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1 | INTRODUCTION

The worldwide consumption of raw materials for the
manufacture of ceramic artifacts has been growing
annually,’ with alkaline feldspar being the convention-

Abstract

This research used a factorial model containing two levels and three variables to
evaluate the partial substitution of sodium feldspar (albite) by a talc ore found
in abundance in the region of Itaiacoca—Brazil. The model can also be used to
verify the influence of initial talc particle size, proportion, and sintering thresh-
old temperature on the following physical properties, such as linear shrinkage,
water absorption, bulk density, total porosity, and firing color. In this study, the
mechanical strength of the compositions was evaluated by the flexural strength
test. The factorial model indicated the sintering temperature as the variable that
most affects the samples’ densification and the proportion of talc as the vari-
able that changes the firing color. The experiment that used a higher sintering
temperature combined with a coarser talc granulometry presented the highest
mechanical strength. When more refined granulometry was used, there was the
beginning of an overfire process. Water absorption values in the range of .04% and
modulus of rupture of 49 MPa were obtained, confirming the talc’s effectiveness
as a secondary flux agent suitable for the formulation of ceramic bodies.

KEYWORDS
factorial design, granulometry, sintering temperature, talc

ally used fluxes.>® The flux agents function is the pro-
duction of the liquid phase during sintering,* which
provides the densification and closing of pores and con-
sequently greater mechanical strength to the finished
product.
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Gulgonul et al. reported that high-quality sodium and
potassium feldspar deposits are running out.’ In 2018, for
example, it was estimated that the consumption of feldspar
materials was close to 29 million tons. Therefore, to main-
tain a secure supply of this resource, the use of alternative
raw materials should be increased.® A notable example of
this is, of course, the use of mixed deposits such as granites
or granite pegmatites to maintain a high-quality supply of
potassium feldspar.”

Talc is a metamorphic phyllosilicate® referenced as a
hydrated magnesium silicate composed of a magnesium-
hydroxyl octahedral (brucite) sheet sandwiched among
two sheets of tetrahedral silicon-oxygen with the chem-
ical formula Mg;Si;0,0(OH),.>'° Brazil, China, and the
United States are the world’s largest producers, and it is
estimated that about 22% of the talc sold in the United
States is used in ceramics.'!

Torres et al.'? proved the effectiveness of talc in increas-
ing the liquid phase from its partial fusion. New phases
were observed with the elevation of temperature as the
SiO, tetrahedrons rearranged. Particularly, the dehydrox-
ylation process of talc started at about 850°C, leading
to the appearance of an amorphous phase, whereas,
at 1000°C, occurs the formation of the protoenstatite
structure.'? However, oxygen from this reaction can create
new arrangements with the amorphous phase and ini-
tiate the nucleation of enstatite, which predominates at
1200°C."?

Several kinds of research present more significant den-
sification and improvement in the mechanical properties
of ceramic materials due to the addition of talc at temper-
atures in the range of 1200°C. For example, Sanchez et al.
also observed reduced water absorption and a reduction in
pyroplastic deformation of the compositions studied."

Mukhopadhyay et al. pointed out that the best results are
obtained in talc additions in the range of 3% by weight.'*
Serra et al.” studied typical triaxial compositions of
porcelain and verified greater densification in compo-
sitions containing talc in conjunction with potassium
feldspar concerning additions of other secondary flux
agents such as spodumene and calcite. In addition, a reduc-
tion of about 15% in porosity at 1200°C was observed when
comparing a composition containing talc with another that
used only feldspar as the flux agent.”

This work sought to evaluate the effectiveness of talc
from the district of Itaiacoca—Brazil, as a partial substi-
tute for sodium feldspar from a factor model, as well as
to verify the influence of the granulometry and the sinter-
ing threshold temperature on the functional properties of a
ceramic paste containing raw materials for the production
of porcelain.

TEC GY

2 | MATERIALS AND METHODS

In this study, statistical factorial design (.05 significance)
was used to evaluate the compositions’ responses con-
taining raw materials: Itajara talc, from the region of
Itaiacoca—Brazil, Marc albite, and Oxford kaolin. These
raw materials were analyzed via X-ray fluorescence in a
Shimadzu model EDX 700 equipment with a detection
limit of .001%. To carry out the test on the raw materi-
als, samples already processed in 200 mesh Tyler were
used.

