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Abstract

The corrosion degrees of produced non-activated and activated cordierite-based ceramics were investigated in hydrochloric and sulfuric acid
solutions. The composition of talc, alumina, and kaolinite powders was mechanically activated in a planetary mill. The concentrations of
aluminum, magnesium, silicon, calcium, and potassium leached to the acid solutions from non-activated and activated cordierites were measured
using ICP-OES. The amorphization of the structures was examined by XRD analysis. As a result, it has been determined that activated cordierite-

based ceramics are more durable, and sulfuric acid solution causes more corrosion than hydrochloric acid.
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1. Introduction

One of the crucial phases of the triple MgO-5i0O>-Al20s
ceramic system, along with mullite, forsterite, tridymite,
cristobalite, enstatite, and sapphire phases, is the
cordierite phase (2MgO-2Al:0s-55i02) [1,2]. These
ceramics find substantial usage in circuit boards, filters,
thermal insulation materials, catalytic converters,
membranes, furnaces, refractories, electrical porcelain,
and other applications because they have good thermo-

mechanical, chemical, and dielectric qualities [3,4].

The cordierite phase is created using a variety of
starting materials. Simple compounds like oxides,
hydroxides, and carbonates are the earliest of them. The
second is binary compounds, which include clays, talc,
and sepiolite; the third is ternary compounds, which
include chlorite. Industrial wastes such as magnesite and
glass slag are also used in cordierite production [4,5].

Although the kaolin-talk system is suitable for
producing cordierite ceramics, the specifications of the
produced cordierites vary due to the presence of
impurities in different kaolinites. For this reason,
selecting the appropriate kaolin is crucial to preparing
high-performance cordierite ceramics. The sintering of

cordierite ceramics is difficult due to the narrow
sintering temperature range (1300 — 1400 °C) [6,7]. It is
possible to reduce the production temperature and
increase the physical properties of cordierite by using
different methods such as co-precipitation, solid-state
synthesis, or sol-gel.

Since cordierite-based ceramics dissolve more in
acidic solutions [8,9], they are susceptible to acid
corrosion. There are few studies on the acid solubility of
these ceramics. Kang et al. [10] found that p-cordierite in
the cordierite-based glass ceramics they produced was
more resistant to acid solutions (especially H2SO4) than
a-cordierite. Baitalik and Kaya [11] subjected the
cordierite-silica-based porous ceramics they produced to
the acid corrosion test at 90 °C using a 20% by-weight
HCI solution. According to their corrosion test, it was
observed that the cordierite phase was completely
dissolved in ten days in an acidic medium.

With the mechanical processes carried out in the solid
phase, the phase structure of the solids can be changed,
and smaller powder particle sizes can be obtained.
Therefore, the powder particles exposed to the
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mechanical process can react at a lower sintering
temperature due to increased surface area [12,13].
Obradovic et al. [14] investigated the effect of mechanical
activation and two-step sintering on cordierite-based
ceramics' structure and electrical properties. The
mechanical activation provides better homogeneity of
powder mixture and powder activity. Also, the obtained
densities increased and led to higher dielectric
permittivity. Nath et al. [15] reported the mechanical
activation effect on cordierite synthesis at lower
temperatures. The cordierite was obtained with better
properties, such as a higher quantity of cordierite phase
and improved physical properties. Dordevic and Jovani¢
[16] studied mechanical activation influence on electrical
properties of cordierite ceramics. The formation
temperature of cordierite was affected by activation
time, and no significant changes were observed in
electrical properties. Yalamag¢ and Akkurt [17] analyzed
the effect of additives and grinding on the synthesis of
cordierite. The synthesis temperature successfully
decreased to a lower value using additives and grinding.
Wu et al. [18] investigated the corrosion resistance of
zircon-modified  cordierite_spodumene  composite
ceramics. The corrosion resistance and mechanical
strength were improved with zircon modification. Citak
et al. [19] studied the corrosion properties of cordierite-
based ZrO: composite. The resistance was increased
with ZrO: addition. In the present study, the effects of
structural disorder (amorphization) provided by
mechanical activation of the ceramic system (talc-
kaolinite-alumina) were determined by X-ray diffraction
(XRD) analysis. The microstructural change was
analyzed using scanning electron microscopy (SEM).
The corrosion resistance of the mixed ceramic systems
against two strong acids (H250s: and HCI) that the
material may encounter was examined by ICP-OES.

2. Material and methods

In the present study, the used raw materials are alumina,
kaolin, and talc for the production of cordierite-based
ceramics, which were supplied by Durovit Company
from Turkey. Table 1 shows the company's values of the
used raw material's chemical compositions.

