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Abstract

Formulation of traditional hard porcelain generally requires 50% kaolin, 25%
silica and 25% feldspar. Four porcelains formulation using the casting method,
were prepared with different percentages of kaolinitic clay, sand and pegmatite
referenced respectively NONG, SAB and PEG. The physico-chemical, mechan-
ical and mineralogical characteristics were evaluated on specimens formu-
lated and sintered at different temperatures from 1200°C to 1300°C. X-ray
diffraction has revealed the presence of mullite and quartz as essentially crys-
talline phases. The specimen formulated with 55% NONG, 25% PEG and 20%
SAB and sintered at 1240°C gives better performance (water absorption: 0.17%,
density: 2.42, open porosity: 0.42% and flexural strength: 53.54 MPa).

Keywords

Raw Minerals, Porcelain, Characterization, Chemical Durability and Phase
Transformations

1. Introduction

Most ceramics are multiphase materials that contain both crystalline phases and
vitreous phases. But can also be observed millimetric crystal agglomerates with a
very porous microstructure or fine-grained polycrystals (<10 microns) without
vitreous phases and very low porosity. In addition to chemical nature of com-
pound, it is microstructure of material (size, grain shape, rate and types of po-
rosity, phase distribution) that controls their properties. In this present work, we

study the impact of powder contents of different raw materials used in produc-
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tion of porcelain. Porcelain is a ceramic product formulated from a mixture of
three materials: clay and kaolin; quartz; feldspar. It is a very compact, vitrified
product with low porosity. Porcelain is an aesthetic product and generally white,
semi-transparent, waterproof, resistant to strong bases and abrasives. In porcelain
bodies, during heat treatment, the major component kaolinite ((Al,Si,0;)-(OH),)
transforms to metakaolinite at 550°C - 600°C, which is a dehydrated metastable
amorphous structure. Then, at 950°C - 1000°C, the latter transforms to a spinel
structure and amorphous silica. At the same time, feldspar grains react with sili-
ca and kaolinite phases to form a viscous liquid phase at 990°C. In this stage,
quartz grains begin to dissolve into the liquid phase. Above 1100°C, spinel trans-
forms to primary mullite and silica. Above 1200°C secondary mullite crystals nuc-
leate and grow, following the reaction of clay with feldspar relicts [1]. Today
porcelain is produced in many countries and its technology is well known and
described in various manuals and documents [2]. Porcelain materials are used as
the main tools of the housewife. This strong demand linked to their properties
justifies the interest that researchers have in these materials. In this study, we
evaluate the impact of the variation in the contents of these raw materials used
on the physicochemical properties of the parts produced such as water absorp-
tion, porosity, density, mineralogy, flexural strength of rupture and behavior in

the face of chemical agents.

2. Materials and Methods
2.1. Materials

Samples used in this work are a kaolinitic clay, a pegmatite and sand. These
samples are referenced respectively NONG, PEG and SAB and come from two re-
gions of Burkina Faso: the Haut Bassin region and the North region. Nongfairé is a
locality located about forty kilometers from Ouahigouya (about 39 km south-east
of Ouahigouya) in the rural commune of Oula. NONG is sampled from the
Nongfairé site at geographic coordinates 2°09' West Longitude and 13°29' North
Latitude. PEG and SAB are collected respectively in the deposits of Kotédougou
and Borodougou and the geographical coordinates respectively 4°4' West, 11°7'
North and 11°10" North, 4°17' West [3].

2.2. Formulation

To optimize NONG, PEG and SAB contents, several types of specimens refe-
renced F,, F,, F, and F, depending on the composition of the slip (Table 1) were
formulated. Each mixture is composed of powder ground to a particle size of less
than 100 pm. To ensure good dispersion of slip, 0.5 wt% of carbonate sodium
(deflocculant) were used [4]. 1000 g of mixture of raw materials, 5 g of sodium
carbonate, water and pebbles are set in motion in a jar for 10 minutes by two
turners at a speed of 75 revolutions per minute in order to have a homogeneous
mixture. Mixing is then carried out by shearing the grains of powder between the

rollers. Mixture called slip is then poured into plaster molds. The role of the
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Table 1. Compositions of slurries of raw materials.

