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2022: the UN International Year Of Glass

The International Commission on Glass (ICG), along with the Community of Glass 
Associations (CGA) and ICOM-Glass recently applied for a  
United Nations International Year of Glass of 2022  

and the UN General Council meeting on 18th May 2021 gave its formal approval!

The Year will celebrate the essential role glass has and will continue to have in Society. A 2 day 
opening event at the Palace of Nations in Geneva will feature 30 world class speakers. The event 
will be streamed worldwide on Zoom – places in the Hall will be at a premium! Talks will highlight 
the latest thinking on how GLASS can aid the development of more just and sustainable societies 
alongside the most recent scientific and technical breakthroughs. It will also be an important medium 
for art and its history. It is the one IYOG event on the calander that requires financial support and a 
Global sponsorship campaign has begun. 

What follows is based on the formal application made to the UN and is split into the following sections:
• What glass offers society
• Planning the IYOG
• Support us with your donations
• Support received from different institutions
• Support received by country
• Concluding statement

www.iyog2022.org
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Abstract
In this work was developed a filtering material, where a granular glass-ceramic with a catalytically 
active layer applied as a carrier. The main component of the pellet batch is alkaline glass which 
made it possible to intensify the processes of melting and foaming of the molten glass. It has been 
defined physical and technical characteristic of granules and obtained that its density smaller 
300 kg/m3 and strength under compression layers between 0.8-2.6 MPa. Taking into account the 
physical and technical characteristics of GCM granules, studies were carried out to determine the 
possibility of using them as filtering media with a catalytically active layer. This makes it possible 
not only to dispose of cullet, but also to create a highly efficient material from it, allowing water 
to be purified up to standards.
Keywords: foamed glass, granular ceramics, pores, catalytic properties, iron and manganese 
absorption
Kulcsszavak: habosított üveg, szemcsés kerámiák, pórusok, katalitikus tulajdonságok, vas és 
mangán abszorpció
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1. Introduction
It is well known, the creation of new materials that provide 

high-quality water purification is important for human life. 
The water strategy developed in different countries defined 
the main directions of activities for the development of 
the country’s water sector, ensuring sustainable water use, 
protection from the negative impact of contaminated water on 
humans.

For the purification of drinking water, physicochemical 
methods are widely used: sorption, coagulation, flotation, 
filtration and reagent methods. However, in areas where oil 
and gas production is intensively conducted, the content of 
iron, manganese and hydrogen sulfide in water exceeds the 
maximum permissible norms by 10-20 times. The filtering 
materials used in the different regions do not cope with water 
purification to standards and do not fully correspond to the 
solutions of the assigned tasks.

Now, the filtering media called “Manganese Greensand” is 
widespread - glutonite green sand, which is a natural material, 
covered with manganese compounds. It acts as a catalyst in the 
removal of soluble manganese and iron [1-3]. Manufacturing 
technology of “Manganese Greensand” includes pretreatment 
of sodium glauconite (NaZ) with a manganese chloride 
solution:

Na2Z + МnС12 <=> MnZ + 2NaCl
The use of potassium permanganate in conjunction with 

these loads also allows you to remove hydrogen sulfide, 
oxidizing it to elemental sulfur, and partially, organic matter 
and biological pollution, ensuring water disinfection.

The main disadvantage of using Manganese Greensand is 
pretreatment with potassium permanganate solution, i.e. before 
the start of operation to obtain a layer of higher manganese 
oxides on the surface of the filtering material Manganese 
Greensand, the loading is pre-treated with a solution of 
potassium permanganate, or it is constantly dosed into water 
using a proportional dosing system (dosing pump) [3, 4].

As an effective material, this granular filter material is used 
to remove iron and manganese from water and the filter 
material is a catalyst that accelerates the interaction of Fe with 
oxygen dissolved in water, resulting in the formation of water-
insoluble iron III hydroxide. After that, iron in an insoluble 
form is retained in the layer of filter material, therefore the 
efficiency of water purification with filter is strongly influenced 
by the pH value (PH). For effective removal of iron, it should 
be in the range of 6.8-8.5, for removal of manganese - more 
than 8. If there is insufficient dissolved oxygen in the treated 
water, then aerators must be used in front of the filter and does 
not recommended to use for the purification of chlorinated 
water. Free chlorine significantly reduces both the service life 
of the filter material and its efficiency.

To purify water from manganese and iron, a filter material 
called MFO-47 has been developed and is also used, containing 
as a basis granular material of natural origin, burnt rock, on 
the surface of which a catalytically active layer is formed, 
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consisting of a mixture of oxides MnO, Mn2O3 and MnO2 [3, 
5]. This method, based on the treatment of granular material 
with a solution of a modifying reagent containing manganese 
salts, does not allow efficient removal of hydrogen sulfide from 
water.

The aim of this work was to develop a filtering material, 
based on a granular glass-ceramic material (GCM) with 
a catalytically active layer applied as a carrier. This makes it 
possible not only to dispose of cullet, but also to create a highly 
efficient material from it, allowing water to be purified up to 
standards.

2. Materials preparation and its properties
The proposed composition of the charge for granules differs 

from those previously developed [6-8] in that the required 
chemical composition and structure of GCM granules are 
provided by using compositions including glass, a plasticizer - 
low-melting clay, gasifier- coke and organic additives (sawdust).

The main component of the pellet batch is alkaline glass. 
When choosing the glass, it was assumed that the content of 
alkali metal oxides in them would make it possible to intensify 
the processes of melting and foaming of the molten glass.

   

	 Fig. 1	 GCM granules with a density of 260 kg/m3 and its cross-section
	 1. ábra	 260 kg/m3 sűrűségű GCM granulátum és annak keresztmetszete 

The introduction of a plasticizer, low-melting clay, into the 
batch, contributes to a directed external effect on the glass 
during the firing period. The main tasks of adding a plasticizer 
are to increase strength and reduce water absorption. An 
important factor for the pore formation process is the swelling 
interval - the difference between the maximum possible 
firing temperature and the temperature of the beginning of 
clay swelling. The firing temperature must ensure sufficient 
softening and viscosity of the material; otherwise the gases 
formed during firing will freely escape, without material 
swelling.

A distinctive feature of the proposed composition of the 
charge for the production of GCM, in contrast to traditional 
compositions of foam glass, is the introduction of an organic 
component - sawdust (dispersed cellulose). The purpose of 
introducing organic additives into the charge is to increase the 
temperature of the raw granules and to heat the coke particles 
with the products of thermal decomposition of cellulose, 
contributing to the early process of gas formation from the 
combustion of coke, increasing the amount and pressure of gas 
in the pores of the foamed melt.

When using a plasticizer in the composition of the charge, the 
choice of the gasifier plays a decisive role. Since the plasticizer 

increases the viscosity of the molten glass, it is necessary to 
use such blowing agents, the decomposition products of which 
would have a pressure capable of foaming the molten glass 
during firing. When justifying the choice of the gas generator, 
the coincidence of the temperature intervals of the appearance 
of the melt of the required viscosity and the formation of the 
highest pressure of gaseous products were taken into account 
for this purpose coke was used in the experiments. The 
maximum firing temperature for raw granules is 830-850 °C.

During the study, granules with a diameter of 0.8-10 
mm were used. As a result of research, it was found that to 
obtain porous GCM, it is necessary to use a plasticizer of the 
chemical composition: SiO2 - 70-71%; Al2O3 - 17-18%; Fe2O3 - 
5-6%; SO3 - 0.2-0.3, in which illite, chlorite, hydromuscovite, 
montmorillonite and organic additives predominate, providing 
a large amount of CO at the initial stage of the formation of 
a porous amorphous-crystalline glass-ceramic system. When 
CO interacts with iron compounds, which are part of the 
plasticizer, and glass, iron carbide is formed with the release 
of CO2, which contributes to the intensive process of gas 
formation and the formation of a porous structure of granules. 
By changing the amount of plasticizer in the charge, the 
density of the granules can be varied from 200 to 300 kg/m3, 
the thickness of the interpore partitions is from 0.07 μm to 50 
μm, and the pore area in the granules is 0.10 - 0.72 mm2. The 
pore sizes and their location, the thickness of the glass-ceramic 
partitions and the glaze layer of the granules were examined 
under an optical microscope, Fig. 2.