The kaolin and albite were dried and processed in
200 mesh Tyler, and the talc was processed in 20 and
200 mesh Tyler. The compositions after grinding were ana-
lyzed in wet analysis in Cilas 920 laser granulometer with a
detection limit of .3 um. For this test, 200 mg of each were
de-agglomerated in ultrasound for 60 s and then tested in
the equipment.

For the compositions’ preparation, wet milling was per-
formed in an eccentric mill Servitech model CT-12242 for
10 min at a rotation of 400 rpm. In the grinding process,
a porcelain jar with an alumina coating with a capacity
of 300 ml was used. The grinding elements were alumina
spheres with diameters of 12 and 20 mm in proportions
of approximately 80% and 20%, respectively, which occu-
pied approximately 50% of the useful volume of the jar. An
amount of 100 g of the composition was placed in the jar,
and then water was added until there was a free volume in
the jar of approximately 25%. After grinding, it was dried
in an oven until constant mass. Finally, the material was
sieved in 80 mesh Tyler and pressed with about 6% mois-
ture in a 50 mm diameter mold at a compression pressure
of 4.5 MPa.

For the sintering process, a Jung model LF 7012 elec-
tric muffle furnace was used. The firing cycles used
were established with sintering temperature thresholds of
1170 and 1220°C, always using the constant heating rate
at 10°C/min, from room temperature, with a sintering
threshold of 10 min, the cooling occurred under normal
oven conditions.

A factorial design was studied, containing 2° (two lev-
els and three variables). The design was executed in
duplicate. The responses analyzed in the experiments
were linear shrinkage (L), water absorption (W,), bulk
density (Dyy), total porosity (Pig,1), determined by Equa-
tions (1)-(4), and color difference (dE) from Cielab coor-
dinates (using calcined alumina and samples obtained
in experiment 1 as standard). To determine the Cielab
coordinates, a colorimeter of Delta Colorium was used uti-
lizing the Lab 7 Gold software, with the measurements in
triplicate.

85U8017 SUOWIWIOD 8A 118810 3|qeot[dde ay) Aq peuenob ae ol VO ‘85N JO Sa|n. 10y AfeidTauUIIUQO AB]IM UO (SUONIPUOD-pUe-SWe)LI00 A3 IM Afe.d | jpulUoy/:sdny) SUORIpUOD pue swie 1 8y} 88S [£202/TT/80] Uo AriqiTauluo AB[IM ‘|iZeld - Ojned 0eS JO AluN AQ ZEEKT e TTTT 0T/I0p/L0o A5 | 1M Al.q [pUIUO'SOLe.e//SdY Lo pepeojumoa ' ‘S20Z ‘Z0vLyvLT



Apb‘l led

1578 (Tisramlc DA SILVA ET AL.
TABLE 1 Nomenclature, levels, and codes of the variables used in the statistical model
Talc proportion (%) Talc initial particle size (mesh Tyler) Temperature (°C)
Nomenclature Talc Size Temp
Level 10 20 20 200 1170 1220
Code - + - + - +

The true density determination (Dy.,.) of the mate-
rial was obtained in a Quantachrome Instruments helium
pycnometer, model Ultrapycnometer 1000:

L,—L
Ly = M . 100 (1
Lg
_ (Mw — Md)
Wa = 5= 100 )
My
Dk M, — M, (3)
D
geom
Piotal = <1 - D, > - 100 4)
rue
Mg
Dgeom = V_d )

where L, (cm) is the length of the green specimen after
drying; Ly (cm) is the length of the fired specimen; M,, (g)
is the mass of the wet specimen after firing (immersion for
24 h in water); M; (g) is the mass of the immersed specimen
after firing (Archimedes method); M, (g) is the mass of the
dry specimen after firing; Dgeom (g/cm?) is the geometrical
density of the specimen; V,; (cm?) is the geometric volume
of the dry body after firing (length x width X height);
Diye (g/cm?®) is the true density from helium
pycnometry.

The percentages of talc in partial replacement of albite,
the initial talc particle size, and the sintering threshold
temperature were established as factorial design variables.
For this, a constant proportion of kaolin of 30% over
dry mass was established. The percentage of talc varying
between 10 and 20 of the total mass in substitution for
albite, with mass compositions remaining:

1. Kaolin =30%
Albite = 60%
Talc =10%

1. Kaolin =30%
Albite = 50%
Talc = 20%

The levels of the variables, their respective codes, and
nomenclatures in the statistical experiment are shown in
Table 1.

