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Abstract: In this study, we developed formulations of a clay, kaolin, quartz, talc, and feldspar ceramic
coating as a standard formulation, with the addition of Hap to improve the mechanical characteristics
of the final product. The addition of Hap will help to fill the gaps in the formulation. Furthermore, it
could lower the sintering temperature due to the high presence of calcium oxide in its composition.
The main mineralogical phases (mullite, quartz, and anorthite) were identified in the sintered samples
by X-ray diffraction. After evaluating the physical-mechanical properties (water absorption, linear
shrinkage, apparent porosity, and resistance to flexion), the incorporation of Hap (5% in weight, 10%
in weight, and 20% in weight) significantly altered the physical and mechanical properties of the final
product, where we obtained, in relation to the standard formulation, an increase of more than 15% in

mechanical resistance.

Keywords: Hap; ceramic formulations; sustainable materials

1. Introduction

Ceramic coatings are materials composed of clay and other inorganic elements, which
undergo processes, such as pressing and firing at high temperatures. They are used to
coat floors and walls both indoors and outdoors in civil construction [1]. The ceramic
tile industry worldwide depends on raw materials, mainly clays, to produce its products.
Some regions may have an abundance of certain types of clay, while others are scarce. The
ceramic tile industry faces challenges regarding the economy of quality raw materials in
some regions, which affects the production and prices of ceramic materials. To overcome
these challenges, the industry can invest in research that includes synthetic raw materials,
such as zirconium, alumina, and silica. The use of synthetic raw materials can provide
benefits related to the quality and stability of ceramic products, in addition to reducing
dependence on natural raw materials and increasing the sustainability of the industry [1,2].
Estimates show that these activities produce more than 20 billion tons of solid waste
annually. Over half is disposed of inappropriately with little or no responsibility [3-7]. The
development of new alternative raw materials has attracted the attention of many researchers
interested in reducing the environmental impact caused by these residues [8-11]. A viable
and interesting alternative for ceramic tile formulations is the incorporation of synthetic
hydroxyapatite (Hap) due to its excellent mechanical and physical-chemical properties, as
it has low mass, high surface area, and excellent thermal stability, allowing its use at high
temperatures during the coating firing process.

The high hardness and mechanical resistance of Hap improve the durability and
resistance to abrasion of the coating. Its high concentration of calcium oxide can help to
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reduce the firing temperature of the compound formed. In addition, HAP is a biodegradable
material [12-14].

Porcelain tile stands out among ceramic tiles produced worldwide due to its tech-
nical properties and aesthetics. The worldwide demand for this ceramic coating grows
daily, prompting industry and research centers to seek alternatives to traditional raw
materials [15-17]. In general, the masses for porcelain tiles contain a high content of
melting /refractory clays and feldspar, which are rich in melting oxides, such as calcium,
potassium, sodium, and magnesium. This mass is fired in industrial kilns at very high
temperatures of approximately 1200 °C with firing cycles of around 60 min, transforming it
into ceramic materials with crystalline phases, for example, mullite, whose formation is
due to the fusion of silicon oxides with aluminum oxides [18-20]. The main requirements
for porcelain tiles are a high degree of whiteness, high density, low apparent porosity, high
mechanical resistance, and deficient water absorption. Achieving these objectives leads
to an adequate microstructure in the fired coating. The microstructure formed must be
characterized by the complete or partial absence of apparent porosity [20-22]. Among
several transformations during the firing process, the densification of the coating occurs
due to a sintering mechanism through a viscous liquid phase caused by a large number of
melting agents in the composition (feldspar and melting clays) [22,23]. In this procedure,
the liquid phase plays an essential role in determining the densification of the ceramic
piece [23,24].

Given the abovementioned factors, the main objective of this work is to evaluate the
potential of adding Hap in proportions of 5 wt%, 10 wt%, and 20 wt% in the formulation
to result in technical specifications that meet international standards, thus, enabling the
production of an alternative porcelain tile ceramic covering. Currently, the scientific
literature does not include an investigation about the incorporation of hydroxyapatite
(Hap) into ceramic coating formulations [25]. Therefore, a study dedicated to examining
this possibility would be of great importance to academia.

2. Materials and Methods
2.1. Raw Material

The clay, kaolin, feldspar, and quartz were purchased from Risi Produtos Cerdmicos
in Cunha, State of Sao Paulo, Brazil. Talc was collected from mineral deposits in Dirceu
Arcoverde in Piaui, Brazil. Hap was obtained from Graphen Tecnologia.