	 Fig. 2	 Micrograph and size distribution of pores with a plasticizer content 10%
	 2. ábra	 10% lágyító tartalmú pórusok mikroszerkezete és méreteloszlása

Density, 
kg/m3

Thermal  
conductivity, 

W/(m °C)

Strength
under  

compression, 
MPa

Temperature
operation, 

°C

Water  
absorption,

%

200-290 0,067-0,087 0,82-2,61 up 820 1,7-4,8

	 Table 1	 Physical and technical characteristics of GCM granules
	1. táblázat	 GCM granulátumok fizikai és műszaki jellemzői
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As a result of research, granules with physical and technical 
characteristics are presented in Table 1 and Fig. 3.

	 Fig. 3	 Properties of GCM granules with a density of 260 kg/m3 
	 3. ábra	 A 260 kg/m3 sűrűségű GCM granulátumok tulajdonságai

3. Catalytic properties of material and 
discussions

Taking into account the physical and technical characteristics 
of GCM granules, studies were carried out to determine the 
possibility of using them as filtering media with a catalytically 
active layer.

The solution to this problem is achieved by sequential 
processing of granular material, natural origin, solutions 
containing manganese salts. First, the granules are treated in 
a solution containing divalent manganese salts, with a solution 
of potassium permanganate, and then with a solution of a 
reagent that promotes the reduction of manganese (VII) and 
the formation of a mixture of manganese oxide compounds on 
the surface of the granular material. This method of processing 
a filtering granular load (natural dispersed material) with 
modifying reagents containing manganese compounds of 
different valences makes it possible to obtain on its surface a 
complex of not only manganese oxide compounds, but also 
hydroxide ones. When implementing the proposed method on 
the surface of the filtering media received a mixture consisting 
of manganese hydroxide Mn(OH)2, and manganese oxides 
Mn2O3, MnO2 [9].

It should be noted that the granular material is pre-treated 
with an alkali solution. NaOH or KOH at a concentration of 
10 g/l is used as an alkali solution. The recovery of potassium 
permanganate is carried out by processing the material in a 
solution of 0.1-2.0% of a reducing agent. In this case, pH 8–12 
was maintained throughout the entire process of formation of 
the catalytic layer. During processing, air was blown and the 
solution was stirred.

Iron is in water in the form of a compound Fe (HCO3)2. 
When Fe (HCO3)2 interacts with the catalytically active layer of 
the granule, iron is precipitated in the form of iron hydroxide 
Fe (OH)3 according to the formula:

4Fe(HCO3)2 + 3MnO2 + 2H2O →  
4Fe(OH)3↓ +  MnO + Mn2O3 + 8CO2↑.

The results of studies of the filtering material based on GCM 
granules showed that with an increase in the filtration time, at a 
water speed of 1 dm3/min. and the volume of the passed water 
100 dm3, the iron content falls from 0.76 to 0.06 mg/dm3 (Fig. 4).

	 Fig. 4	 Change in iron content vs. filtration time
	 4. ábra	 A vastartalom változása a szűrési idő függvényében

It has been established [2, 10] that manganese oxides pre-
precipitated on the surface of GCM granules have a catalytic 
effect on the oxidation of manganese (II) ion by oxygen 
dissolved in water.

When filtering aerated water, oxygen dissolved in water 
is adsorbed on the surface of the granule and interacts with 
manganese ions to form a layer consisting of a negatively 
charged precipitate of manganese hydroxide Mn(OH)4, which 
adsorbs positively charged manganese (II) ions, forming an 
oxide manganese Mn2O3 [11]:

Mn(OН)4 + Mn(OН)2→ Mn2O3+3H2O,
2Mn2O3+O2+8H2O→ Mn(OН)4↓.

As a result, manganese (IV) hydroxide is again formed, 
which is involved in the oxidation process as a catalyst.

In water, a solution of hydrogen sulfide H2S is a two-basic 
weak acid hydrogen sulfide. Acids are known to react with 
bases, basic oxides and salts, in this case, with Mn(OH)2. An 
increase in the efficiency of water purification from hydrogen 
sulfide occurs by the reaction:

Mn(OH)2 + H2S = MnS + 2H2O.  



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

 Vol. 73, No. 4 § 2021/4 § építôanyagépítôanyag § JSBCM JSBCM |   135

Thus, granular glass-ceramic material as a carrier with a 
saturated catalytically active layer consisting of manganese 
oxides and hydroxides is capable of effectively removing iron, 
manganese, and hydrogen sulfide from water [1].

The advantage of the method is the production of hydroxide 
and manganese oxide compounds firmly adhered to the base 
on the surface of the filter medium at room temperature. 
The catalytically active layer, due to the adhesion caused by 
intermolecular interaction, is firmly fixed on the surface and 
is not washed off. Table 2 reflects a decrease in the efficiency 
of water purification from hydrogen sulfide with a decrease in 
manganese hydroxide in the mixture.

№ Mn(OH)2 content 
on the surface of 

granules, g/kg

H2S content in 
source water,  

mg/dm3

H2S content
in purified water, 

mg/dm3

1 10 0,1 0,03
2 9 0,1 0,033
3 8 0,1 0,035
4 7 0,1 0,040
5 6 0,1 0,045

	 Table 2	 The degree of efficiency of water purification from hydrogen sulfide with a 
decrease in the content of manganese hydroxide in the mixture

	2. táblázat	 A hidrogén-szulfidból történő víztisztítás hatékonyságának mértéke a keverék 
mangán-hidroxid-tartalmának csökkenésével

A comparative study of the processes of sorption of 
sulfide ions on GCM granules was carried out under static 
conditions. Model solutions were prepared by diluting the S2 
stock solution with a concentration of 100 mg/l. The sorbent 
weighing 0.2 g was placed in a dry conical flask with a thin 
section with a volume of 250.0 ml, 100.0 ml of a model solution 
was added there (sorbent: solution ratio=1:500), stirred on a 
THYS2 universal vibration machine (Germany) for 60 min, 
Then the solution was separated by decantation and the 
mass concentration of S2- was determined according to RD 
52.24.450-95 by the extraction-photometric method on a PE-
5400v spectrophotometer. The equilibrium concentration of 
sulfide ions was determined according to the results of a “blank” 
experiment - a model solution of the same concentration, but 
without a sorbent to take into account the loss of S2- due to the 
volatilization of hydrogen sulfide. The static exchange capacity 
(SEC) was calculated using the equation:

SEC = V solute (Cequilibr – Cconcentr.)/mcorbent
Table 3 shows that the concentration of hydrogen sulfide after 

sorption of GCM is less than that on the material - the prototype 
MFO-47, by 10-20 times. The static exchange capacity of the 
GCM is 2 - 2.7 times higher than the corresponding indicator 
for the MFO-47 material.

On Fig. 5 is shown the dependence of the static exchange 
capacity (SEC), mg/g, on the mass concentration of S2- 
(isotherm of sorption of sulfide ions) for the MFO-47 sorbents 
and GCM granules at t = 23 °C. Experimental and industrial 
tests have established that the complex of compounds 
deposited on the surface of the GCM granules determines the 
high catalytic activity of the load in relation to various salts of 
iron, manganese and hydrogen sulfide dissolved in water.

N CS
2- initial

mg/dm3

C S
2- equilibr

mg/dm3

MFO-47 GCM

C S
2-

concentr

mg/dm3

COE
mg/g

C S
2- concentr

mg/dm3

SEC
mg/g

1 0,10 0,015±0,002 0,01±0,002 0,0020 0,007±0,001 0,0040
2 0,30 0,20±0,020 0,13±0,02 0,0350 0,010±0,002 0,0945
3 0,40 0,37±0,020 0,22±0,02 0,0775 0,012±0,002 0,1780
4 0,80 0,69±0,040 0,38±0,02 0,1540 0,024±0,003 0,3330
5 1,00 0,90±0,050 0,5±0,03 0,1604 0,036±0,003 0,4310
6 1,20 1,17±0,060 0,78±0,04 0,1950 0,097±0,010 0,5360

	 Table 3	 Static exchange capacity, SEC, of MFO-47 and developed GCM
	3. táblázat	 Az MFO-47 és a kifejlesztett GCM statikus cserekapacitása, SEC

	 Fig. 5	 Isotherms of sorption of sulfide ions on sorbents: curve 1 - MFO-47 and 2 - 
GCM at 23 °С

	 5. ábra	 Szulfidionok szorpció izotermái a szorbenseken 23 °C-on: 1. görbe - MFO-47 
és 2. görbe - GCM 

It was experimentally established that a complex of 
compounds on the surface of granules causes high catalytic 
activity towards various salts of iron, manganese and hydrogen 
sulfide dissolved in water. 