In addition to the answers analyzed in the experi-
ment, other parameters of the obtained compositions were
also measured: loss on ignition (LOI), skeletal density
(Dgker), geometric density (Dgeom), 0pen porosity (Popen),
and closed porosity (Pgpseq)- The formulas used for the
calculations are presented in the following equations:

LOI = (MgA; Ma) 100 6)
g

Dyl = 1\% @)

Popen = AH -100 ®)

Piiosed = Piot — Popen ©)

where M, (g) is the mass of the green specimen after
drying.

The compositions were also tested for their mechanical
strength to bending in a SHIMADZU model AUTO-
GRAPH AGS equipment. For this purpose, specimens
were made in a rectangular mold measuring 50 X 25 mm?.
The samples were processed under the same conditions
foreseen by the factorial model. The test speed used
was .5 mm/min according to ASTM C1161-18. For the
calculation of the modulus of rupture (MOR) of a sam-
ple with a rectangular cross-section, Equation (10) was
used. Finally, these results were compared from statis-
tical Tukey’s model analysis using a Minitab software
version 17.

3.F.L
7T Jun (10)
where o (MPa) is the MOR; F (N) is the breaking force; L
(m) is the length between supports; w (m) is the width of
the sample; h (m) is the height of the sample.

The phases formed during the sintering process were
determined by X-ray diffraction (XRD) in a Rigaku Ultima
IV XRD with Cu K, radiation equipment. It was used at
a 1°/min scan speed operating at 40 kV and 30 mA and
26 ranging from 10° to 110°, at a .02° step, with a diver-
gent slit of .5°, spreading slit of .5°, and receiving slit of
.3°. The results were analyzed using the Crystallographica
Search-Match software version 2.1.1.1 with PDF2 database.

The microstructure of the sintered specimens and
their respective chemical analyzes was evaluated by
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TABLE 2 Chemical analysis of raw materials used (%wt.)
Na,0 (%) K,0 (%) MgO (%) CaO (%) AL 0; (%) Fe,0; (%) Si0, (%) TiO, (%)
Kaolin - 1.988 - - 37.784 1.043 58.838 .347
Albite 6.889 1.274 = 1.810 18.437 137 71.453 =
Talc - .336 25.725 1.334 4.905 2.167 65.255 277
TABLE 3 Results of granulometric analysis of factor model compositions
Average
diameter
Experiment Talc (%) Size (mesh) T (°C) D10 (um) D50 (um) D90 (um) (um) Arrangement
1 — - - 1.48 11.97 49.15 19.58 Bimodal
2 aF = = 1.52 12.10 50.70 20.15 Bimodal
3 - + - 1.48 12.14 49.27 19.70 Bimodal
4 ar ar = 1.50 11.80 49.10 19.53 Bimodal
5 - - + 1.48 11.97 49.15 19.58 Bimodal
6 + = + 1.52 12.10 50.70 20.15 Bimodal
7 - + + 1.48 12.14 49.27 19.70 Bimodal
8 + + aF 1.50 11.80 49.10 19.53 Bimodal

field emission gun scanning electron microscopy and
chemical microanalysis by energy-dispersive X-ray spec-
troscopy (EDS) in Mira 3/Tescan model equipment. For
the microstructural analysis, the sintered samples were
attacked with a 5% solution of hydrofluoric acid for 60 s to
remove the vitreous phase. These samples were washed in
running water after the attack and oven-dried at 105°C. For
the chemical analysis, samples without any kind of attack
to preserve their chemical composition after sintering were
used. Later, their surfaces were covered with a layer of gold.

3 | RESULTS AND DISCUSSION

3.1 | X-ray fluorescence and particle size
analysis

Table 2 presents the results obtained in X-ray fluorescence
analysis.

Table 2 shows that the talc used has an MgO con-
tent within the talc range used in other research.!®!
However, the other raw materials’ chemical composition
also matches the oxide contents usually found in other
studies.®

Table 3 presents the results of granulometric analy-
sis of the compositions used in this work. The starting
granulometry of the talc and the proportion used in the
composition did not bring any change in the granulomet-
ric arrangement in the detection range of the equipment.
Moreover, refined granulometry was obtained in all com-
positions, which is fundamental so that the particles

could react more quickly, that is, leading to a significant
improvement in the speed of sintering.'’