The raw materials used in this study are presented in Table 1.

Table 1. Origins of raw materials used to conduct this work.

Material Feature

Containing essentially the phases: microcline—(K,

*
Feldspar Na)AISizOg and albite—Na(AlSizOg)
. . Containing essentially the phases: silicon oxide—SiO;
*
Light burning clay and kaolinite—Aly (Si,Os)(OH),
Kaolin * Containing essentially the phases:
kaolinite—Al,(Si;O5)(OH)4 and microcline—K(AlSizOg)

Quartz * Containing essentially the phase: silicon oxide—(Siy)

Tale ** Containing essentially the phases:

dolomite—CaMg(C3), and talc—Mg35isO19(OH);
Hydroxyapatite *** Essentially containing the phase:

hydroxyapatite—Cas(PO4)3(OH)

Origins: * Risi Ceramic Products; ** Dirceu Arcoverde—Piaui; *** Federal University of Piaui.

The materials were dried until they reached their maximum capacity to absorb mois-
ture from the air under equilibrium conditions (hygroscopic humidity), and were then
ground in a ball mill for 48 h and passed through an N° 44 um sieve. The raw materials
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were characterized in crystalline phases by X-ray diffraction (XRD) through particle size
distribution and chemical analysis using the X-ray fluorescence (XRF) technique.

The chemical composition of the raw materials was measured using X-ray fluorescence
(Shimadzu, model EDX 720, Kyoto, Japan). The mineralogical phases of the raw materials
and sintered samples were identified by X-ray diffraction (Shimadzu XRD 6000 model,
Kyoto, Japan), with the X-ray wavelength (Cu = 40 Kv/30 mA) and range of 20 from 10°
to 70°, in accordance with the JCPDS database. Particle size distribution was determined
by laser diffraction (Cilas, model 1064LD, Orléans, France). The thermal behaviors were
evaluated by thermogravimetry (TG)/derived thermogravimetry (DTG) (DTG Shimadzu,
model TA 60H, Kyoto, Japan), with a heating rate of 5 °C/min, under a nitrogen gas
atmosphere as standard.

2.2. Sample Preparation

The compositions were formulated based on a standard composition (45 wt% feldspar,
30 wt% clay, 15 wt% kaolin, 7 wt% quartz, and 3 wt% talc), in which 5 wt%, 10 wt%, or
20 wt% of Hap were added to improve the technical characteristics of the final product.
The nominal compositions of the ceramic formulations (wt%) and their respective nomen-
clatures are summarized in Tables 2 and 3. The default composition was based on the
literature [26].

Table 2. Nomenclature and nominal composition (wt%) of the standard formulation studied in
this research.

Raw Material Composition (wt%)
Feldspar 45
Clay 30
Kaolin 15
Quartz 7
Talc 3

Table 3. Nomenclature and nominal composition (wt%) of the standard formulation with the addition
of Hap studied in this research.

Raw Material Composition (wt%)
Standard formulation 95 90 80
Hydroxyapatite (5%, 10%, and 20%) 5 10 20

The selected raw materials were calculated to provide 5.0 kg of standard composition
material. The raw materials were homogenized wet in a ball mill (SOLAB ball mill) in a
1:1 ratio (one portion of water to one portion of composition) for 24 h. The samples were
formed in a metallic prismatic matrix (10 mm x 10 mm X 80 mm). The samples were
obtained from 18 to 20 g of powder in a hydraulic press at a pressure of 750 kg/cm?, with a
force of around 6.0 tons applied for 30 s. Ten samples of each formulation were produced
for each temperature. Quality control was performed by selecting the six best samples,
considering the absence of small cracks, size, and conformation quality. After pressing and
drying, the green densities for samples of all compositions ranged from 1.80 to 2.00 g/cm?3.
Notably, these values are below those usually used for forming porcelain tile compositions
(around 2.0to 2.1 g/ em?) [26,27]. Finally, the pressed samples were dried at 110 °C for 24 h
and sintered in a conventional electric furnace.

2.3. Characterization Samples after Sintering Treatment

The sintering protocol consisted of a heating rate equal to 5 °C/min, 30 min at the final
temperatures of 1000 °C, 1100 °C, and 1200 °C, and natural cooling to room temperature.