4. Conclusions
It has been found that on the surface of the base, glass-

ceramic granules, after treatment with modifying reagents, a 
catalytically active layer was formed containing a mixture of 
manganese hydroxide Mn(OH)2 and manganese oxides Mn2O3 
and MnO2 .

It has been shown that oxides Mn2О3, MnO2 and hydroxide 
Mn(OH)2, obtained on the surface of glass-ceramic granules, 
make it possible to remove iron and manganese from water, 
reducing their content up to 15 times.
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Abstract
This research study investigates the potential use of traditional raw materials to synthesize 
new ceramic composite materials that can be used in different industrial applications. The 
composite materials were developed through mechanical activation, carbonization, and reactive 
sintering techniques. Natural zeolite from Tokaj region, alumina from Motim, and sawdust were 
used as starting raw materials. Stoichiometric amounts of the raw materials were mixed and 
milled in planetary ball milling followed by uniaxially pressing to produce cylindrical ceramic 
discs. The produced green ceramics were then sintered in an electric laboratory kiln under an 
oxygen-free environment at 1200 °C. In-situ carbonization of the sawdust was confirmed via 
X-ray diffraction. The thermal properties were also investigated by derivatography. The produced 
ceramic specimens were tested on microstructural characteristics, porosity, density, and water 
absorption. 
Keywords: alumina, derivatography, sawdust, SEM, XRD, zeolite
Kulcsszavak: alumínium-oxid, derivatográf, fűrészpor, SEM, XRD, zeolit
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1. Introduction
Nowadays, ceramics and ceramic composites play an 

important role in the industries due to the high need for porous 
materials with superior physical, chemical, and mechanical 
properties [1-8]. Many research works have been carried out to 
synthesize ceramics and ceramic matrix composites for different 
applications to satisfy this increased demand [9-12]. Several 
research studies focus on using relatively cheap raw materials 
to produce cost-effective composite materials [13-15]. Mullite 
strengthened carbon and silicon carbide composites are drawn a 
huge interest recently [16-18]. Due to their superior properties, 
such as relatively low density, good thermal stability, and 
oxidation resistance. These good characteristics make mullite-
based composites a material of choice for different applications, 
especially optical and electronic device applications and high-
temperature applications, for instance, refractory materials and 
coatings for a turbine blade [19-20]. The main reason beyond the 
synthesis of the composite materials is to overcome the brittleness 
of the monolithic ceramics, which restricts their applications. 

Mullite (3Al2O3.2SiO2) is an important material for both 
traditional and advanced ceramics.  Due to its outstanding 
characteristics such as low thermal conductivity, low thermal 
expansion coefficient, and superior creep resistance, high 
resistance to corrosive environments, and high-temperature 
strength [21-22]. The formation of the mullite phase is normally 
taking place upon the reaction of silica (SiO2) with alumina (Al2O3) 

at a temperature above 1000 °C [23]. The morphology and purity 
of the mullite phase depend on the raw materials composition, 
preparation method, and sintering temperature. Fig. 1 illustrates 
the phase diagram of the SiO2-Al2O3 system. In this system, 
mullite is the only stable intermediate phase at atmospheric 
pressure. Mullite is normally found in man-made ceramics; it can 
rarely be found in nature [20]. Mullite structure can incorporate 
variable cations such as Ga3+, B3+, Na+, Mg2+, Eu2+ etc., in different 
concentrations [24]. A dense mullite ceramic with high purity is 
difficult to synthesize through the traditional sintering techniques; 
normally, a porous ceramic with a glassy phase is obtained [25]. 

Carbonization is a thermochemical process in which high 
carbon content is produced through thermal degradation of 
biomass normally by pyrolysis in a reduction environment 
[26]. The carbonization is highly affected by temperature, 
moisture content, and biomass composition. Wood usually 
consist of cellulose (48%), hemicel1ulose (19%), lignin (24%) 
extractive (7.5%), Ash (1.6%) and moisture (33%). The amount 

https://creativecommons.org/licenses/by-nc/2.0/
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of these constituents varies from one plant species to another 
[27]. The cellulose consists of straight-chain macromolecules; 
it has a crystalline nature and is normally incorporated in a 
matrix of hemicellulose and lignin [28]. Cellulose is the major 
constituent of biomass. In contrast, hemicellulose has an 
amorphous structure with a low degree of polymerization. 
Lignin is a phenolic compound consist of a randomly 
connected amorphous structure that has high molecular 
weight. Therefore, the carbonization of these constituents takes 
place through a series of complex reactions [29]. This process 
can be observed on thermogravimetry of the biomass. The 
complex carbonization mechanisms could be divided into five 
stages. Firstly, upon heating, drying of the biomass takes place 
with the evaporation of some volatile organic compounds. 
Secondly, hemicellulose’s thermal decomposition will take 
place to yield organic acids, methanol, and some gases. The 
next step involves the emission of carbon monoxide, carbon 
dioxide, some hydrocarbons (methane, ethane, ethylene), and 
some acids. After that, cellulose decomposes to give water, 
carbon dioxide, and carbon (charcoal). Moreover, lignin also 
decomposes into phenolic compounds and methanol. Finally, 
the carbonization is complete with the full conversion of lignin 
into carbon and emission of the hydrogen gas [27].  The aim 
of this research work was to produce composite materials 
based on mullite and carbon through in-situ carbonization 
and reactive sintering of different mixtures of Al2O3, natural 
zeolite, and sawdust, to investigate the technical feasibility of 
the carbonization process and to evaluate the technical features 
and microstructural characteristics of the produced samples.

	 Fig. 1	 SiO2-Al2O3 phase diagram [30]
	 1. ábra	 SiO2-Al2O3 fázisdiagram [30]

2. Materials and experiments
2.1 Materials 

 Natural zeolite of high availability mined from Tokaj region 
in Hungary was initially chosen for this study as silica (SiO2) 
source because of their high silica content (83%), alumina from 
MOTIM company (Hungary) with a purity of 98% was used as 
primary raw materials. Whilst sawdust which was collected as 

waste material was used as a carbon source.  60 wt% of alumina 
and 40wt% natural zeolite were taken and mixed with various 
sawdust percentages (5%, 10%, 20%, and 30%). 

2.2 Methods
Ceramics composites based on alumina, natural zeolite, 

and sawdust were produced by tuning the sawdust content, as 
shown in Fig. 2. The stoichiometric amount of the raw materials 
were taken according to the Table. 1, mixed and dry-milled for 
20 minutes in planetary ball-milling at 200 rpm. The produced 
powders mix were then uniaxially dry-compacted at 40 MPa 
to form green ceramic discs with a size of 25 mm in diameter 
and 10 mm in thickness. The mechanical pressing process 
was intended to achieve closer contact between the reactants, 
which can enhance the physicochemical reaction rate. The 
prepared ceramic specimens were pressureless sintered in an 
electric laboratory kiln at 1200 °C in a reduction environment 
in a sealed container. The heating rate and residence time at 
the maximum temperatures were 30 °C/h and 3 h, respectively.