3.2 | Physical characterization and
factorial model

Table 4 indicates the average results obtained from the
characterization tests for the experiments proposed by the
statistical model.

Table 5 shows the calculated effects and their respective
interactions and significance for the statistical experi-
ment, with the highlighted values referring to statistically
significant responses.

Figure 1 shows the results of the calculated effects and
their respective interactions and significance for linear
shrinkage. The temperature caused a significant impact on
the linear shrinkage, whereas the other variables and inter-
actions did not produce statistically significant changes.
The results in Table 5 indicate that the increase in tem-
perature from 1170 to 1220°C caused an increase in the
firing retraction, increasing it by 1.88%. These results
occur because higher temperature provides more thermal
energy to the system, allowing: a more significant liquid
phase formation, therefore causing densification, closure
of pores, and consequently retraction of the material.”
Another factor contributing to this is that magnesium
oxide contributes to forming the liquid phase from 1180°C,
as verified in other works.'*!¢

This result is corroborated by the water absorption and
bulk density data presented in Table 5 and Figure 2A,B.
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TABLE 4 Average responses obtained in the statistical model for each tested experiment
Size Temp Dy

Experiment Talc (%) (mesh) (°C) Lg* (%) W (%) (g/cm?®) Piota *(%)  dEqumina™”  dEexperiment™

1 - - - 12.39 + .72 3.23 +£.62 222+ .04 12.40 £1.40 34.47 + .65 .00 £.00

2 aF = = 12.25 + .78 2.76 £1.55 2.25+.07 11.08 +£2.90 37.75+110 3.28 +1.10

3 - + - 11.30 + .99 3.18 £1.06 2.22+£.05 12.25+2.02 36.08 +1.88 1.61+1.88

4 aF + = 13.05 + .28 6.03 +1.88 2.09 £ .07 18.62 +2.67 36.48 +.74 2.01 +.74

5 - - + 1440 £1.34 .04 +.02 2.35+.00 2.44 + .04 3543 +1.53 .96 +1.53

6 aF = qr 13.55+1.70 .13 +.01 2.35+ .00 1.47 + .09 36.76 +£1.34 2.29+1.34

7 - + + 14.40 + .49 .08 + .01 2.35+.01 2.77 + .32 35.86 + .18 139+ .18

8 4F + F 14.15+1.91 .07 £ .02 2.36 + .01 223 + .22 37.10 + .32 2.63 + .32

2 Average response obtained from the experiment in duplicate.
YdE,jumina Tefers to alumina used as standard.
©dEexperimenn Tefers to samples from experiment 1 used as standard.

TABLE 5

and color difference (dE) for statistical experiment
Effect L, (%) W, (%)
Average 13.19 + .29 194 + 24
Talc A3 + .58 .62 + .48
Size .08 + .58 .80 + .48
Temp 1.88 + .58 —3.72 + .48
Talc X size .62 + .58 .81 + .48
Talc X temp —.68 + .58 —.58 + .48
Size X temp 22 + .58 —.81 + .48
Talc X size X temp —32 + .58 —.86 + .48

Note:The results in bold indicate the significant variables and interactions.

100
/

/ Temp

%

80 o/
60 /

40 / .

/ e Not significant
20 / ‘

-3 -2 -1 0 1 2 3 4

Percent

Significant

Standardized Effect

FIGURE 1
experiment. Effects for the linear shrinkage

Normal effect plot (.05 significance) for statistical

From these results, the temperature increase reduced
the water absorption by 3.72% and densified the composi-
tions by about .16 g/cm?. It is also noticeable that as well
as what occurred for burn retraction, the other variables
and interactions also did not cause any significant effect
in the samples. The total porosity variable influenced the

Calculated effects and interactions for linear shrinkage (L), water absorption (W,), bulk density (Dy ), total porosity (Piy1)s

Dyuik (g/cm?) Piotar (%) dE

2.27 £ .01 791 + 41 36.24 + .28

—.02 + .02 .88 + .82 1.56 + .56

—.03 + .02 2.12 + .82 28 + .56
.16 + .02 —11.36 + .82 .09 + .56

—.04 + .02 2.03 + .82 —.74 + .56
.03 + .02 —1.64 + .82 —.28 + .56
.04 + .02 —-1.57 + .82 A1 + .56
.04 + .02 —1.82 + .82 .70 + .56

initial: talc granulometry, temperature, and an interaction
between the talc proportion and its initial granulometry as
significant effects, as shown in Figure 3.