Table 1. Chemical composition of raw materials

Compounds (wt.%) Talc Kaolin Alumina
SiO:2 63 52.12 0.52
Al0s 0.40 33.83 99.425
Fe203 0.25 0.55 —
CaO 0.40 0.15 —
K20 0.04 0.13 —
NaO 0.08 0.01 0.055
MgO 30 0.05 —
TiO2 — 0.45 —
LOI* 4.83 12.45 —

* Loss on ignition, wt: weight
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16 wt.% alumina, 43 wt.% kaolin, and 41 wt.% talc
were mixed at 110 °C 24h. A high-energy planetary ball
mill (600 rpm) (Fritsch) was used for the mechanical
activation of the mixture for 1 hour. An X-ray diffraction
investigation was carried out by an X-ray diffractometer
(Rigaku Ultima) and CuKa For the
morphological examination of mixed powders that had
been activated and non-activated, a Joel 6060 LV SEM
was employed. Eq. 1 was used to determine the
percentage of amorphization (A%) of mechanically
activated powders [20, 21].

radiation.

B,.1I,
A% = [1 ——J X 100 ey
By.1,

Where Lo is the diffraction peak's integral intensity,
and Bo is the peak's background for the unactivated
mixture. Bx and I» are the same values for the mixture
that has been mechanically activated. One axial
hydraulic press operating at less than 100 MPa shaped
the mixture of activated and non-activated powders. The
sintering process of the shaped samples was carried out
under atmospheric conditions by keeping them at 1250
°C for 1 hour with a heating rate of 10 °C/min. The
cordierite phase formed after sintering was determined
by XRD analysis. The microstructural examinations
were carried out using SEM. The images were taken
from the fractured surface of the samples. For the
corrosion tests of the produced cordierite-based
ceramics, 2%, 5%, and 10% HCIl and H2SOs solutions
were prepared. Sintered pellets were kept in acidic
solutions with two different acids three
concentrations for 1 and 10 days. Al, Mg, Si, Ca, and K
concentrations in leach solutions were measured with a
Spectro Arcos model ICP-OES (Spectro Analytical
Instruments Dusseldorf, Germany).

and

3. Results and discussions

Figure 1 shows the XRD patterns of activated and non-
activated alumina-talc-kaolinite mixture powders. Most
of the crystalline peaks disappeared after mechanical
activation due to the amorphization and structural
deterioration in the structure of kaolin talc and alumina.
The mechanical activation process causes the mineral
particles to become amorphous depending on the
rotation speed and duration [22]. It means that
mechanical activation decreased the grain size and
caused amorphization of the mineral particles of the
structure [20,22]. The mechanical activation disrupts the
crystal structure and makes it unstable. Some reactions
occur during operation, and energy consumption is
reduced. The grain size decreases, and the surface area
increases, which increases the ability to react.
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Figure 1. XRD patterns of activated and non-activated alumina-talc-
kaolinite-powders

Thus, solid-solid reactions at high temperatures are
carried out at lower temperatures. In two studies,
and Meech [23,24] demonstrated that
mechanical activation led to the growth of a significant
number of dislocations and the corresponding strain
fields, which might result in a general decline in long-
range lattice periodicity. The loss of diffraction peaks
and line broadening occurred in the X-ray patterns after
extensive milling, and this might be seen as forming a
metastable "amorphous phase".

Tromans

Fig. 2a and b show scanning electron micrographs
(SEM) of powder mixtures made of talc, kaolinite, and
alumina that have been activated and not activated. The
non-activated mixture has particles larger than 5 um in
size (Fig. 2a). The powder combination is mechanically
activated and then agglomerated. Moreover, Eq. 1 was
used to determine the degrees of amorphization of
alumina, talc, and kaolinite. Alumina, talc, and kaolinite
all had amorphization degrees around 75, 95, and 95%,
respectively.

Figure 2. SEM micrographs of non-activated (a) and activated (b)
alumina-talc- kaolinite powders
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Figure 3. XRD patterns of non-activated and activated samples were
sintered at 1250 °C for 1 h.

The activated mixture powders are shaped and
sintered at 1250 °C for 1h. The mechanical activation
caused decreased grain size and increased surface area.
Therefore, the sintering temperature was reduced due to
the easier powder reaction. Fig. 3 shows the XRD
patterns. The XRD pattern of the non-activated sintered
sample indicates that cordierite, corundum, enstatite,
mullite, and quartz phases are present. The activated
sintered samples' diffraction patterns show well-
crystallized sharp peaks of cordierite and a small
amount of corundum and quartz. The cordierite phase
intensity of the activated sample increased. Elmas et al.
[25] studied the effect of mechanical activation on the
formation of mullite in their study on the Alumina-
Quartz system and stated that mechanical activation
supports the formation of the mullite phase.