The characterization of the powders of the burnt compositions was carried out, char-
acterizing them in terms of crystalline phases by X-ray diffraction (DRX); this method
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determines the crystalline structure of the sintered compositions. This analysis was used to
determine the formation of crystalline phases and provide information about the crystalline
structure of the samples. It is a fast and easy-to-use method that provides detailed infor-
mation about the crystalline structure of sintered materials. Scanning electron microscopy
was also used to verify the distribution of total open and closed porosity, the normal and
fracture surface, and the morphology of the material. Scanning electron microscopy was
then used to detect and map the porosity distribution in the material. The obtained data
made it possible to determine the total porosity, pore dimensions, and other properties.

The fired samples were characterized using the Archimedes method to measure water
absorption and apparent porosity. Flexural strength measurement was performed using
the three-point flexion test. The procedures for carrying out these tests are all supported by
standards [28-34].

2.3.1. Linear Retraction (LR)

Linear shrinkage considers the variation in the linear dimension of the ceramic body,
in percentage, after the sintering step. A variation with a positive value characterizes a
retraction of the dimension initially considered. Otherwise, it is considered that the ceramic
body underwent expansion. The procedure adopted was the measurement with a caliper
of the lengths of the specimens before and after sintering. The following equation was used
to calculate the linear shrinkage values after firing:

Lapr = (LO=L0

where LR is the linear shrinkage value, as a percentage, of the specimen after sintering; L0
is the length of the specimen before sintering, and Lf is its length after the sintering process.

100%

2.3.2. Water Absorption (WA)

Water absorption is the percentage value of the mass of water absorbed by the body
after sintering. The water absorption test was carried out as follows: the specimens were
weighed immediately after leaving the oven on an analytical balance. Consecutively, they
were submerged in distilled water for 24 h in a glass container. After this time, they were
removed from the container, and excess surface water was removed with a damp cloth and
immediately weighed to verify the variation in their new masses. The water absorption
value, in mass percentage, was obtained using the following equation below:

Mu - M
WA (%) = ”AT‘HOO%
where WA is the water absorption as a percentage; Mu is the mass of the specimen saturated
in water; Mg is the mass of the dry sample. After calculating the water absorption of each
sample, the arithmetic mean of the values obtained for each group was calculated.

2.3.3. Apparent Porosity (AP)

The calculation of the apparent porosity provides the probable percentage of the
volume of open pores, after sintering, of the specimens concerning their total volume.
Obtaining this value was calculated as follows: after weighing the specimens to calculate
the water absorption, the mass of the immersed samples was also measured using the
hydrostatic balance method. With the three values, Mu, Mg, and immersed body mass M;i,
the following equation was used to obtain the percentage value of the apparent porosity:

(Mu — Mg)

APR) = 3 Mi

100%

where AP is the calculated value of the apparent porosity, and Mi is the mass of the specimen
immersed in water.
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2.3.4. Three-Point Bending Failure Stress (TRF)

Flexural rupture stress refers to the material’s resistance to simple flexion by the three-
point method, according to the method proposed by VICAT. To measure this property, a
universal testing machine, model AG—I 250 KN, from Shimadzu, was used, operating at a
speed of 0.5 mm/min, according to the method proposed by the standard (AMERICAN
SOCIETY FOR TESTING AND MATERIALS) (ASTM). Tests were performed on six speci-
mens for each formulation to obtain the results, and the arithmetic mean of these values
gave the final value. The calculations were performed automatically by the Trapezium 1.14
software from Shimadzu. The following equation provides the results:

3pl
2\ _ i A
TRF (kg/em?) = 2551007
where TRF is the breakdown tensile (kg/cm?); p is the load reached at the moment of failure
(kg); I is the distance between the supports of the specimen; b is the width of the sample; i
is the height of the sample.