Alumina (wt%) Natural zeolite (wt%) Sawdust (wt%)
60 40 0
60 40 5
60 40 10
60 40 20
60 40 30

	 Table 1.	 The percentage of the raw materials used to prepare the mixtures
	1. táblázat	 A keverékek elkészítéséhez felhasznált nyersanyagok százalékos aránya

	 Fig. 2	 Flowchart for the production of the ceramic samples
	 2. ábra	 Folyamatábra a kerámiaminták előállításához

2.3 Characterization techniques
Phase identification of the raw materials and the sintered 

specimens were analyzed using an X-ray diffractometer 
(Rigaku Miniflex II) with CuKα radiation (λ= 1.54184 Å), 
The scanning speed was 1°/min in 2θ intervals of 0-90 ° and 
a step size of 0.01015°. The oxide composition of the natural 
zeolite we examined via X-ray fluorescence (XRF). The thermal 
properties of the raw materials powders were analyzed by 
thermogravimetry (TG) and differential thermal (DTA) 
analyses using a thermal analyzer (setsys evolution 1750 
SETARAM). All the thermal tests were done in air at a heating 
rate of 5 °C/min. The microstructural characteristics of the 
fracture surface of the produced composite materials were done 
using scanning electron microscopy (SEM, S-4800, Hitachi, 
Japan) at an accelerating voltage of 10 kV. Different technical 
characteristics, including apparent porosity, bulk density, 
water absorption, and volume shrinkage of the fired ceramic 
specimens, were obtained using Archimedes technique.
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3. Results and discussions
The investigation of the prepared ceramic specimens confirms 

that tuning the amount of the sawdust leads to different colours 
and shrinkages of the samples (Fig. 3). This could be attributed 
to the physicochemical reactions, which highly alter the 
microstructure and the properties of the samples. 

	 Fig. 3	 Produce ceramic samples with different percentage of sawdust
	 3. ábra	 Különböző arányú fűrészporral készült kerámiaminták 

3.1 XRD investigations

a)

b)

c)

	 Fig. 4	 XRD diffraction pattern of a) alumina, b) natural zeolite, and c) sawdust
	 4. ábra	 a) alumínium-oxid, b) természetes zeolit ​​és c) fűrészpor XRD diffrakciós 

mintázata

Fig. 4 a shows the XRD analysis of the alumina, which reveals 
the presence of single-phase corundum. The XRD patterns of 
natural zeolite (Fig. 4.b) show different mineral phases, including 
montmorillonite, clinoptilolite, cristobalite, quartz, and calcite. 
The XRD diffractogram of sawdust (Fig. 4.c)  shows two peaks 
at 2θ 15.5˚ and 22.5˚, which indicate the cellulose I, moreover at 
2θ= 34.6˚, a small peak is observed which assigned to cellulose 
I. lignin and hemicellulose, which have an amorphous structure, 
are expected to exist in sawdust beside the crystalline cellulose.

Table 2 shows the amount of oxide composition and loss 
on ignition (LOI) of the natural zeolite obtained from XRF 
analysis. The major phases were found to be silica with almost 
83% and alumina with almost 6%, while the minor phases were 
MgO, Na2O, and CaO.

Raw  
material

Oxides content, %

CaO SiO2 Al2O3 MgO Na2O CO2 H2O Loss on  
ignition

Natural  
zeolite 

1.12 82.92 5.95 3.21 1.31 0. 88 2.87 5.50

	 Table 2	 Chemical composition of the natural zeolite
	2. táblázat	 A természetes zeolit kémiai összetétele

3.2 SEM investigation of the raw materials
The microstructural properties and morphological 

characteristics of the raw materials are shown in Fig. 5; 
alumina has a smaller grain size than natural zeolite, which has 
a relatively larger particle size with irregular shape, while the 
sawdust has an irregular shape with a porous structure. 

3.3 Thermal properties of raw materials
TG/DTA curves of the natural zeolite are shown in Fig. 6.a. 

An overall weight loss of about 10.4% was recorded at 1200 
°C. Firstly, 5.5% weight loss was obtained between 40 and 
201.3 °C. This weight loss is attributed to the removal of free 
water. Secondly, 2.06% weight loss was observed between 201.3 
to 524.6 °C, which assigned to the evaporation of combined 
water and burned out of organic content. Finally, a weight loss 
of 2.84% is achieved between 524.6 and 739 °C, which could be 
attributed to the firing of the organic content. In DTA curve, 
several peaks are observed, at 111 °C, an endothermic peak is 
remarked, this peaks could be designated to the removal of free 
water, two outstretched peaks are noticed between 201.3 °C and 
704.6 °C, which possibly indicates the removal of crystalline 
water and burning of the organic matter. 

Fig. 6 b shows the TG/DTA graphs of the sawdust. The TG 
graph shows a total weight loss of about 86.4% split into three 
steps of thermal disintegration. In the first step, a weight loss 
of 4.6% is recorded at a temperature between 40-238 ˚C; this 
weight loss might be due to the removal of free water (drying). 
In the second step, a weight loss of  43.7% was achieved in 
the temperature range of  238 to 333.8 °C, which could be 
assigned to the evaporation of the volatile organic content. 
Finally, 38.07% weight loss is observed in a temperature range 
of 333.8-647.4 °C, which ascribed to continuous burning 
of the organic materials achieved from the decomposition 
of hemicellulose, cellulose, and lignin. In the DTA graph, 



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

140   | építôanyagépítôanyag § JSBCMJSBCM § 2021/4 § Vol. 73, No. 4

broad exothermic peaks are observed in the temperature 
between 233-659.5 °C, which could be assigned to the 
thermal disintegration of hemicellulose, cellulose, and lignin 
respectively. The decomposition of hemicellulose normally 
takes place at a lower temperature since it has a smaller chain 
with a linear structure, while the decomposition of cellulose 
and lignin takes place at a relatively high temperature due to 
their complex structure.  

a)

b)

c)

	 Fig. 5	 Scanning electron microscope images of a) alumina, b) natural zeolite,  
c) sawdust

	 5. ábra	 a) alumínium-oxid, b) természetes zeolit, c) fűrészpor pásztázó 
elektronmikroszkópos felvételei

a)

b)

	 Fig. 6	 DTA and TG curves of a) natural zeolite, b) sawdust
	 6. ábra	 a) természetes zeolit, b) fűrészpor DTA és TG görbéi

3.4 XRD investigations of the produced ceramic samples
Fig. 7 show the XRD analysis of the sintered ceramic 

samples, which reveal the decomposition of clinoptilolite, 
montmorillonite, and calcite and the occurrence of some 
phsicochemical reaction that yields a mullite phase. It is worth 
mentioning that the XRD investigation could not detect the 
carbon indicating that amorphous carbon is formed.

	 Fig. 7	 XRD diffraction pattern of the produced ceramic samples
	 7. ábra	 Az előállított kerámiaminták XRD diffrakciós mintázata

3.5 Scanning electron microscopy (SEM) of the produced 
samples

The morphological features and the microstructural 
characteristics of the fractured surface of the different ceramic 
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samples sintered at a temperature of 1200 °C are shown in 
the scanning electron micrographs (Fig. 8). It can be seen 
that increasing the sawdust content increases the porosity. 
This occurs due to the effect of carbonization, which converts 
the biomass into carbon. This process is associated with the 
evaporation of some organic content leading to pores formation 
in the samples.  

a)

b)

c)

d)

	 Fig. 8	 SEM images of the fracture surface of the sintered samples at ×100 contain a) 
0% sawdust b) 10% sawdust c) 20% sawdust, and d) 30% sawdust 

	 8. ábra	 a) 0% fűrészport b) 10% fűrészport c) 20% fűrészport és d) 30% fűrészport 
tartalmazó szinterelt minták töretfelületének 100x-szoros nagyítású SEM 
felvételei 

Fig. 9 exhibit a larger magnification of the fracture surfaces of the 
samples. A noticeable change can be observed due to the difference 
in the material compositions. A sheet-like structure with a smooth 
surface can be seen, which indicate the formation of carbon. 

a)

b)

c)

d)

	 Fig. 9	 SEM images of the fracture surface of the sintered samples at ×1000 contain 
a) 0% sawdust b) 10% sawdust c) 20% sawdust, and d) 30% sawdust 

	 9. ábra	 a) 0% fűrészport b) 10% fűrészport c) 20% fűrészport és d) 30% fűrészport 
tartalmazó szinterelt minták töretfelületének 1000x-szeres nagyítású SEM 
felvételei 
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3.6 EDS investigation of the produced samples