References of specimens F, F, F, F,

Clay (NONG) 50 55 60 65

Raw material composition (wt%) Pegmatite (PEG) 25 25 20 20
Sand (SAB) 25 20 20 15

Water content (wt%) 50 55 60 65

plaster mold is to absorb unbound water thanks to its micropores and this
makes it possible to obtain specimens cookies with good resistance to flooding.
Water (content 1: 2 in dry matter) used for the preparation of the slurry is
from the Ouagadougou urban network supplied by the National Office for
Water and Sanitation (ONEA) of Burkina Faso. After drying, the specimens
were fired in a Naberthem P330 brand oven. In order to obtain partially vitri-
fied products, all the specimens were sintered at temperatures greater than or
equal to 1200°C with steps of 20°C. The average heating rate is 10°C/min up to
the final given temperature (1200°C, 1220°C, 1240°C, 1280°C and 1300°C) is
reached, at which the samples were treated for 1h in electrical furnace with air
atmosphere.

At end of the baking level, the cooling takes place freely to room temperature
thanks to the oven’s integrated cooling system. Fired specimens are recovered
for testing in order to assess their qualities. Figure 1 presents diagram of heat

treatment.

2.3. Experimental Methods

Chemical analyses of the samples were carried out by X-ray fluorescence and the
loss of ignition was obtained with a Nabertherm C250 type furnace at 1000°C at
arate of 10°C/min and a step of 2 hours.

Viscosity of the slips was determined using a Brookfield Model DV-I + type
viscometer measuring device and calibrate on serie of model LV. The LV3 pin of
the device guide, selected according to the device instructions, is immersed in a
500 mL beaker containing the slip. The spring torsion constant (TK) of the vis-
cometer is 0.09373 and the spindle multiplyer constant (SMC) is 128. Immersion
is done with care in order to avoid trapping air bubbles under the disc of the
spindle, then it is immersed, fixed to the head. Before starting the test, enter the
spindle code as well as the rotation speed set at 0.5 rpm and so as to have a suffi-
cient torque value (>20%) to obtain viscosity with an acceptable error. The spi-
nel used is n°3 S63. Viscosity value is given in centipoise (cP) and the tempera-
ture in°C. All values were read after 5 minutes of immersion of the spindle.

Density shows the mineral content of the slip and the amount of processing
water. A volume (V) of slip is weighed (A4}) in a beaker, then the empty beaker is
weighed (M,) using a balance. Value of the density is determined by following
Equation (1):
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Figure 1. Qualitative diagram of heat treatment of specimens.
M, -M
d=—0 Vv (1)
\

M mass of the beaker containing the slip (g);

M, mass of the empty beaker (g);

V: volume of the slip in the beaker.

Determination of the percentage of passers-by on a 40 um sieve of the slurries
after the density calculation is very important and must be carried out. A quan-
tity of the (dry) powder mixture AZ; (g) is weighed, it is then passed through the
40 pm sieve (wet sieving). The residue is dried in an oven at 105°C and its mass
M, (g) is weighed. The percentage of passers-by is calculated using the formula
of Equation (2):

% passers — by, = %xmo (2)

pH of the slurries was determined after each shaking of the suspensions in or-

der to avoid the phenomenon of thixotropy using a branded pH meter (PCE-PHD
1) fitted with a combined electrode.

Mass loss of ceramic articles due to the evaporation of volatiles, chemically
bound water, organic compounds and carbons, is determined by the equation
below in accordance with ASTM D7348-08 [5].

Shrinkage is a reduction in the dimensions of the material after drying or un-
der the action of heat. The dimensions of the material are measured before and
after sintering (heat treatment). Difference between these dimensions of the ma-
terial gives the linear shrinkage. Equation (3) below gives the expression of the
shrinkage [6]:

R(%) = . L £ x100 (3)

With: R (%): shrinkage rate; Z; initial length of the material before drying; L:
final length of the material after drying.