3. Results and Discussions
3.1. Characterization of Raw Materials

Figure 1a—f and Table 4 are the diffractograms and the chemical compositions of the
raw materials. Figure la indicates that the clay used consisted of kaolinite Al, (Si;O5)(OH)4
(JCPDS: 78-2110) and quartz (SiOy) (JCPDS: 46-1045) phases, which provide plasticity to
the mass and mechanical resistance to the final product [35-37]. Figure 1b shows kaolin,
which will produce lighter-colored sintered parts. In addition, kaolinite is a fundamental
carrier of aluminum oxide (Al,O3) (JCPDS: 10-0173). During the vitrification phase, the
ceramic mass becomes a regulator of the balance of reactions, resulting in the formation of
mullite (3A1,03-2510,) (JCPDS: 79-1276), which, due to its structure, will function as “bone,”
increasing its resistance [38,39]. The kaolin used as one of the raw materials for making
the sintered samples consisted of the kaolinite phase Al,(5i;O5)(OH)4 (JCPDS: 78-2110).
Figure 1c shows the feldspar, which can play a crucial role in porcelain tile ceramic masses
due to these minerals, the high gresification, high mechanical resistance, and reduced
porosity after firing [40,41]. The feldspar used consisted of the following phases: potassium
feldspar—(K, Na)AlSi3Og (JCPDS 10-0357) and sodium feldspar—Na(AlSi3Og) (JCPDS
10-0357). Figure 1d shows the quartz that can maintain a siliceous “skeleton” in the mass
when the other components soften due to increased temperature [40-42]. Furthermore,
quartz, an essential regulator between silica (SiO,) (JCPDS: 46-1045) and alumina (Al,O3)
(JCPDS: 10-0173), contributes to the formation of mullite (3Al,03-25i0,) (JCPDS: 79-1276),
a phase that increases the mechanical resistance of the product [42]. The quartz used
consisted of the (SiO,) phase (JCPDS: 46-1045), with no evidence of impurities and/or clay
minerals within the detection limits of the X-ray analysis. The talc in Figure 1e is considered
as flux energy. Its presence increases the fusibility by forming a eutectic with feldspar,
which produces a large amount of low-viscosity liquid phase, helping densification and
reducing porosity [42,43]. The talc used consisted of the following phases: dolomite—
CaMg(COs3), (JCPDS 05-0622) and talc—(Mg35i4019(OH), (JCPDS 29-1493). Figure 1f
shows the hydroxyapatite used as an alternative additive in the composition of porcelain
tiles. As Hap is a material essentially rich in calcium, it is expected to help reduce the final
firing temperature of the porcelain tile coating [25]. The Hap consisted of the following
phases: Hap—Cas(PO4)3(OH) (JCPDS 09-0432). The XRF technique evidenced that the raw
materials have a high degree of purity, as shown in Table 4. All raw materials have a low
iron oxide content, which is a significant value for porcelain ceramic tiles, as the presence
of this oxide causes the final product to lose its light color.
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Figure 1. X-ray diffraction (XRD) patterns measured from clay (a), kaolin (b), feldspar (c), quartz (d),
talc (e), and Hap (f).
Table 4. Chemical composition of the raw materials (clay, kaolin, quartz, talc, feldspar, and Hap)
used in the new ceramic formulation studied.
Sample SIOZ A1203 Fe203 CaO Na20 Kzo Ti02 MgO P205
Clay 49.50 46.44 2.01 0.11 - 0.63 1.30 - -
Kaolin 50.44 46.15 0.39 - - 3.03 - - -
Quartz 99.88 - - - - 0.12 - - -
Talc 39.55 - 1.15 22.06 - - - 37.13 -
Feldspar 65.06 20.57 0.11 - 5.80 8.41 - - -
Hydroxyapatite - 0.20 - 62.41 - - - 0.42 36.74

Table 4 summarizes the chemical compositions of the raw materials (clay, kaolin,
quartz, talc, feldspar, and Hap). The main oxides identified in the clay and kaolin were SiO,
(49.50% and 50.44%) and Al,O3 (46.44% and 46.15%), respectively. These oxides commonly
originate from the structure of clay minerals and free silica [44,45]. Furthermore, a high
K,O (3.03%) content was detected in kaolin. The presence of K;O is significant because
it is a known flux and acts by decreasing the sintering temperature, providing economic
benefits to the industry. Quartz contained SiO, (99.88%) as the main constituent, presenting
excellent purity, indicating its potential as a flow agent and in forming “bones” in the
finished ceramic coating. In addition, quartz helps to reduce the temperature maturation of
the ceramic bodies, reducing energy consumption [46,47]. The high levels of CaO (22.06%)
and MgO (37.13%) identified in the talc are associated with dolomite. CaO and MgO
are essential to reduce refractoriness. However, a high fire loss can be attributed to the
thermal decomposition of calcium carbonate and the release of gases. The greater amount
of KyO (8.41%) and NayO (5.80%) present in the feldspar contributes to the formation of
the glassy phase during sintering, increasing the densification and ceramic resistance of the
ceramic body and decreasing the porosity after firing [47]. Hydroxyapatite can reduce the
refractoriness of the ceramic piece due to its high concentration of CaO (62.41%).