SEM micrographs of activated and non-activated
sintered pellets are shown in Fig. 4a and 4b. Non-
activated pellets show high porosity between grains (Fig.
4a). However, porosities are smaller in activated pellets
(Fig. 4b).

X3; 808 SHm

15KV

) e
Figure 4. SEM images of (a) non-activated and activated (b) samples
sintered at 1250 °C for 1 h.
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Based on the SEM images, we can say that mechanical
activation has a porosity-reducing effect on the sintering
process. Ceramics are porous materials and resistant to
acidic corrosion. The amount of porosity was reduced by
mechanical activation, and corrosion resistance was
increased. Obradovic et al. [1] reported that mechanical
activation decreased open porosity and increased
density value.

The acidic corrosion rates of activated and non-
activated cordierite-based ceramics are shown in Fig. 5.
Aluminum was the most dissolved metal in non-
activated cordierite-based ceramics. After one day of
treatment, the leached Al concentrations from non-
activated ceramics in 10% HCI and 10% H25Os solutions
were ~62.0 and ~81.0 mg/L, respectively. In activated
ceramics, these concentrations were decreased to ~6.0
mg/L (in HCl solution) and ~8.0 mg/L (in H2S0s
solution). The activation process significantly reduced
the amount of dissolved Al Similar results were
obtained with Mg and Si except for Ca and K. Although
the dissolution of other metals decreased with the
activation process, no significant change occurred for Ca.
K and Ca were impurities and not parts of the cordierite
structure. They were mostly at the grain boundaries [26]
and not significantly affected by the activation process.
Potassium was affected more than calcium due to
binding energy. Also, the bulk densities were measured
before and after corrosion, but no difference was
observed in the results.

The effect of time on the leached metal concentrations
from activated ceramics is shown in Fig. 6. The highest
and the
concentrations of dissolved metals decreased in ten
days. It was observed that after 10 days, there was no Ca,
which was found in the grain boundaries, and Mg,
which was weakly bound to the structure. Mg was

corrosions occurred on the first day,

removed easily on the first days of the leaching process
and could not be detected in the leaching solution after
ten days because it did not remain in the structure. On
the first day, the acid dissolved the metals outside the
lattice. The concentration of dissolved metals decreased
in 10 days because the amount of acid that could enter
the lattice was limited.

Fig.7 demonstrates the effect of acid concentration on
the corrosion of activated ceramic. Except for Ca,
increased acid concentration increased the concentration
of all leached metals as predicted. The leached Ca
concentrations were the same in 2% and 10% acids
because all Ca were dissolved in 2% HCl and H2SOs
solutions. Also, it was concluded that the corrosion
strength of H250: on activated cordierite-based ceramics
was higher than HCl solutions due to the higher acidity
of the sulphuric acid.
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Figure 5. The leached metal concentration of non-activated and
activated cordierite-based ceramics (10% acids, 1 day)
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Figure 6. The effect of time on the leached metal concentrations from
activated ceramics (10% acids)

10 A
B Activated (2% HCI)
g M@ Activated (10%, HCI)
B Activated (2%, H,SO,)
6 o B Activated (10 days, H,SO,)
TTT
4 :
2
0 - T

Al Mg Si Ca

Figure 7. The effect of acid concentration on the leached metal
concentrations from activated ceramics (1 day)
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4. Conclusions

In the present study, mechanically activated and non-
activated cordierite-based ceramics materials were
prepared.  The
deterioration, microstructure, and corrosion resistance
of the bulk materials in HCl and H2SOs
characterized systematically. The most important

amorphization and  structural

were

conclusions are:

1. The mechanical activation in talc, kaolinite, and
alumina led to amorphization and structural
disordering. Alumina, talc, and kaolinite all had
amorphization degrees around 75, 95, and 95%,
respectively.

2. The activated and non-activated mixture powders are
shaped and sintered at 1250 °C for 1 h. The intensity of
the cordierite phase increased in the activated sample.
3.1t has been established that mechanical activation
lowers open porosity in pellets after sintering.

4. Activated cordierite is approximately 10 times more
durable against acidic corrosion than non-activated
cordierite. The corrosion degrees are raised by increased
acid concentration and strength. The corrosion rates
reached a maximum on the first day and then decreased
over time due to the limited amount of acid that can
enter the lattice.
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