The water absorption (E) of the firing test pieces was determined according to
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ISO 10545-3 [7]. A mass m, of each sintered specimen is immersed in boiling
water for two hours. After four hours of cooling, the new mass m;, of the wet
specimen is weighed (+0.001 g precision). The difference in mass gives the mass
of water absorbed by the specimen during this time. The water absorption is

evaluated according to Equation (4):

E(%) =(mf—mo)><100 (4)
My

Bulk density of specimens has been determined in accordance with the ISO
10545-3 [7]. It was determined using Equations (5) and (6) [3]. The test consists
in successively measuring the mass and the volume of the sample. The volume is
deduced from three weighings, one of which is made after immersing the sample
in water. The sample is weighed (m) and waxed immediately afterwards. The
waxed sample is weighed (m,) in the open air, then placed in a basket suspended

from the stirrup and immersed in order to be weighed (M, ) hydrostatically.

p=m/v (5)

(mp—m;)_(mp—m)

Pu Py

With: v=

(6)

where under the same conditions of temperature and pressure: p, density of
water (1000 kg/m?); p, density of paraffin (880 kg/m’); m the mass of the sam-
ple; M, the mass of the paraffinic sample and M the hydrostatic mass of the
waxed sample.

Chemical properties are evaluated based on the ability of a material to resist
acids, bases and salt solutions, which cause exchange reactions and destroy the
material. These tests are carried out according to the ISO 10545-13 standard [8].

Principle is to evaluate the change of a specimen under the action of a test so-
lution based on the observation of the degree of surface change after the test.

The solutions used for the tests are:

- Ammonium chloride, NH,Cl, concentration in solution of 100 g/L;

- Hydrochloric acid (HCI), 3% and 18% by volume solutions, prepared from
concentrated HCI (p = 1.19 g/mL);

- Alkali (KOH), solutions with concentrations of 30 g/L and 100 g/L.

Each sample is then weighed and examined with an optical microscope, in
order to visually detect changes on the two half-faces of the submerged samples
compared to the non-submerged half-surface [9]. Porcelains are classified ac-
cording to Table 2.

Flexural mechanical properties are obtained by three-point flexural tests with
rectangular cross-section specimens. They were placed on two parallel support-
ing pin and the loading force is applied in the middle by means of a loading pin.
The supporting and loading pins are mounted in the way to allow their free rota-
tion about the axis parallel to the pin axis. The fracture strength was obtained
with samples having width (W) egal to 9 mm and thickness (B) beteen 6 and 8
mm. The 3-point bending device had a span L = 40 mm. The testing apparatus
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Table 2. Categories of test pieces according to their behavior in the face of chemical solutions.

Observations

Test solutions and classification

NH,CI (100 g/L) HCI (3%) et KOH (30 g/L) HCI (18%) et KOH (100 g/L)

No visible change Class A Class A Class A
Visible change on the cut edge Class B Class B Class B

Visible change on the cut and uncut edges and on
Class C Class C Class C

the workpiece surface

was an Instron type, equipped with a load cell of 10 kN and the Bluehill 2 soft-
ware. The crosshead speed was 1 mm/min. The Maximum load at failure (F)
was converted into fracture strength (o) using the usual relation (Equation (7))
that is valid for rectangular samples [10].

3 LF,

o o=o 7
" 2BW? @)
Mineralogical compositions were obtained by X-ray diffraction using Briiker
D8 type diffractometer operating at 40 kV - 40 mA and using the monochromatic
CuKa radiation. The machine was driven by Diffracplus D software Version 2.2.
The acquisition time was 60 min. The diffractograms obtained were analyzed

using QualX software, using the POWCOD database.