The effect of the variable temperature promoted a reduc-
tion of about 11.36% in porosity (Table 5); this is related
to densification due to a more liquid phase formed, as
explained above. However, in the case of initial granulom-
etry and talc proportion, as there is an interaction between
these two variables, the interpretation of the effect caused
should not be carried out individually but considering the
interaction between the variables,”’ which is represented
in Figure 4.

In part I of Figure 4, the increase of the initial mesh of
the sieve from 20 to 200 mesh does not cause changes in
the total porosity when working with 10% talc. However,
when the proportion of talc is increased to 20%, the more
refined grain size causes a sharp increase in the material’s
total porosity.

Part II of Figure 4 indicates that when the talc pro-
portion is increased from 10% to 20%, there is a less
pronounced reduction in the total porosity when work-
ing with a coarser initial grain size. However, this increase
in the proportion of talc, when applied in a more refined
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100 100
Size
(A) e Not significant )
80 80 e Significant
. 60 L 60
c c
[J] ]
o o o
] ]
8 40 & 40
20 ¢ Not significant 20
Temp
e Significant . Temp
0 0
9 7 5 3 1 1 3 -15 -10 -5 0 5
Standardized Effect Standardized Effect
100 FIGURE 3 Normal effect plot (.05 significance) for statistical
experiment. Effect for total porosity
Temp
80
50 highlight the importance of submicronic particles in the
e sintering speed, in which there is greater densification
O
9 . by reducing the diffusion distances among the particles."”
The other physical characterization parameters performed
- in the samples were also analyzed and are presented in
20 e Not significant
Table 6.
e Significant ope
These results show that lesser densified samples are
g : i q : - 2 s obtained when sintered at about 1170°C and with poros-
ity reduction when a plateau of 1220°C is used. However,
Standardized Effect the few variations in the density and porosity values indi-
FIGURE 2 Normal effect (significance .05) for statistical cate that the other parameters have little influence on their

experiment. (A) Effects for water absorption (B) effects for bulk
density

initial grain size, presents an inverse effect; it increases the
total porosity in a more accentuated way.

The explanation for this behavior is probably related
to the fact that the more refined initial particle size has
produced different packings of the particles in the com-
positions. This situation occurred in a particle size range
below the detection limit of the laser particle size ana-
lyzer. Thus, the compositions with initial granulometry
of the most refined talcum in the experiment of fir-
ing at 1220°C decreased the temperature of liquid phase
formation and with this occurred the principle of the
phenomenon of overfire, responsible for the elevation in
porosity.

Bernasconi et al. found that the size of quartz grains
was the parameter that most influenced the expansion of
the glass phase matrix.”> Our results indicate a similar
behavior concerning talc granulometry.

Giingor et al. used a factorial model to study the fac-
tors that most affect the production of porcelain and

properties, except for experiment 4, where a higher propor-
tion of more refined talc allied to a lower firing temperature
ended up providing the worst gresification among all the
samples.

Figure 5 shows the calculated effects and their respec-
tive interactions and significance for the color difference,
together with the values in Table 5. The increase in the
proportion of talc is the only variable that causes a sig-
nificant effect on the color difference, confirmed by the
chemical composition shown in Table 2, where talc is
the material with the highest iron oxide content among
the raw materials used. The titanium and calcium oxides
present in talc also contribute to the alteration of the sam-
ples’ color. They act together with iron oxide and can make
the color more yellowish or pink, respectively.!

Figure 6 shows the samples obtained for the eight
experiments studied in the factorial model.