EDS analysis of the samples are shown in Fig. 10. It confirms 
the formation of the carbon in the samples, which is highly 
influenced by the amount of sawdust used as raw material. 
Using 10%, 20% and 30% sawdust lead to the formation of 8%, 
10.3% and 14.54% of carbon, respectively, in the samples. 

a)

b)

c)

d)

	 Fig. 10	 EDS analysis of the sintered samples contain a) 0% sawdust b) 10% sawdust 
c) 20% sawdust and d) 30% sawdust

	 10. ábra	 a) 0% fűrészport b) 10% fűrészport c) 20% fűrészport és d) 30% fűrészport 
tartalmazó szinterelt minták EDS-elemzése 

a)

b)

c)

d)

	 Fig. 11	 The correlation between a) weight loss, b) density, c) apparent porosity, and d) 
water absorption of produced ceramic samples and sawdust content

	 11. ábra	 a) a tömegcsökkenés, b) a sűrűség, c) a látszólagos porozitás és d) az előállított 
kerámiaminták vízfelvétele fűrészportartalom függvényében
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3.7 Technical properties of the produced ceramic samples
Fig. 11. a shows the weight loss measurements of the 

different samples. As the sawdust percentage increased in 
the sample. The weight loss is proportionally increased and 
reached a maximum value (23%) when 30% of the sawdust 
is used; the highest value of the weight loss is coming from 
the decomposition of sawdust in the reduction atmosphere, 
which leads to carbonization associated gasification process, 
moreover small amount of weight loss could be assigned to the 
decomposition of natural zeolite which leads to the evaporation 
of free water, crystalline water, and CO2. 

The density measurement of the prepared samples is illustrated 
in Fig. 11.b.  With increasing the amount of sawdust, the density is 
noticeably decreased. This could be explained by the carbonization 
of sawdust which leads to the evaporation of some gases and 
the formation of less densified samples. This result is in good 
agreement with the findings obtained from the TG measurement. 
Moreover, above 1100 °C, decomposition of natural zeolite 
followed by some physicochemical reaction will take place, which 
might close the pores and hence increase the density.

The apparent porosity and water absorption are shown in 
Fig. 11. c and 11. d, respectively. The two graphs show quite 
similar curves since the two properties are connected.  Both 
properties exhibit increase in their value as the amount of 
sawdust increases. This could be explained by the fact that the 
carbonization process leads to the evaporation of some gases 
that produce pores and capillaries inside the samples, therefore 
increase the porosity and water absorption.

4. Conclusions
In-situ carbonization of the sawdust in the composite 

materials has been successfully carried out in the reduction 
environment. The sample without sawdust fired into white 
colour. In contrast, the samples which contain different amount 
of sawdust fired into black colour indicating the formation of 
carbon. The XRD analysis confirms the formation of mullite 
through the reactive sintering process, but it couldn’t reveal 
the occurrence of carbon. This means an XRD amorphous 
carbon has been formed. The In-situ carbonization, which is 
associated with gasification, leads to the creation of some pores 
and capillaries, which affect the technical properties such as 
porosity, density, and water absorption. This effect can be clearly 
seen in the SEM images of the produced samples. Thes EDS 
investigation confirms the formation of carbon. The inclusion 
of 30 m% sawdust in the samples leads to the formation of 
more than 14 m% carbon in the sintered specimens.
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Abstract
In this article presents the results of laboratory tests and analysis of the mechanical behavior of 
Al2O3-based samples during mechanical uniaxial compression testing. The samples with different 
porosities are obtained via different sintering temperatures. It has been shown that an increase 
of strength and, accordingly, decrease in porosity are significantly determined the changes of the 
Poisson’s ratio under loading, and this change begins long before the appearance of the first 
internal microcracks in the internal parts of the material, i.e., the appearance of excess volume. 
These results clearly show the phenomenon of dilatancy, with a sharp increase of effective 
Poisson’s ratio.
Keywords: Al2O3, porosity, dilatancy, compression testing, transverse strain, X-ray diffraction
Kulcsszavak: Al2O3, porozitás, dilatáció, nyomószilárdság teszt, keresztirányú alakváltozás, 
röntgendiffrakció
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1. Introduction
The analysis of the current state of ceramic materials 

researching shows that the main interest is represented by 
the studies of correlation between porosity and strength 
of ceramics. The main researches of Al2O3-based ceramic 
materials are carried out in the field of compression testing, 
structure analysis, X-ray diffraction etc. [1-7]. There is 
much less attention given to the research of the dilatancy 
phenomenon, based on the Poisson’s ratio change of Al2O3 
samples with different porosities obtained at different sintering 
temperatures.

Identification of unstable crack growth threshold (threshold 
of absolute dilatancy) can be done with a good level of precision, 
but identification of the onset crack initiation (threshold of 
relative dilatancy) is not easy, especially in porous materials 
[8-9]. In last years various authors have proposed different 
methods for crack initiation threshold identification [10-11], 
for example, the change in Poisson’s ratio as an indicator for 
establishing crack initiation threshold.

The increase in the specific volume of the material during the 
dilatancy process corresponds to an increase in the effective 
Poisson’s ratio. Formally, during measurements, it is possible 
to obtain an increase in this value to 1 or more, although, as 
is known, for continuous media, the maximum possible value 
of the Poisson’s ratio (the ratio of the values of longitudinal 
and transverse relative deformations) can be not more than 
0.5. Ceramic materials and rocks very often have residual 
porosity, so under the influence of stresses, compaction of the 
material can occur, and at the same time, due to the anisotropy 

of loading, the initial value of the Poisson’s ratio can be very 
small. At high stresses, compaction is replaced by dilatancy 
with an increase in the effective Poisson’s ratio and subsequent 
fracture.

Apparently, the appearance of microcracks in such materials 
occurs at stresses below the elastic limit, but in general, the 
loading diagram corresponds to an elastic-plastic body.

Literature data shows that when loading, for example, soil, 
there is a non-linearity not only in the volume deformability 
(compression), but also in shear deformation, which are 
caused not only by tangential, but also by normal stresses, with 
the appearance of the dilatancy effect, which in the case of 
crushing, i.e., micro-destruction, leads to the need to take into 
account other effects – hardening, deformation rate, etc.

However, cumulative studies of Al2O3 samples obtained 
at different sintering temperatures and comprehensively 
investigated by these methods with the data capturing of 
transverse deformation in situ, have not been properly carried 
out yet. The correlation between Poisson’s ratio change and 
transverse strain has also not been thoroughly researched 
in this class of materials. It is known that Al2O3 exhibits a 
phenomenon of dilatancy under load, but the effect of this 
phenomenon has not been properly explored yet. 

https://creativecommons.org/licenses/by-nc/2.0/
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Thus, the aim of this paper is to study the internal structure of 
alumina samples with different porosities and their mechanical 
behavior under uniaxial loading tests.

2. Materials and methods
Ceramic samples in the form of rectangular parallelepipeds 

with the initial dimensions 36 x 7 x 6 mm were obtained by 
pressing commercially pure Al2O3 powder. It was mechanically 
processed in a ball mill in the span of 70 hours, which resulted in 
producing fine particles with a homogeneous size distribution. 

The samples were sintered in the Nabertherm LHT 02/17 
high-temperature muffle furnace. The various batches of 
samples were first slowly heated (within 6 hours) to the set 
temperatures of 1350°C, 1450°C, 1550°C and 1650°C. Then 
they were held for 1 hour and then slowly cooled down to 
40°C. This was done with the purpose of obtaining Al2O3 
samples with different porosities ranging in between 15 to 50%. 
Sintered Al2O3 samples were mechanically treated using the 
Struers Secotom-10 precision cutting machine to achieve their 
plane-parallel flatness. After the three-point bending tests, the 
samples were cut to 15 mm in height with the 7 x 6 mm cross 
section for compression testing and simultaneous measuring 
of transverse strain.

Both bending and compression tests were carried out using 
the Instron-1185 universal testing machine for determining 
flexural and compressive strength, technical elastic moduli 
and longitudinal strain values of the Al2O3 samples. Transverse 
strain was measured mechanically using a strain gauge device - 
multiturn measuring head - with an accuracy of 1 μm.