Figure 2a—f presents the particle sizes of each raw material used in the experiment.
Their average values, D5, are in the order of 10 to 20 um. The exception is talc particles,
with a D5 value of around 40 um, above the recommended value for the coating production
of porcelain ceramics of around 20 um. However, the amount of talc in the mass is only
3 wt%, so talc should not significantly alter the final composition after homogenization.
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Figure 2a—f shows, respectively, that the clay particles had an average size of 11.36 (um),
kaolin particles were 21.28 (um), feldspar particles were 11.52 (um), quartz particles were
13.89 (um), talc particles were 39.66 (um), and the Hap particles were 11.54 (um). Coarser
particle size can interfere with the kinetics of sintering reactions, drastically influencing the
sintering step of the product. Smaller particle sizes provide more significant surface areas
and reactivity between particles, which favor kinetic reactions and the diffusion process
during phase transformations [48-50].
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Figure 2. Graph of the granulometric distribution of clay (a), kaolin (b), feldspar (c), quartz (d),
talc (e), and Hap (f).

Figure 3a—f provides the TG/DTG data for clay, kaolin, feldspar, quartz, talc, and
Hap. The TG/DTG curve in Figure 3a obtained from the clay illustrates that the mass loss
occurred in two stages. In the first stage, the mass loss was equal to 1.54%, observed at
22 to 200 °C. The origin of the first thermal event was associated with the loss of free and
adsorbed water. A mass loss of 12.87% was observed during the second stage (300-800 °C).
This second phase could be attributed to losing organic matter and hydroxyl groups in
the clay minerals. The small peaks observed around 800 °C to 1200 °C were due to the
transformation of metakaolinite into a spinel-like structure [50]. In Figure 3b, kaolin showed
a significant mass loss (15.01%) between 400 and 800 °C, probably associated with the
dehydroxylation of kaolinite and mica, transforming it into metakaolinite [51-53]. The total
mass losses for clay and kaolin were 15.85% and 16.20%, respectively. Above 900 °C, mullite
nucleation occurs with the release of 3-quartz from the previously created amorphous
structure [54]. In Figure 3¢, Feldspar presented a minimum mass loss of 2.24%. In addition,
carbonates, sulfates, and organic matter were not found. The important event between 1160
and 1200 °C was probably due to the emergence of the liquid phase of potassium feldspar
occurring because of the phase change from microcline to leucite [53-55]. Figure 3d confirms
the presence of some characteristic peaks for quartz. The first event characterizes the release
of free water between 30 and 100 °C with a mass loss of 0.49%. In the range between
400 and 600 °C, the mass loss of 0.92% was related to the allotropic transformation of
a-quartz to -quartz. Between 1000 and 1200 °C, the mass loss of 0.14% was associated
with quartz crystallization [51]. The total mass loss presented in the test was approximately
2.23%. The talc TG/DTG curve in Figure 3e had a total mass loss of 34.37%. That was
mainly related to eliminating CO, from decarbonizing dolomite, which is present in large
quantities in the mineral. The mass loss of 27.55% between 700 and 900 °C referred to the
release of CO; from the dolomite and dehydroxylation of talc because dolomite is mainly
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composed of calcium and magnesium carbonates [55]. In Figure 3f, Hap had a mass loss of
2.41%, associated with free and adsorbed water in the material from 25 to 200 °C. Between
200 °C and 400 °C, a new event occurred with a significant mass loss of 5.31%, probably
associated with the loss of hydration water. From 500 °C, the mass suffered small and
gradual decreases, with no significant change in the mass. The mass loss above 500 °C was
probably due to dehydroxylation. This dehydroxylation occurs because Hap is composed
of calcium, phosphate, and hydroxyl ions; the total mass loss was 12.13% [25].
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Figure 3. Thermogravimetry (TG) and derived thermogravimetry (DTG) curves of clay (a), kaolin
(b), feldspar (c), quartz (d), talc (e), and Hap (f). All samples were heated at 5 °C/min.

3.2. Mineralogical Phases and Physical-Mechanical Properties of Sintered Samples

As the industry uses production process temperatures between 1190 °C and 1220 °C
as a threshold for the production of ceramic tiles, we decided to analyze the temperature
of 1200 °C. Therefore, the phase transformations that occurred during the firing cycles
were observed.

Figure 4a—d shows the X-ray diffraction patterns of ceramic formulations (standard
formulation and formulations with the addition of Hap) sintered at 1200 °C.