3. Results
3.1. Chemical and Mineralogical Analysis of Raw Materials

The chemical composition of the raw materials used is shown in Table 3. Data
indicate that the clay and pegmatite are aluminosilicates. For NONG, the ratio
SiO,/AlL, 0, (=1.73) is higher than that of pure kaolinite (=1.18), from the pres-
ence of free silica. The relatively high content of potassium oxide (% K,O = 2.09)
show the presence of micaceous phases (muscovite or illite). For PEG, a fairly
high alkaline oxides content (% K,O + % Na,O = 7.17) show the predominance
of mixed feldspar minerals and mica phases. For SAB, the strong predominance
of silica results from quartz [3]. However, the low content of Fe,O; make the
samples very attractive raw materials for several industries [11].

The mineralogical characterization results showed that the clay NONG con-
tains kaolinite (62%), illite (18%), quartz (17%) and rutile (1%). The pegmatite
PEG contains albite (17%), muscovite (44%) and quartz (34%). The sand SAB is
mainly composed of quartz [3].

3.2. Rheological Properties and Chemical Composition of Slurries

To form ceramic components by slip casting, it is necessary to specify in the
slurry formulation the types and amounts of carrier fluid, dispersant, pH modifi-
er, and binder [12]. Some parameters of slip were evaluated in order to assess
their influence on finished products. Thus, the flood particle size of the powders
was 100 pum for all the grades F,, F,, F; and F,. After obtaining this slip, the par-

ticle size change in accordance with Table 4. The shades are accompanied by the
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particle size values of the slip.

The slurries obtained are all basic (pH > 10). Viscosities are measured with a
torsion torque superior to 15% and are compriss between 55,000 - 75,000 cP.
The rellatively high values (of order to 10° cP) are due to use of sodium carbonate
as defloculant. The evaluated densities are relatively high (1.5 - 1.75). More than
60% of the passers-by of slip are sizes inferior to 40 um and than more 85% are
sizes inferior to 63 um.

Chemical analysis of the different shades shows that SiO,/Al,O; ratio decreases
in the order of F, to F, while K,0/Na,O ratio increases from 1.52 to 2.24 (Table
5). However, the percentages of alkaline oxide (% K,O + % Na,O) are higher for
the shades F, (3.23%) and F, (3.11%) than for F, (3.02%) et F, (3.02%).

3.3. Linear Shrinkage at Sintering and Bulk Density

Linear shrinkage of porcelain specimens has a similar trend, as shown in Figure
2(a). Linear shrinkage of specimens increases continuously with increasing tem-
perature and reaches the maximum value (13.7% - 15.6%), which corresponds
well to their volumetric densification [13]. The shrinkage decreases with the
content of sand in the sample. Note that linear shrinkage behaves differently be-
low and above 1280°C for F, and F,.

Table 3. Chemical composition of raw materials.

Oxides SiO, ALLO, CaO K,0 MgO Na,0O TiO, Fe,0O, LOI* Total

NONG 54.59 315 0.03 209 054 029 143 0.87 729  98.63
PEG 66.01 2231 038 515 0.13 202 002 0.99 2.96 100.05
SAB 86.67 9.82 0.13 0.07 0.05 0.16 0.3 0.1 2.70 100

*LOI: Loss on Ignition at 1000°C.

Table 4. Some characteristic parameters of the slip measured.

Viscosity at 29.3°C H at Passers (%)
. pm al
Grades vViscosity/10°  Torsion Density 25°C
40 pm 63 pm 100 pym
(cP) torque (%)

F, 64.32+3 30.04 1.72 10.57 87.91 93.96 100
F, 63.12+3 27.10 1.60 10.26 69.37 86.88 100
F, 73.14+3 32.10 1.56 10.32 74.55 92.89 100
F, 59.04 +3 24.70 1.50 10.38 77.67 90.65 100

Table 5. Chemical composition of grades.