The structure parameters and detailed microstructural study 
of the samples were investigated using the X-ray diffractometer 
with filtered CuKα radiation. For the analysis of the polished 
sample surface the Vega 3 SBH scanning electron microscope 
was used.

3. Results and discussion
The porosity of the sintered samples varies from 48% 

at 1350 °C down to 16% at 1650 °C, which correlates well 
with the already existing data [12]. Fig. 1a shows the typical 
polished surface of the Al2O3 sample with 16% porosity. The 
grain size in the samples obtained at all sintering temperatures 
varies from 2 to 6 microns. At the same time, as the sintering 
temperature increases, the percentage of grains with a size of 4 
to 6 microns increases. The pore sizes in the samples vary from 
1 to 7 microns; for samples with a sintering temperature of 
1350 °C and 1450 °C, the main pore size is from 1 to 4 microns, 
and for the highest temperatures the percentage of pores with 
a size of 4 to 7 microns increases, which coincides with the 
literature data [12-13]. The dependence of the porosity on the 
sintering temperature of the Al2O3 samples is shown in the 
Fig. 1b. As can be seen, the porosity of the samples decreases 
almost linearly with the increase of the sintering temperature, 
which corresponds with the literature data [13]. Extrapolation 
of this curve using log function to determine the temperature 
at which the porosity of the sample will smaller when 1% one 
obtained this temperature approximately equal 1850 °C.

	 Fig. 1	 Polished surface of the Al2O3 samples with 16% porosity (a); Dependence of 
the porosity of the Al2O3 samples vs. sintering temperature (b).

	 1. ábra	 A 16%-os porozitású Al2O3 minták csiszolt felülete (a); Az Al2O3 minták 
porozitása a szinterelési hőmérséklettől függően (b).

The X-ray diffraction studies of the sample surfaces has 
shown, Fig. 2a, that the angles positions of diffraction peaks 
correspond to the rhombohedral structure of alumina and 
almost does not change with increasing temperature, which 
coincides with the literature data [14]. Only the width of X-ray 
lines had changed with increase of sintering temperature, 
therefore we have calculated the coherent diffraction domains 
sizes (CDD) for (012)-line with smallest angle diffraction, 
Fig. 2b, from which one can see that dependency of the coherent 
diffraction domains sizes for different sintering temperatures 
of the Al2O3 samples are increase with the increase of the 
sintering temperature and CDD changes from 450 angstroms 
at the lowest sintering temperature up to 610 angstroms at the 
highest temperature of 1650 °C. On this figure a dash line is 
showing the initial powder’s CDD, which equals approximately 
to 400 Å, therefore extrapolation of this dependence on lower 
temperature had obtained that CDD changes after heating of 
the samples only after 1250 °C.
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	 Fig. 2	 X-ray diffraction patterns of the Al2O3 samples sintered at different 
temperatures (a); Dependence of the coherent diffraction domain (CDD) on 
the sintering temperature (b)

	 2. ábra	 Különböző hőmérsékleteken szinterelt Al2O3 minták röntgendiffrakciós 
mintázata (a); A koherens diffrakciós domén (CDD) mérete a szinterelési 
hőmérséklettől függően (b)

Fig. 3 shows the bending (a) and compressive (b) strengths of 
samples. The values of flexural strength vary between 8 MPa at 
1350 °C and 87 MPa at 1650 °C with an almost linear increase 
and correlate with porosity of the samples (Fig. 1b). The 
correlation between the compressive strength and the sintering 
temperature of the alumina samples is shown in the Fig. 3b, 
the values are varied between 28 and 229 MPa. As one can 
see from these data the well-known correlation between the 
compressive and bending stresses occurs: compressive stresses 
exceed the bending stresses by 3 times.

 

	 Fig. 3	 Dependency of the bending (a) and compression strengths (b) vs. the sintering 
temperature

	 3. ábra	 A hajlító (a) és a nyomószilárdságok (b) szinterelési hőmérséklettől függően

A typical stress-strain curve during the uniaxial compression 
test is shown on the Fig. 4. The slope of curve in its linear part 
stipulates the technical Young’s moduli of sintered samples, 

which is equal approximately 10.5 GPa. This modulus is rather 
small, probably due to a high porosity of sintered ceramics, but 
the samples sintered at the highest temperature and having the 
lowest porosity have the highest modulus of elasticity.

In this figure one can see some special region on stress-strain 
curve: small interruption of increasing stresses, marked with 
an arrow, which, as a rule, stipulate an internal micro-fault. 
This fact may be interpreted as due to the dilatancy effect when 
compressing the ceramic. 

	 Fig. 4	 Typical stress – strain curve for the uniaxially compressed Al2O3 samples;  
sintering temperature 1450 °C.

	 4. ábra	 Az 1450 °C-on szinterelt, egytengelyesen összenyomott Al2O3 minták tipikus 
feszültség - alakváltozás görbéje

In Fig. 5 the similar stress-strain dependence for the sample 
sintered at 1350 °C and the correlation between longitudinal 
– transverse strains measured during the compression test. 
The slopes of the linear approximations for the longitudinal-
transverse strain curve will define the effective Poisson’s ratio. 
At the initial stage of loading the effective Poisson’s coefficient 
has a relatively good value 0.16 and correlate with table data, 
but at the strain of 0.0125 it sharply changes up to 1.6. This 
means that during the sample compression the appearance 
of an excess internal volume in the sample takes place even 
before the macrofracture effect, forming in internal parts of 
the sample [15]. These results clearly show the phenomenon 
of dilatancy, with a sharp increase of effective Poisson’s ratio.

	 Fig. 5	 Stress-strain curve and the corresponding “longitudinal – transverse” strains 
for sample sintered at 1350 °C

	 5. ábra	 A feszültség-alakváltozás görbe és a megfelelő „hosszirányú - keresztirányú” 
alakváltozás az 1350 °C-on szinterelt minták esetén
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Fig. 6a shows the dependence of the change in the effective 
Poisson’s ratio vs. density of the sintered samples. From the 
obtained ∆ν values one can see that an increase in strength 
and, accordingly, decrease in porosity significantly determines 
the changes of the Poisson’s coefficient under loading, and this 
change begins long before the appearance of the first internal 
microcracks in the volume of the material, i.e., the appearance 
of excess volume. Therefore, the dilatancy can occur more 
easily with the increase in temperature. A similar pattern is 
observed in the analysis of CDD (Fig. 6b), i.e., with the growth 
of CDD, the formation of internal defects (microcracks) that 
cause the dilatancy effect can more easily occur in the material.

 

	 Fig. 6	 Correlation between Poisson’s ratio difference (∆ν) and density of the 
samples (a); Correlation between Poisson’s ratio difference (∆ν) and coherent 
diffraction domain (CDD) (b).

	 6. ábra	 A Poisson-féle aránykülönbség (∆ν) és a minták sűrűsége közötti összefüggés 
(a); Korreláció Poisson-aránykülönbség (∆ν) és koherens diffrakciós domén 
(CDD) között (b).

4. Conclusions
It has been observed, that under uniaxial compression the 

transverse strain measuring allows a determination of Poisson’s 
coefficient for ceramic samples under investigation.

It has been shown that an increase of strength and, 
accordingly, decrease in porosity are significantly determined 
the changes of the Poisson’s ratio under loading, and this 
change begins long before the appearance of the first internal 
microcracks in the internal parts of the material, i.e., the 
appearance of excess volume. These results clearly show the 
phenomenon of dilatancy, with a sharp increase of effective 
Poisson’s ratio.
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Abstract
In this research, the authors have prepared mullite-containing ceramics by mixing Sedlecky ml 
kaolin, Nabalox 315 alumina and corn starch as a bio-origin additive. Pellets were prepared from 
the mixtures using an uniaxial compression process. The pressed samples were pre-sintered at 
1250 °C using oxidation and reduction atmospheres and then sintered at a temperature above 
1400 °C in nitrogen gas. In this way, the typical carbothermal reduction and nitridation processes 
of clay minerals were performed, reinforced mullite ceramics were prepared and their main 
mechanical properties were investigated. Based on the obtained results, sintering in nitrogen 
gas resulted in a more wear-resistant surface layer.
Keywords: kaolinite, mullite, nitridation, reduction, wear resistance 
Kulcsszavak: kaolinit, mullit, nitridálás, redukálás, kopásállóság
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1. Introduction
The microstructure, properties and applications of the 

technical ceramics are greatly influenced by the production 
techniques [1-3].  Starting with the raw materials, relatively 
inexpensive natural materials can be used to achieve cost-
benefit relationship, but the main drawback is the existence 
of some quantity of impurities in these raw materials [4-
6]. Therefore, during the manufacturing of some high-tech 
ceramics and composite, high purity synthetic materials are 
usually used. The produced materials are normally made 
under special circumstances, for example, preparation of 
barium-titanate nanopowders through sol-gel method [7-
9]. After the starting raw materials are selected, the next step 
is the formation and sintering process, then finishing the 
product. The main properties of the ceramics are significantly 
influenced by the applied temperatures and conditions of the 
heat treatment [10-12].