Figure 4a identifies the presence of silicon oxide (S5iO,) (JCPDS: 46-1045) and mullite
(8A1,032Si0;) (JCPDS: 15-0776) phases, with the majority phase corresponding to silicon
oxide to the detriment of the mullite phase. The emergence of the multilytic phase can be
explained by the energetic selection that occurs during the solid phase formation process
from the compounds present in the sample. The mullite may have formed due to the
preferential reaction between the compounds present. Furthermore, the presence of mullite
may have been influenced by the relationship between the levels of elements present in the
ceramic tile sample.

In Figure 4b, the following crystalline phases were identified: silicon oxide (S5iO;)
(JCPDS: 46-1045), anorthite ((Ca, Na)(Al,Si)2Si,Og) (JCPDS 89-14620), and mullite (JCPDS:
15-0776). The emergence of the anorthite phase may be associated with the addition of Hap
in the sample composition, since Hap can transform into anorthite at high temperatures.

In Figure 4c, the crystalline phases of silicon oxide (5iO,) (JCPDS: 46-1045) and anor-
thite ((Ca, Na)(AlS1)2Si;0g) (JCPDS 89-14620) were identified. By increasing the Hap
concentration by 5%, in ceramic mass, to 10%, a change in the crystalline phases formed
was observed, with a preferential formation of anorthite to the detriment of mullite. This
observation suggests the possibility of controlling the formation of crystalline phases in
ceramics through the controlled addition of Hap in its composition, a relevant fact for the
development of ceramic materials with personalized and tailored properties.
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In Figure 4d, the silicon oxide (S5iO;) (JCPDS: 46-1045) and anortite ((Ca, Na)(AlSi;Og)
(JCPDS 89-14620) phases were identified again. The amount of Hap added did not signifi-
cantly change the formation of the phases present in the samples.

T T T T T T T T T T
1 °
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1- Silicon Oxide - SiOp |
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Figure 4. XRD patterns of samples (a—d) sintered at 1200 °C.

Anorthite and mullite are desirable in ceramic materials because of their excellent
mechanical properties. The increase in temperature led to a decrease in the intensity of
the quartz peaks, indicating quartz’s partial dissolution and the appearance of mullite and
anorthite [51].

Figure 5 shows the impact of sintering temperature (1000 °C, 1100 °C, and 1200 °C) on
the physical-mechanical properties (linear shrinkage, apparent porosity, water absorption,
and flexural strength) of the standard formulation and the formulations with the addition
of Hap (5%, 10%, and 20%).

Figure 5a (Fga, F1a, F2a, and F3,) show that the linear firing shrinkage increased when
the sintering temperature was raised from 1000 °C to 1200 °C. Compared to the standard
formulation (Fg, ), formulations added with 5% (F1,), 10% (F2,), and 20% (F3,) Hap exhibited
increased linear firing shrinkage of 5% on average, which shows that the Hap, at high
temperatures, undergoes greater linear contraction in relation to its initial dimension.
Adding Hap to the ceramic tile mass increases the linear shrinkage of the part due to its
higher glass transition temperature, as it shrinks more as the temperature increases. In
addition, its density helps to reduce the apparent porosity of the ceramic tile, as it fills the
spaces between the clay grains and, thus, reduces the number of open pores.

Figure 5b (Fy,, F1p, Fop, and Fsp,) show that the apparent porosity progressively de-
creases as the temperature increases from 1000 °C to 1200 °C. When added to the ceramic
coating mass, Hap contributes to the reduction in apparent porosity, because hydroxyap-
atite behaves as a flux, promoting the formation of a denser and more preserved matrix.
The presence of Hap promotes the nucleation of the crystals that make up the ceramic
mass, leading to a more uniform microstructure and less apparent porosity. The nucleation
of Hap in other crystals of the ceramic mass occurs through its interaction of calcium
and phosphorus ions as well as its ability to promote the formation of nucleation sites.
Furthermore, the presence of Hap acts as a catalyst for the formation of other ceramic
phases, such as anorthite and mullite.