Oxides SiO, AlL,O, Fe,0, CaO MgO K,0 Na,0O Total (K,0)(Na,0O)

F, 69.91 17.9 0.74 0.73 0.31 1.82 1.2 92.6 1.52
F, 67.11 20.56 0.81 0 0.35 2.11 1.12  91.75 1.88
F, 67.05 2091 0.79 0 0.37 2.03 0.99 91.79 2.05
F, 65.62 21.81 0.82 0 0.39 2.15 096 91.43 2.24
DOI: 10.4236/msce.2022.101003 47 Journal of Materials Science and Chemical Engineering
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Figure 2. (a) Fired linear shrinkage evolution of sintered specimens as a function of
temperature. (b) Bulk density of sintered specimens as a function of the temperature.

Bulk density is inversely proportional to porosity and water absorption. The
bulk densitie of all shades increase with baking temperature and peak at the
temperature of 1280°C as shown in Figure 2(b). From 1220°C, the densities are
increasingly high going from 2.3 to 2.5 [14]. They decrease above 1280°C. This
could be due to a strong production of vitreous phase thus leading to bloating
[15]. Bloating is formation of voids or pores in the microstructure caused by ex-
pansion of gases trapped in these pores. Origin of gases trapped in the glass
phase can be associated with loss of hydroxyl (OH) from kaolinite crystals and
the release of oxygen due to the decomposition of ferric oxide (Fe,O, to Fe,O,)
[16]. Bloating also significantly affects electrical, mechanical and structural prop-
erties of porcelains. Generally, limit firing temperature and optimum vitreous
phase are obtained when apparent porosity and water absorption reach their
minimum values and the density of the body reaches the maximum [17]. Speci-
men F, has a higher bulk density than other grades at 1220°C - 1280°C temper-
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atures up to optimum densification. At 1200°C, specimen F, has a higher bulk
density than F,. Linear shrinkage of specimen F, once decreases at 1260 degree
and can lead to material cracking. Specimen F, shows the lowest linear shrin-
kage.

3.4. Water Absorption Rate and Porosity

Water absorption and open porosity of all specimens decrease with increasing
sintering temperature and reach a minimum at 1300°C, as shown in Figure 3.
This may occur explain by the melting of the feldspathic phases and the forma-
tion of a vitreous phase due to the increase in the firing temperature. According
to Igbal and Lee (2000) [18], feldspar melts at a lower temperature than other
constituents in porcelain, and mixtures of clay and feldspar grains have lowest
viscosity. Liquid resulting from the vitreous phase therefore fills the open pores
of the microstructure and leads to densification of the body [19]. Figure 3(a)
further indicates that F, and F, achieved vitrification with 0.17% water absorp-
tion at 1240°C compared to 0.09% at 1260°C for F, and F,. Same phenomenon
of glass mobility is also observed in the case of glazes containing K,O and Na,O
during firing [20]. Porosity (Figure 3(b)) also decreases with increasing sinter-
ing temperature due to the formation of a vitreous phase mainly derived from
pegmatite. This liquid phase is partly the result of the transformation of plastic
minerals from the raw material such as kaolinite. It is formed by reaction be-
tween free silica, alumina and alkalis according to ternary system SiO,-Al,0,-K,0
[21] [22]. Increase in temperature leads to an increase in the amount of liquid
phase and a decrease in viscosity of liquid phase and fills the pores of the body.
Therefore, porosity decreases [17]. Pores are considered intrinsic defects which
may be the predominant factor in deterioration of strength [23]. Water absorp-
tion and porosity of specimens F, et F; keep constant values between 1220°C
and 1240°C at opposite F, et F, that increase betwen 1220°C and 1260°C. Op-
timum quantities of liquid phases are obtained from 1240°C for the specimens
F, and F, and from 1260°C for F, and F,. This difference of 20°C is of great
technological importance to manufacturers of vitreous in order to save thermal

energy.