Mullite or mullite-containing ceramics can be made from 
different raw materials. The cost-effective way to produce the 
mullite phase is through thermal decomposition of kaolin or 
other aluminosilicates [13-15]. Mullite-based ceramics or high 
purity mullite ceramics can be formed by the reaction of free 
SiO2 and Al2O3 [16-19]. By controlling the reaction conditions 
and heat treatment, a high-tech ceramic powder or products 
can be prepared from kaolin clay minerals. For example, 

through the carbothermal reduction reaction (CRR) or the 
carbothermal reduction and nitridation process (CRN). Using 
CRR or CRN method, silicon carbide (SiC), silicon oxynitride 
(Si2ON2), silicon nitride (Si3N4), SiAlONs and also aluminum 
nitride AlN can be prepared. In the CRN method, a mixture 
of various aluminosilicates, like kaolinite and active carbon or 
carbon black, as a carbon source is sintered at high temperature 
(1400-1650 °C) using flowing nitrogen gas to create the new 
crystalline or amorphous phases in the material [20-27]. 
These new phases and their microstructure can improve the 
mechanical properties of the mullite-based ceramics. 

https://creativecommons.org/licenses/by-nc/2.0/
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This research aims to produce mullite-containing ceramics 
with a reinforced structure during the sintering of kaolin-
based ceramics using nitrogen gas above 1400 °C. 

2. Materials and experiments
In this research, the authors prepared mullite-containing 

ceramics by mixing Sedlecky ml kaolin, Nabalox 315 alumina 
and corn starch as a bio-origin carbon source additive. The 
kaolin was the main raw material. For making the mixtures, 
10 wt.% alumina and other 0, 10, 20, 30 and 40 wt.% corn 
starch were added to the ceramic powders. The measured 
powders were milled and homogenized in a planetary ball 
mill, then cylindrical samples with a diameter of 25 mm were 
prepared by the uniaxial powder compression process. The 
pressed samples were pre-sintered at 1250 °C using oxidation 
(OX) and reduction (RED) atmosphere and then sintered at a 
temperature above 1400 °C using nitrogen gas (OX-NIT, RED-
NIT). 

a)

b)
	 Fig. 1	 The abrasion wear resistance tester
	 1. ábra	 A kopásállóságmérő

In this way, partly the typical carbothermal reduction and 
nitridation processes of clay minerals were performed and 
mullite-based ceramic samples were prepared with a silicon 
nitride and SiAlON-reinforced surface layer. To compare the 
properties, a part of the samples was sintered in an oxidation 

atmosphere at a temperature above 1400 °C (14 OX). The phase 
compositions of the sintered ceramics were determined by an 
X-ray diffractometer. Thereafter the mechanical properties 
of the samples such as micro-Vickers hardness (HV 0,1), 
abrasion resistance, compressive strength were investigated. 
During the abrasive wear test (Fig. 1), the sample was pressed 
to the rotating wheel by using a weight on the load arm. The 
role of the weight is to control the contact pressure. During 
the test, quartz sand was fed between the rotating wheel and 
the test sample through a feeder. After the specified times (5, 
25 minutes), the sample was removed. The amount of material 
removed can be determined using the following formula:

	 (1)

where  is the worn volume loss [mm3],  is the original 
weight of the sample [g],  is the weight after the test [g], 

 is the density of the sample [g/cm3] [28].

3. Results and discussions 
The distinctive properties of the samples have changed after 

the different heat treatments. Fig. 2 shows how the color of 
samples is changed depending on the used sintering processes.  

	 Fig. 2	 The pressed samples after the pre-sintering and sintering processes
	 2. ábra	 A préselt minták az elő-szinterelési és szinterelési folyamatok után

The phase compositions of prepared samples were 
determined by using powder samples which were taken from 
the pressed samples after their heat treatment. The pre-sintered 
samples made without corn additive, were found to contain 
43% mullite, 25% cristobalite, 1% quartz, 9% corundum and 
22% X-ray amorphous based on the XRD analysis. Usually, 
increasing the amount of vegetable additive increase the 
amount of X-ray amorphous phase and decreases the amount 
of corundum and cristobalite phases. Using higher sintering 
temperature, the mullite crystal structure is changed and the 
amount of it increases from 43% to 70% because the Al2O3 
from the corundum phase and the free SiO2 which was formed 
during the thermal decomposition of kaolin will create more 
secondary mullite crystals. After the phase composition 
analysis of the powders, no significant difference was found 
between the compositions of the samples made with different 
production methods. But when the XRD analysis were done 
just on the surface of the sintered samples, some new crystalline 
phases (Fig. 3) can be found. After the reduction pre-sintering, 
the test samples have hercynite and SiC phases while during 
the nitridation sintering process, nitrogen-containing phases 
are formed like Si2ON2 and Si3N4. The RED and RED-NIT 
type samples are containing 20-44% X-ray amorphous phases, 
which may hide additional nitrogen-containing nanocrystals. 
This is due to the fact that after the second heat treatment, the 
quantity of the measured X-ray amorphous phase is increased. 
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The amount of cristobalite phases was decreased when the 
added amount of corn additive increased. Therefore, the 
ceramics made with corn additive can contain higher amounts 
of nitrogen-containing phases.

	 Fig. 3	 The phase composition on the surface of the sintered samples made with 40 
wt.% corn additive

	 3. ábra	 A 40 tömeg% kukorica-adalékkal készített szinterezett minták felszínének 
fázisösszetétele

During the research work, three characteristic mechanical 
properties of the samples were investigated after each sintering 
method. Based on the results, the mechanical properties of the 
ceramic samples have been carried out after the nitridation 
sintering. Fig. 4 shows the micro-Vickers hardness of the 
ceramic samples as a function of their porosity which was 
determined through Archimedes water absorption test. 
Different colors indicate the type of the sintering methods in 
the Figure: black – oxidation, red – reduction pre-sintering, 
blue – oxidation pre-sintering and nitridation sintering, green 
– reduction pre-sintering and nitridation sintering and finally 
turquoise – oxidation sintering. Generally, the micro-hardness 
of sintered mullite ceramics is twice the hardness of the original 
pre-sintered sample. Samples pre-sintered in the oxidation 
atmosphere have the lowest hardness. During the reduction 
pre-sintering, carbon-containing phases like SiC particles have 
formed. These SiC particles increase the micro hardness of 
the ceramic samples. The micro hardness value of the samples 
sintered at 1450°C (14 OX) is lower than that obtained after the 
nitridation sintering.

	 Fig. 4	 The micro-Vickers hardness as function of porosity of the ceramic samples
	 4. ábra	 A mikro-Vickers keménység a kerámiaminták porozitásának függvényében

Fig. 5 shows the worn material volume after different 
abrasion time (5 and 25 minutes) as function of the porosity 

of the sintered samples. As the value of porosity increases, the 
volume of material worn per unit time increases. Especially 
in the case of reduction pre-sintering, the wear of ceramic 
samples increases dramatically. However, there is a significant 
improvement, thanks to the nitridation sintering. With a 
longer wear time, the same amount of wear can be measured 
for example, in the case of oxidation pre-sintering, the volume 
of material worn during 5 minutes of wear is the same as in 
the case of nitridation sintering after 25 minutes. In the case of 
reduction pre-sintering and nitridation sintering, the difference 
is even greater due to the high wear of the pre-sintered samples. 
As a result of nitridation sintering, the authors were able to 
produce mullite-based ceramic samples with higher wear 
resistance characteristics. 