Figure 7 shows the normal graphics of the residues to
check the factorial model’s validity. When residue values
are close to the line, one can affirm that the model used
is valid.”! According to Figure 7, the experiment’s values
were close to the line, that is, indicating the validity of the
experiment performed.
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Size Talc

FIGURE 4 Interaction between initial talc granulometry variables and talc proportion in relation to total porosity

TABLE 6 Result of the physical characterization of the tested samples
Dy Digeom®
Experiment Talc (%) Size (mesh) Temp (°C) LOI* (%) (g/cm3) (g/cm?) Popen” (%) Posea” (%)
1 - - - 3.71 + .08 2.39+.01 2.14+.03 7.14 +£1.26 526 + .14
2 ar = = 4.20 + .06 239+ .01 2.14 + .04 6.14 + 3.28 4.93 + .38
3 - + - 3.90 + .14 2.39 +.00 2.13 +.06 7.04 +£2.19 521+ .18
4 + + = 4.30 +.03 2.39 .02 2.02 + .06 12.55 + 3.52 6.07 + .85
5 - - + 3.87+ .13 2.35+.00 2.22 +.03 .10 + .06 2.34 + .09
6 aF = ar 4.23 +.03 2.36 + .00 2.24 + .01 31+.03 116 + .12
7 - + + 3.79 +.00 2.36 + .01 225+ .01 19 +.02 2.58 +.34
8 + + ar 3.70 + .80 2.36 + .01 2.28 +£.05 17 + .05 2.07 + .17
Abbreviation: LOI, loss on ignition.
2 Average response obtained from the experiment in duplicate.
3.3 | Mechanical Strength TABLE 7 Results of flexural strength test
Size Temp
Table 7 demonstrates the modulus values of mechani- Experiment Talc (%) (mesh) (°C) MOR* (MPa)
cal strength to bending obtained for the samples of the 1 - - - 19.21 +2.72*
factorial model experiments. 2 + - - 13.57 + 1.57°
3 - + - 38.52 4 3.79°
100 4 + ar = 28.11 + 2.65¢
5 - - + 49.04 + 3.25¢
%0 Tale 6 + - + 38.78 + 4.51°
7 - + + 33.82 + 117>¢
- . 8 + + + 4.44 + 59°
:g Abbreviation: MOR, modulus of rupture.
Q o *Average response obtained for n = 3. Values with equal letter do not differ for
£ a 95% confidence level (Tukey test).
20 ‘ e Not significant
« Significant It is noticeable that the lowest mechanical strength
i among the samples was obtained for the sintering temper-
2,5 1,5 0,5 0,5 1,5 25 35 ature of 1170°C allied to the initial passing granulometry
Standardized Effect of talc of 20 mesh Tyler (experiments 1 and 2). The talc’s
most refined initial granulometry has promoted mechan-
FIGURE 5 Normal effect plot (.05 significance) for statistical ical strength to 1170°C (experiments 3 and 4). However,

experiment. Effects for color difference

in 1220°C, the composition that presented the greatest
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FIGURE 6 Samplesstudied in factorial model: (A) experiment
3; (B) experiment 4; (C) experiment 1; (D) experiment 2; (E)
experiment 7; (F) experiment 8; (G) experiment 5, and (H)
experiment 6

MOR was experiment 5 in which the initial granulom-
etry was coarser. This probably occurred because in the
higher temperature allied to the more refined initial grain
size (experiments 7 and 8), there was the principle of over-
fire process, as verified in the statistical model, which
contributed to a drop in the strength of the material.

Linear shrinkage

100 100
80 80
;:: 60 60
:
& 4 S 0
Q
a
20 20
R?=0,99076
0 0
-3 3 i) 3 -3
Residual
Total porosity
100 100
80 80
T 6 € 60
Q [
1= o
[} @
Q w0 2
20 20
° R?=0,92068
0 0
-3 1 1 3 3
Residual
FIGURE 7

Water absorption

-1

-1

Residual

TECH

It is interesting to note that although open porosity is
the most harmful characteristic of mechanical strength,
for a temperature of 1170°C where there is still less glass
phase formation, the arrangement promoted by the most
refined initial granulometry minimized this effect. Thus,
experiments 3 and 4, although more porous, showed MOR
in the ranges in experiments 6-8.

It is also possible to verify by comparing experiments
3 with 4 and 5 with 6 that the talc proportion’s elevation
from 10% to 20% was detrimental to mechanical strength.
Although talc tends to reduce melting temperature and
increase strength, as reported in some surveys,''3!* its
excess may reduce mechanical strength by reducing the
amount of mullite formed. Furthermore, this type of
response has also been proven in other research, where it
was found that talc decreased MOR.'°

3.4 | X-ray diffraction
The XRD analysis diffractograms for all experiments are
shown in Figures 8 and 9.