3.5. Mechanical Strength of Specimens

Flexural strength (Figure 4) of all samples increases with increasing sintering
temperature. Maximum flexural stress values meet commercial strength specifi-
cation of porcelain (>35 MPa) [24]. Usually, maximum flexural strength devel-
ops in a porcelain specimen as porosity decreases and tends towards zero [25].
During sintering process, a liquid phase forms at the grain boundaries, amount
of which depends on the increase in the sintering temperature. It results in part
from transformation of plastic minerals such as kaolinite. Indeed, with the in-
crease in the NONG clay content, quantity of plastic and melting minerals in-
creases and therefore the liquid phase becomes more important. This phase is

largely responsible for mechanical resistance of the sintered products [9]. In-
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creasing the amount of liquid phase at higher temperature negatively affects
mechanical strength [15]. Flexural strength increases with increasing bulk den-
sity. Grade F, has the highest mechanical resistance values (53.50 MPa at 1240°C)
of all grades. This evolution has also been observed by S. K. Das and K. Dana for
triaxial porcelain compositions [26].
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Figure 3. (a) Variation in water absorption of sintered specimens as a function of
the temperature. (b) Evolution of the porosity of sintered specimens as a function
of the temperature.

801
601

404

204

Flexural strength (MPa)

1180 1200 1220 1240 1260 1280 1300
Temperature (°C)

Figure 4. Variation of the strength at ruptureof sintered specimens as a function
of the temperature.
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3.6. Mineralogy and Microstructure

XRD of all samples (F, F,, F; and F,) sintered at 1240°C in Figure 5, shows that
samples are virtually identical with regard to phases and amounts of constituents.
Quartz and mullite are main crystal phases identified in all samples. Mullite is a
crystalline phase of great technological importance due to its excellent technical
properties, such as: low expansion and thermal conductivity (~4.5 x 10° °C™" and 6
kcal-m™-h™"."C™" at 20°C, respectively), and appropriate fracture strength and
toughness (~200 MPa y ~2.5 MPa-m'?, respectively). In addition, it features high
creep resistance, corrosion stability and thermal stability. All these features cur-
rently make mullite to be, probably, one of the most important phases in traditional
and advanced ceramic [27]. Figure 6 shows that at higher firing temperatures
(=1240°C) glass content increased at the expense of quartz in F,. Mullite peaks in-
crease as the firing temperature increases. Quartz peaks, on the other hand, subside
and gradually decrease with increasing temperature. This result suggests that disso-

lution of quartz can occur over a greater range of firing temperature.

m: mullite
q: quartz

q
q
m
q mmq qmq q q q
P A AN AN A A F4

R A A A F3
A
\JJWI

10 20 30 40 50 60
2-Theta-Scale

Figure 5. Diffractograms of the powders of the sintered specimens at 1240°C.

q
q m: Mullite ‘L—J—
a Quartz
o7
q - s
F hu l m m m q q qm q
k= /\_AJ -
F, 7 : : : . . . 1200°C
15 20 25 30 35 - -
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Figure 6. Diffractograms of the powders of the F, test specimen sintered at different tem-

peratures.
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3.7. Chemical Durability

Chemical durability is a principal property requirement of ceramics for intra-oral
use, since dental prostheses must resist degradation in the presence of a wide
range of solutions of variable pH [28]. A quantitative test was performed to pre-
dict the long-term behavior of specimens, in particular to obtain information on
rate of material removal. Small variations in mass after chemical attack are ob-
served and shown in Figure 7. Specimens fired at 1200°C suffered mass losses
with all the chemical solutions used. Greatest loss in mass (1.2%) was observed
on the same specimens with the concentrated sodium hydroxide solution. These
losses can be explained by the high porosity of these test pieces. These variations
are also due to the presence (in small quantities) of certain metal oxides (Fe,O,,
TiO,) in the raw materials. All test tubes are virtually insensitive to ammonium
chloride solutions. These variations in mass allow us to say that our test pieces
fired at 1280°C are less resistant to alkalis than to concentrated acids.

