher than those observed in Fig. 8.10. Theoretically, larger acicular crystals
would reinforce the glassy matrix; however, the BRT results contradict this claim,
as compared to the MB+5R2 sample, the MB+4-10R2 sample showed no signifi-
cant increase in mechanical strength. Certainly, the highest closed porosity of
MB+10R2 sample negatively affected performance in relation to the mechanical
flexural strength (Noni et al. 2010). Another factor that surely influenced the lower
mechanical performance of MB+10F+10R2 sample was the presence of the leu-
cite phase, as in Fig. 8.11, it is possible to verify the presence of spherical crys-
tals whose geometry is characteristic of leucite, according to trend indicated by the
phase diagram shown in Fig. 6.3.

Figure 8.12 shows SEM images of the fracture surface of MB4-15R2 sample
with magnification of 2,000 and 5,000x. According to the XRD results, the crys-
talline phases present in MB+15R2 sample were quartz, leucite, and anorthite.

Based on the analysis of results, the addition of residue R2 as single flux should
be of 5 % of added residue, as for larger amounts, the closed porosity tends to
increase and negatively influence the mechanical performance of parts.

Figure 8.13 shows SEM images of the fracture surface of MB+7.5F42.25R1
sample with magnification of 100 and 500x.

According to the image in Fig. 8.13b, the existing pores are mostly irregularly
shaped.

Figure 8.14 shows SEM images of the fracture surface of MB-+17.5F+4.5R1
sample with magnification of 100 and 500x. Some pores, viewed in the image
of Fig. 8.14a, have spherical shape, with maximum size of about 50 pym. In
Fig. 8.14b, irregularly shaped pores can be identified.
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Fig. 8.11 SEM of the fracture surface of MB+10R2 sample with magnification of 5,000 (a) and
10,000 (b)
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Fig. 8.12 SEM image of the fracture surface of MB+15R2 sample with magnification of 2,000
(a) and 5,000 (b)

Figure 8.15 shows SEM images of the fracture surface of MB+17.5F+2.25R1
and MB+17.5F+4.5R1 samples with magnification of 5,000x. Discrete acicular
crystals of secondary mullite can be viewed, mostly less than 1 pm in size.

The addition of residue RI plus feldspar as flux in MB+17.5F42.25R1 and
MB+17.5F+4.5R1 samples contributed to the formation of a microstructure with
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Fig. 8.13 SEM of the fracture surface of MB+17.5F+2.25R1 sample with magnification of 100
(a) and 500 (b)
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Fig. 8.14 SEM images of the fracture surface of MB+17.5F+4.5R1 sample with magnification
of 100 (a) and 500 (b)

pores of irregular shape and little formation of secondary mullite (Segadaes 2006).
The acicular crystals viewed had maximum dimensions of about 1 pm, and
according to the BRT results, even with the presence of crystals of second-
ary mullite, the mechanical strength was lower for MB+17.5F+2.25R1 and
MB+17.5F+4.5R1 samples when compared to MB+17.5F sample.
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Fig. 8.16 SEM images of the fracture surface of MB+6.7F+6.7R2 (a) and MB+10F+10R2 (b)
samples with magnification of 100x

Figure 8.16 shows SEM images of the fracture surface of MB+6.7F+6.7R2
and MB+10F+10R2 samples with magnification of 100x. Again, it could be
observed that the internal porosity in MB+10F+10R2 sample was higher when
compared with MB+6.7F+6.7R2 sample, confirming that higher addition of
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residue R2 contributed to increase the CP of parts. The images confirmed the
results of porosity test, where the MB4-6.7F+6.7R2 sample showed TP equal to
9.80 % and CP equal to 9.52 % (both within the usual range for porcelain tiles),
while MB4-10F+10R2 sample obtained TP equal to 21.89 % and CP equal to
20.97 %, according to porosity tests shown in Table 7.2. As previously mentioned,
porosity with these characteristics arises mainly due to the release of gases result-
ing from chemical reactions and also, the liquid formed during firing must neces-
sarily have viscosity high enough to trap these gases inside the ceramic body.

Secondary mullite crystals were found in all regions investigated of the
MB+6.7F+6.7R2 sample (Fig. 8.17). As previously mentioned, the appearance
of secondary mullite crystals suggests that the amount and viscosity of the liquid
phase formed during firing determine the thermodynamic conditions for nuclea-
tion and growth of mullite needles. This feature is important in the microstructure
of porcelain tiles, because acicular mullite in format reinforces the glassy matrix
resulting in ceramic bodies with higher mechanical strength.

Figure 8.18 shows the SEM images of the fracture surface of MB+10F+10R2
sample with magnification of 2,000 and 5,000%. Acicular crystals of secondary
mullite can be observed.

Despite the presence of secondary mullite, MB+10F+410R2 sample showed no
satisfactory BRT value (28.05 MPa) and obtained results far below the minimum
established by NBR-15463 (>37 MPa). The effects of excessive porosity were

>

. w " . - J r]
SEM HV: 20.0 kV Wik 7.24 mm [ SC, SEM HV: 2000 kV Wi 7.25 mm 1
View feld: 63.7 pm Det: SE View fledd: 25.5 jam Det: SE
SEM MAG: 200 kx  Date(midfy): 011513 SEM MAG: 5.00 kx | Date{midiyk: 011513

GFERZ.V4 6F6R2.VS
FBA-DTMM-LCM IFBA-DTMM-LCM

Fig. 8.17 SEM images of the fracture surface of MB+6.7F+6.7R2 sample with magnification
of 2,000 (a) and 5,000 (b)
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Fig. 8.18 SEM images of the fracture surface of MB+10F+10R2 sample with magnification of
2,000 (a) and 5,000x (b)

crucial for the BRT results of the MB+10F+410R2 sample, since the presence of
secondary mullite was not enough to ensure good results.
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