Minerals 2023, 13, 1120

10 of 15

T T T
0 Linear Shrinkage - Pattern sol e A Linear Shrinkage - 5% de Hap
(F,.) > 1 F1a)
0a >, -
5 1
% a0 ‘\ g
= a0
< s <
5 = > —
5 20 4 =
@ 3
£ ( £20
- a
0.0 =iy
0.0
2.0 1 L L .
1000 °C 1100 °C 1200 °C 1000 °C 1100 °C 1200 °C
Temperature (°C) Temperature (°C)
100 . . . 2.0 T " T
Linear Shrinkage - 10% de Hap) 50l Linear Shrinkage - 20% de Hap ]
(E..) I\ F
80 2al N _rof (Fza) —_— ]
= ==:: S
= 2 6.0 g
g 60 1 >
g 50 ]
= £
5 40 640 g
& s
8 v gao g
B 20 o 1
N »
00 | 1.0 g
. . . 0.0 .
1000 °C 1100 °C 1200 °C 1000 °C 1100 °C 1200 °C
Temperature (°C) Temperature (°C)
(a)
T
25 porosity - Pattern ¢ v Apparent porosity - 5% de Hap
= >;, \Fop) 25
20 (F1b)
s Faor ]
215 2z
8 FRENS §
2 10 —— 3
g S 10p —— .
g 5 5
-3 =3
Q. o
< ° < 5
5 0 e
L
1000 °C 1100 °C 1200 °C 1000 °C 1100 °C 1200 °C
Temperature (°C) Temperature (°C)
i Apparent porosity - 10% de Hap ] 2 A t porosity - 20% de Hap
—— — o
(F3p)
_ 2 (Fzp) ) 3b
= X
2151 2151 4
8 8
S 10 g
sr —— e a0~ S—vovos |
] -
3
Ss S sl 1
o =3
:;' o
0 ===t <, L e
5 s 1
1000 °C 1100 °C 1200 °C 1000°C 1100°C 1200°C
Temperature (°C) Temperature (°C)
180 ; . . 18 T
160 Water absorption - Pattern ] 16 Water absorption - 5% de Hap
uol —==iu (Foc) | 14 (Fic)
g 120 Sl .
= c
§ 100 y Sl ]
-4 J o
g 80 § 8
@ tvane
5 % '§ 6 J—.
5 40 ] 5
K] S 4 i
£ 20 ] =
0.0 preaee 2r ]
—
20 0
40 : L L .
1000 °C 1100°C 1200 °C 1000 °C 1100 °C 1200 °C
Temperature (°C) Temperature (°C)
18.0 18.0 -
160 Water absorption - 10% de Hap 16.0 Water absorption - 20% de Hap
o (Fy.) e ( ]
14.0 4.0 (Fsc)-
S1200 4 120
5100 § 100
B 80 B g0
g o
8 oo ] % 6.0 b ]
5 40 B 40
2 20} 1 $ 20} ]
0ol =zt ] 0.0 | —— e
2.0 20 ]
4.0 L 4.0 L
1000 °C 1100°°C 1200 °C 1000 °C 1100 °C 1200 °C

Temperature (°C)

Figure 5. Cont.

(0

Temperature (°C)



Minerals 2023, 13, 1120 11 of 15

T
Flexural strength - Pattern 60 Flexural strength - 5% de Hap 4
40
(F1a)
= B (Fl)d) é' b/ - = 0r 1d 1
o o .o
< 30f Y . = %' J
£ S ~/
D 25 4
8 )
@ 20f D K =
2 B2 =
5 5L g 4 5 20
o} 9
2 ol s e
s 0
0 L L !
1000 °C 1100°C 1200 °C 1000 °C 1100 °C 1200 °C
Temperature (°C) Temperature (°C)
T T T T
50l Flexural strength - 10% de Hap i 60 | Flexural strength - 20% de Hap i
§
o ! (Fso) \
= 2d . =50
T 40 3
a & B
) » £ >
= S0t |
30 |- E )
g g
@ A~ @
220 =
4 @’2 S20|
H 2 » o8
Sl . Pl B
ol 7 [
o [

1000 °C 1100 °C 1200 °C 1000 °C 1100°C 1200 °C

Temperature (°C) Temperature (°C)

(d)

Figure 5. Dependence of the sintering temperature on the physical-mechanical properties of samples
Fo, F1, Fp, and F3. Linear shrinkage (a), apparent porosity (b), water absorption (c), and flexural
strength (d).

The decomposition of kaolinite (Al;SipO5(OH)4), present in both clay and kaolin, gen-
erates a large liquid phase formation, helping to reduce the apparent porosity. Other factors
that contribute to this phenomenon are potassium (K,O) and sodium oxides (NayO), as well
as the high alkalinity feldspar, which effectively promotes the liquid phase. This behavior
is attributed to the closing of the porosity, which makes the pieces denser, accompanied by
shrinkage. The presence of these flux oxides added to the calcium oxide present in the Hap
helps increase the degree of sintering and densification due to the greater production of the
liquid phase with the increased temperature and expansion of the glass phase [55-57].