The pH of each solution before and after use was measured and recorded in
Table 6. After chemical attack, no reduction in size of the specimens was ob-
served with the naked eye. This could be explained by an unfinished reaction be-
cause many reactions start with intergranular attacks. Usually reactions at an
early stage of attack can be detected using a light microscope. We can say that
the test pieces did not undergo a great modification after the 12 days of immer-
sion in concentrated chemical solutions (100 g/L for NH,Cl and KOH and 18%
for HCI) and weakly concentrated (30 g/L for KOH and 3% for HCI). These spe-
cimens are of class A.

4. Discussion

A higher muscovite content acts as a flux and forms a viscous liquid phase at the
firing temperature. The densification of porcelain is essentially motivated by the
gradual fusion of muscovite and quartz. According to the chemical composition
of raw materials in Table 3, porcelain is constituted by alkaline (Na, K) and al-
kaline earth (Mg, Ca) elements. Those elements act as a flux during sintering,
aiding densification and consequently reducing the porosity of the final product
[29]. According to B. Tarhan et al (2017) the mixed alkali effect, wherein differ-
ent alkali ions are present at the same time, causes a decrease in the viscosity
with initial replacement of Na,O by K,O [30]. The mixed alkali effect contributes
to extending the glass working range. According to C.M.F. Vieira et al (2004),
fluxes are raw materials with a high amount of alkaline oxides, mainly K,O and
Na,O, which, in reaction with silica and alumina, promote liquid phase forma-
tion that facilitates the densification. The liquid phase surrounds the solid par-
ticles and by surface tension enables the particles approach, closing the porosity
[31] [32].

In addition, firing at temperatures above 1240°C improves mechanical
strength. Muscovite and illite are mica minerals that contain potassium. Theoret-

ically, a high potassium content can lead to the superposition of a large amount

DOI: 10.4236/msce.2022.101003

52 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2022.101003

Y. Sawadogo et al.

NH,CI (100g/L)  KOH (100g/L) KOH (30g/L) HC (3%) HCI (18%)

0.219

-0.24

0.4
-0.64
0.8

Mass variation (WT%)

-1.24

-l.4- @F2-12000C  WF2-1240°C  ®F2-1280°C

Figure 7. Histograms of variation in mass of test specimens subjected to chemical dura-
bility.

of melt to the formation of mullite in the clay-based ceramic bodies rich in illite.
Lecomte et al (2007) studied the influence of muscovite on the thermal trans-
formation of kaolinite from room temperature to 1100°C [33]. They pointed out
that the interaction of muscovite and kaolinite at temperatures above 900°C was
mainly correlated with the diffusion of potassium ions from muscovite platelets
into the structure of metakaolinite. Diffusion of potassium ions into the meta-
kaolinite structure facilitated early crystallization (1050°C) of mullite and the
growth of mullite needles [27].

Linear shrinkage, water absorption, density change with temperature. We ob-
serve the same trends on the one hand with F, and F, and on the other hand with
F, and F,. The mechanical resistance increases overall with the temperature but
it is dependent on the amount of alkali metal oxide. The particular changes in
density, water absorption, porosity and flexural strength of F, can be explained
by the fact that its raw material contains significant concentrations of alkaline
oxides (Na,O + K,O) but also in iron oxide Fe,O,. Although iron oxide gives a
brown color to the final product, it contributes to the formation of a glassy
phase. The presence of these oxides explains the better fusibility of F, from
1240°C. The particle size ratio (¢ > 40 um/¢p <40 um ) of the starting raw mate-
rials could explain the gresification behavior (change in density, porosity, etc.)
and the mechanical resistance of F,. Compared with other shades, this ratio is
0.44 for F, that is relatively high and indicates a more or less homogeneous cha-
racter of the grains making up the specimen before cooking.

The diagram (Figure 5 and Figure 6) of diffraction of X-rays showed that in-
tensities of mullite peaks are relatively low. The report that has fact is that by in-
creasing the quantity of NONG clay, we observe an increase in the intensities of
mullite peaks while those of quartz peaks decreased. An optimum temperature
and composition at which considerable amounts of quartz and mullite crystals
exist in the glass phase. This would maximize physical, mechanical and dielectric
properties [34].