Only the quartz and albite phases were found in all
analyzed samples (PDF card numbers 89-8939 and 1-739,
respectively). It is possible to verify that in experiments 1,
2, 3, and 4, in which a lower sintering temperature was
used, there is a higher proportion of crystalline phases,
which is demonstrated by the higher intensity peaks of the
diffractograms (Figure 8).

In samples sintered at a higher temperature, there is a
lower crystallinity of the phases, which is reflected in the

Bulk density
100

.
.
D
o
.

40

Percent

20

R2=0,85773 R2=0,91767

1 3 -3 | 1 3
Residual

Color difference

R2=0,99742

1 3

Residual

Normal residual value chart for the factorial model proposed in this survey
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FIGURE 10 Field emission gun
scanning electron microscopy (FEGSEM) of
the porcelains obtained in this study: (A)
experiment 1; (B) experiment 2; (C)
experiment 3; and (D) experiment 4

FIGURE 11 Field emission gun
scanning electron microscopy (FEGSEM) of
the porcelains obtained in this study: (A)
experiment 5; (B) experiment 6; (C)
experiment 7; and (D) experiment 8
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TABLE 8 Chemical analysis of sintered samples (%wt.)
Na,O (%) K,0 (%) MgO (%) Ca0 (%) ALO; (%) Fe,0; (%) Si0, (%)

Experiment 1 5.966 .651 1.463 448 27.600 .697 63.175
Experiment 2 4.484 .650 3.303 .606 26.370 1.149 63.438
Experiment 3 5.001 732 1.550 594 26.547 1.048 64.528
Experiment 4 4.287 .643 4.076 1.251 24.601 1.288 63.854
Experiment 5 5.366 .626 1.416 452 27.305 .805 64.030
Experiment 6 4.814 .608 2.523 464 26.427 954 64.210
Experiment 7 5.204 .632 1.364 419 26.784 709 64.888
Experiment 8 5.114 .611 3.053 444 26.639 .844 63.295

lower intensity of the observed peaks, mainly in the albite
phase consumed to promote the formation of the liquid
phase during firing. In addition, there is a higher amount
of amorphous band in the diffractograms (Figure 9), which
is due to the greater formation of the glassy phase, as
explained in the previous sections.

3.5 | Field emission gun scanning
electron microscopy (FEGSEM) and
chemical microanalysis by
energy-dispersive X-ray spectroscopy (EDS)

Figures 10 and 11 present the images of the porcelains in
experiments 1, 2, 3, 4 and 5, 6, 7, 8, respectively, with a
magnification of 10 000 times.

It is possible to verify in the presence of a matrix com-
posed of the vitreous phase in addition to a minority phase
composed of small grouped lamellae, which can be asso-
ciated with the primary mullite. Despite the microscopic
analysis demonstrating the presence of mullite, its pro-
portion was probably below the detection range of the
equipment used in XRD (3%), for this reason this phase
was not detected in the diffractograms. It can also be seen
some quartz crystals. In agreement with the presented in
XRD, the presence of secondary mullite in proportions
above the detection limit of the equipment was also not
evidenced in any sample. However, a magnification of
35000 times (Figure 12) allowed the visualization of small
needle-shaped prismatic crystals nucleating from the vit-
reous phase, which can be related to a small formation of
this phase.?»?°

Table 8, Figures 13, and 14 show the EDS microanalysis
results of the compositions in all experiments carried out.
The experiments in Figure 13, sintered at 1170°C (experi-
ments 1-4), showed a surface with higher irregularity and
porosity than the images in Figure 14 (experiments 4-7).
They were sintered at 1220°C and therefore showed more
formation of the glassy phase.

FIGURE 12 Field emission gun scanning electron microscopy
(FEGSEM) of the sample obtained in experiment 2 in which the
nucleation of small secondary mullite crystals from the glassy phase
can be seen

Analyzing and Figure 13, in general, the elements were
well distributed in the samples, except for some points with
a higher concentration of magnesium and calcium, which
are more pronounced in experiments 2 and 4 (where there
was a higher addition of talc). However, no crystalline
phases associated with these elements were found within
the XRD detection limits, according to Figures 8 and 9. As
expected, experiments 2 and 4 showed a higher proportion
of MgO than experiments 1 and 3 (Table 8).