Figure 5¢ (Foc, Fic, Fac, and F3.) show that water absorption decreases with increasing
temperature from 1000 °C to 1200 °C. The addition of Hap contributed significantly to the
decrease in water absorption, as it binds to the surface of the dough particles, promoting
the formation of a denser and more resistant matrix as it binds to the surface of the
dough particles.

However, there was no significant difference, when considering the cost/benefit, in
the addition of Hap from 5% to 10% and from 10% to 20%, because the water absorption
decreased in the physical-mechanical properties when the Hap concentration was increased
(5%, 10%, and 20%). In general, the addition of Hap promoted a reduction in the water
absorption and apparent porosity and a significant increase in the linear shrinkage and
mechanical resistance of the ceramic piece, reaching 25% greater than the formulations
without Hap.

Figure 5d (Foq4, F14, F24, and Fs4) indicate that the mechanical strength progressively
increased with the increase in temperature due to the filling of the pores from the melting
of flux oxides (CaO, K,O, and Na,O) present in the ceramic mass, leading to increased
conditioning due to the formation of an abundant liquid phase, reducing the firing temper-
ature and the porosity of the product. With the addition of Hap, the mechanical resistance
increased significantly because the mechanical resistance of the ceramic piece obtained a
15% greater value than the formulation without Hap [58-62].

The results of the mechanical resistance of the porcelain tile ceramic coating with
the addition of Hap verify that the formulation with the addition of 5% Hap obtained
a resistance of 19.10% greater than the standard formulation. On the other hand, when
adding 10% Hap, the resistance increased by only 15.50%, while 20% Hap obtained 20.50%
more resistance than the standard formulation. Thus, adding 10% or 20% of Hap would
not maximize its use.
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Figure 6a—d shows the SEM images acquired from the compositions after sintering at
1200 °C.

Apparent pores

Figure 6. SEM images acquired from samples (a-d) sintered at 1200 °C.

Figure 6a illustrates a dense microstructure with few open pores, which is consistent
with the observed presence of silicon oxide and mullite phases detected by XRD. These
phases are responsible for the high mechanical strength of ceramic materials. Furthermore,
the low porosity observed in the image indicates an adequate sintering process, which
contributed to the formation of these phases and, consequently, to the good quality of
the coating [62]. In Figure 6b, the addition of hydroxyapatite contributed to the absence
of pores in the microstructure of the ceramic coating, which is a positive consequence
of its high reactivity during the sintering process. Furthermore, the presence of Hap in
the formulation facilitated the formation of silicon oxide, anorthite, and mullite phases,
responsible for the high mechanical strength. These results suggest that Hap is an excellent
option for improving the properties of ceramic tiles. Figure 6c shows the formulation
with the addition of 10% Hap, where the formation of silicon oxide and anorthite phases
occurred. The absence of pores in both formulations suggests that the presence of Hap
facilitates ceramic densification during sintering. However, the amount of Hap added
influenced the formation of crystalline phases. Figure 6d shows that the increased Hap
content in the ceramic coating mass directly influenced the formation of crystalline phases
in the material. The formulations with 5% and 10% Hap added presented differences in the
formation of crystalline phases, and the formulation with 10% Hap showed only silicon
oxide and anorthite phases. The increase to 20% of Hap led to a significant change in the
microstructure and the crystalline phases of the ceramic coating. However, in terms of
cost/benefit, the addition of Hap was not considered satisfactory because doubling the
amount of Hap in the samples did not significantly increase the mechanical resistance of
the sample.

4. Conclusions

The addition of hydroxyapatite (Hap) in ceramic masses has emerged as a sustainable
and viable alternative in the production of ceramic tiles with low water absorption, low
apparent porosity, and high flexural strength, making them suitable for application in
the production of porcelain tiles. The addition of Hap significantly altered the physical—-
mechanical properties of the sintered samples, particularly the mechanical strength of
the ceramic pieces. The incorporation of Hap in the formulations, using 5%, 10%, and
20% by weight, caused significant changes in the physical performance and mechanical
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properties of the final product. Compared to the standard formulation, the mechanical
resistance increased by more than 15%. Therefore, incorporating Hap in ceramic masses
could be a promising technique for the production of ceramic tiles with high mechanical
resistance. Even so, further research should be carried out to improve the effectiveness
of variations in the amount of Hap added in the crystalline phases and the mechanical
strength of ceramic pieces.
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