From the graph shown in Figure 8, we see that for all experimental tempera-

tures in the boxed zone with 55% kaolinitic clay, 25% pegmatite and 20% sand as
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Figure 8. Determination of ideal firing temperature for grade F,.

raw materials. At these sintering temperatures, materials with interesting cha-
racteristics are obtained. We believe that the temperature 1240°C of this zone is
the optimum firing temperature because the lowest therefore requires the min-
imum of energy during sintering.

The use of this composition is in agreement with the combination made by
Y.M. Chiang et al. (1997) in the ternary diagram giving a mixture of mulite, quartz
and liquid to the final product firing at 1300°C [35]. In this work, temperature
of 1240°C gives a good compromise for all the technological parameters meas-
ured. It makes it possible to avoid a water absorption rate greater than 0.5%, to
have maximum mechanical performance (=35 MPa), a loss of mass during cook-
ing (between 4% and 4.5%) and an acceptable linear shrinkage (<15%) after
baking.

According to Abeer A. El-Fallal et al (2008) the presence of leucite cristalline
phase has been shown to improve the mechanical properties [36]. In our work,
the significantly higher flexural strength can be attributed to the presence of mi-
ca cristalline phases.

Factors such as the chemical composition, microstructure, porosity and surface
texture of ceramics, regulate the resistance of the product to chemical attack.
Durability is defined as the resistance to the attack of glass by water and aqueous
solutions. The first stage of glass corrosion was previously represented by the ion
exchange between alkali ions in the glass and hydrogen ions in the water [28].
However, Ernsberger (1980) suggests that chemical attack proceeds by the in-
ward diffusion of water molecules which react with nonbridging oxygen atoms
to form hydroxyl ions that diffuse out with the alkali ions to maintain electrical
neutrality [37].

pH of the solutions used (Table 6) for the chemical attacks not known of sig-
nificant variations. That shows that the porcelains are inert vis-a-vis the chemi-
cals. The resistance to acid and basic attacks of our porcelains could be explained

by the presence of a mixture potassium and sodium oxides in our raw materials.
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Table 6. pH of the solutions before and after use.

Solutions HCI (18%) KOH (100 g/L) NH,CI (100 g/L) HCI (3%) KOH (30 g/L)
pH before 0.39 12.82 3.03 0.84 11.68
pH after 0.42 13.00 3.10 0.46 10.30

This observation was made by K. J. Anusavice (1992) according to which, the
chemical durability of glasses made with potash (K,O) is approximately half that
of glasses made with soda (Na,0O), presumably because of the difference in ionic
size. According to the same author a mixed alkali effect occurs when both Na

and K are present, such as is often the case with feldspathic porcelains [28].

5. Conclusion

Porcelains obtained with different grain sizes and raw material contents have va-
ried physicochemical and mineralogical properties. These properties are linked
not only to the nature, to the size of grains and to the proportions of raw mate-
rials used, but also to the cooking temperature. Various results have shown that
the porcelain specimens made with 50% to 65% kaolinitic clays from Nongfairé,
25% to 20% pegmatite from Kotédougou and 25% to 15% sand from Bobo and
sintered between 1240°C - 1280°C have characteristics which are consistent with
those in the literature. The role of Na and K cations, is to decrease the melting
temperature of the glass batch and favor the melting of other minerals that are
presented in the formulation. These results indicate that the rates of the fluxes
alone should not be used as an argument to explain the evolution of the para-
meters in the optimization of the contents. But it is necessary to take into ac-
count the proportions of the sizes of the grains of the powders of raw materials
as well as all the sources that can contribute to the formation of vitreous phases.
Grade of 55% kaolinite clay, 25% pegmatite and 20% sand was chosen as the op-
timum content for the production of porcelain with an optimum temperature of
1240°C. Finally, it was concluded that post sintering porcelains to use in its
composition in case of commercial production and it was better to keep the fir-

ing temperature around 1240°C or as lower as possible.
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