The experiments shown in Figure 14 showed calcium
well distributed in the samples. This could have hap-
pened because the higher sintering temperature could
have caused the calcium oxide to react within the composi-
tion. However, as its proportion is small, it cannot be said

85U8017 SUOWIWIOD 8A 118810 3|qeot[dde ay) Aq peuenob ae ol VO ‘85N JO Sa|n. 10y AfeidTauUIIUQO AB]IM UO (SUONIPUOD-pUe-SWe)LI00 A3 IM Afe.d | jpulUoy/:sdny) SUORIpUOD pue swie 1 8y} 88S [£202/TT/80] Uo AriqiTauluo AB[IM ‘|iZeld - Ojned 0eS JO AluN AQ ZEEKT e TTTT 0T/I0p/L0o A5 | 1M Al.q [pUIUO'SOLe.e//SdY Lo pepeojumoa ' ‘S20Z ‘Z0vLyvLT



Applied

DA SILVA ET AL. Ceramic | 1587
B [si] (A)
203 Element (%) wt.
] o 50.76
. o Na 3.95
% 3 s o a2 Mg 1.28
g Al 9.30
10— Si 33.21
E K 0.54
] — Ca 0.55
ikl o o
0 ll[ll]llllllll[llllllll'lllllllllllllllllllll[lllllllll]lllllllll]llllIllll]lllllll[l]lllllllll[llllll
0 2 4 6 8 10 12 14 16 18 keV
20 [si] (B)
] Element (%) wt.
4 o 48.91
] o R = Na 3.03
z: o] . po— Mg 295
& 4 Al 9.07
1 L m i Si  34.04
a K 0.55
] - S & eSS Ca 0.76
il = e o
0 I LI L I LB L I LN L I LILILLE L I TrrrypTrny I LN L I LBLELILE LA I DL L I LI L I LN L] I L)
2 4 6 8 10 12 14 16 18 keV
154 [si] - (©)
] Element (%) wt.
b o 47.83
10~ — Na 3.49
% i s iz Mg 1.43
& A Al 9.43
] Si 35.75
STk = K 064
E o Ca 0.77
1 ‘T& U\ Be) gle Fe  0.65
0 I L LB I LILELLE L) I LB L I LI LB I LN B I L LB I LN ] I LN L I L LB I TrrryprrTy I ]
0 6 8 10 12 14 16 18 keV
15 i (D)
i Element (%) wt.
y (0] 50.14
- Na 2,77
Na Kal 2 Mg 3.48
Al 8.09
Si 32.76
K 0.52
e Ca 1.50
) B @@ o om
0 I DL B I DL B I LN I rrrrypTrTyy I L L I DL B I DL L I LN I rrrrypTrTya I LB L I ]
0 4 6 8 10 12 14 16 18 keV
FIGURE 13 Chemical microanalysis of the porcelains obtained in this study: (A) experiment 1; (B) experiment 2; (C) experiment 3; and
(D) experiment 4
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FIGURE 14 Chemical microanalysis of the porcelains obtained in this study: (A) experiment 5; (B) experiment 6; (C) experiment 7; and

(D) experiment 8
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with certainty whether it was incorporated into the glass
phase lattice or remained in a minor crystalline phase that
could not be detected. The other characteristics followed
the same behavior discussed in Figure 13.

4 | CONCLUSION

From the data obtained by the factorial model, it was
verified that temperature was the parameter that most
influenced the gresification of the different samples pro-
duced, and it was only possible a greater densification at
temperatures of 1220°C. The more refined initial talc gran-
ulometry was detrimental to total porosity when combined
with higher talc proportions at the lower temperature. The
presence of iron oxide in talc may provide higher color
difference in samples with 20% of this raw material.

In general, the elevation of the sintering temperature
and the talc proportion reduction beneficially increased
the samples’ mechanical strength. Hence, the more refined
initial talc granulometry leads to a significant improve-
ment in mechanical strength at 1170°C but at 1220°C
promotes a principle of overfire damaging this property.
We conclude that Itajara talc allowed the obtaining of parts
with low porosity proportions, confirming its possibility
as a flux agent of outstanding importance for the ceramic
industry.
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