	 Fig. 5	 The worn material volume of the ceramic samples after 5- and 25-minutes 
abrasion time 

	 5. ábra	 A kerámiaminták kopott anyagmennyisége 5 és 25 perces koptatási idő után

Fig. 6 shows the change in compressive strength according 
to the change in porosity. An increase in porosity (less dense 
ceramic sample) has a negative effect on the mechanical 
strength. The compressive strength values of the samples 
prepared by the oxidation pre-sintering method are almost 
independent of the amount of corn additive. In comparison, the 
reduction pre-sintering significantly increases the compressive 
strength of the prepared ceramic samples, but with increasing 
the porosity of samples, their strength will decrease. For the 
specimens made without corn, the average strength of the 
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ceramics increased from 63 MPa (OX) to 215 MPa (RED). 
This improvement in strength is due to a new microstructure 
created by sintering in the reduction atmosphere. As a result 
of nitridation sintering, there is a further improvement in 
compressive strength.

	 Fig. 6	 The compressive strength of the ceramic samples
	 6. ábra	 A kerámiaminták nyomószilárdsága

4. Conclusions
Pre-sintering in the reduction atmosphere has formed 

carbides (SiC) in the structure of the mullite ceramics; because 
of this, the ceramics have higher micro hardness (HV 0,1) and 
strength. During the high-temperature nitridation sintering 
the mullite crystal structure has changed and different 
nitrogen-containing phases are formed on the surface of the 
mullite-based ceramic samples depending on the quantity of 
the corn additive. The properties of the pre-sintered ceramic 
specimens have significantly improved after the sintering in 
nitrogen gas. Based on the results, the authors have successfully 
produced mullite ceramics with a mechanically wear resistant 
surface layer which are containing silicon nitride, by using 
high temperature (> 1400 °C) sintering in nitrogen gas. 
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Annotation
In this work, we studied the deformation behavior of ZrO2 ceramics stabilized with 5.5 wt.% 
Y2O3 with a porosity of 4 - 42% during diametral compression tests (“Brazilian” test). It has been 
shown that with an increase in porosity from 4 to 42%, the ultimate tensile strength in diametral 
compression decreases from 115 to 9 MPa. The ultimate strain before fracture decreases from 
1 to 0.8%. The effective modulus also decreases with increasing of porosity. The analysis of the 
“stress-strain” curves showed that the deformation behavior of ceramics is influenced by both 
the volume and the morphology of the pore space. It been shown that two strain exponent were 
observed, which indicate a change of deformation mechanism of the ceramic during loading. 
X-ray diffraction analysis carried out from the front surface of fracture fragments of samples with 
porosities of 4, 17, and 42% showed that in these materials microstructural parameters such us 
the size of the coherently diffracting domains of the tetragonal phase and lattice microdistortion 
changes in comparison with the initial state after sintering. These materials microstructural 
parameters are changes non-uniformly, which indicate the inhomogeneity of the deformation of 
this brittle material during compression.
Keywords: ceramics, lattice microdistortion, porous, stress, zirconia
Kulcsszavak: kerámia, rácsos mikrotorzítás, porózus, feszültség, cirkónia
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1. Introduction
The study of the deformation and fracture behavior in 

a brittle porous material under its mechanical loading has 
recently attracted considerable attention of researchers [1-5]. 
These studies are important for estimation of the fundamental 
base for the synthesis of new composite materials which can be 
used for extremely loaded conditions, as biomaterials, filters, 
and soundproof materials for various anti-noise devices. 
Mechanical strength is a key parameter for many ceramic 
applications where porous ceramic parts are subjected to 
compression, bending, tension and shear [6]. Also, these 
data can be very useful for the model study of mechanical 
properties and processes of fracture of rocks [7]. Today, most 
mechanical tests have been carried out on dense materials with 
a uniform structure. The processes of deformation and fracture 
of porous ceramic materials are being actively investigated, 
and in literature there are some results of measuring of elastic 
constants with different porosity [8]. The effects of nonlinear 
elasticity under mechanical loading of porous ceramics based 
on zirconia are described in [9]. It has been determined that 
deformation of materials with a complex internal structure, 
local strains due to relative displacements and deformations 
of its structural components play a significant role, which 
noticeably changes the elastic characteristics of materials. 
In the literature, this behavior is discussed in terms of the 

transition from brittle fracture to quasi-plastic [10-13]. This was 
previously observed in the case of concrete [14], ferroelectric 
ceramics [15], and a glass or ceramic matrix composites [16]. 
Recently, a similar deformation behavior was observed for 
uniaxial compression tests of porous ceramics [17-18], as well 
as in bending tests of refractory materials [19]. At the same 
time, works in which other schemes of loading brittle materials 
are used are not enough. So the performance of direct tests 
for uniaxial tension of brittle materials is associated with the 
technical problem of applying tensile axial forces to the sample 
[20]. To determine the tensile strength of brittle materials, an 
indirect method for determining the tensile strength of the 
material, the so-called “Brazilian test”, is successfully used, 
when tensile stresses are formed in the center of the sample 
[21-23]. The particular qualities of the stress-strain state of 
the samples during the Brazilian test continue to attract the 
interest of many researchers from the moment of its proposal. 
Investigations are carried out by various experimental [22-24] 
and numerical methods [25-28]. Nevertheless, investigations 
of the deformation behavior of ceramic materials based on 
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zirconia in a wide range of changes in pore sizes and pore 
volume have been insufficiently conducted.

The aim of this work was to study the stress-strain behavior 
of porous zirconia ceramics with a wide range of porosity 
during diametral compression tests.

2. Materials and methods
To obtain experimental samples, we used zirconia powder 

(ZrO2) stabilized with 5.5 wt% yttrium oxide (Y2O3). The study 
of the ZrO2 -5.5 wt% Y2O3 powder (ZrO2 (Y)) was carried out 
on a VEGA Tescan 3 SBH scanning electron microscope. The 
particle size distribution of the powder, including agglomerates, 
and a typical SEM image of the powder are shown in Fig. 1.

The powder is a finely dispersed mixture of agglomerated 
particles of irregular shape. The particle size of the powder 
varies from 0.1 to 2 μm, and the fraction of particles up to 
0.5 μm is about 70%. The specific surface area of the powder 
(Ssp), measured on a SORBI-4.1 device, by low-temperature 
nitrogen adsorption by the 4-point BET method [29] is 8.05 ± 
0.085 m2/g. According to the results of X-ray phase analysis, the 
powder consists of tetragonal and monoclinic phases of zirconia. 
The content of the monoclinic phase in the powder is 44%.

Experimental samples traditional methods of powder 
metallurgy were prepared. The plasticized (5% carboxymethyl 
cellulose (CMC) aqueous solution) powder was cold isostatic 
compaction with a hydraulic press under a pressure of 50 MPa 
and followed low-temperature annealing of the compacts to 
remove the binder was carried out at a temperature of 1100 
°C with a heating rate of 1.5 °C/min in the MgO powder fill. 
The final sintering of the samples was carried out in a high-
temperature air muffle furnace LHT “Nabertherm” according 
to the modes presented in Table 1. To obtain samples with 
different porosities, the sintering temperature and isothermal 
holding time were varied. 

The pore structure of the sintered ceramics was studied 
on polished surfaces using VEGA Tescan 3 SBH scanning 
electron microscope. The determination of the average pore 
size and their size distribution was carried out using the ImageJ 
program; in this case, at least three images of the structure and 
at least 1000 measurements were used. The ratio of pores size 
smaller than 30 µm and over 30 µm of all investigated ceramics 
was calculated by the methods of stereometric metallography 
[30]. The two-dimensional distribution of pores by size was 
transformed into a three-dimensional distribution using the 
basic stereometric equation of Saltykov [30]. Zirconia phase 
fractions were quantified on sintered and fractured specimens 
using the X-ray diffraction analysis (XRD). XRD spectra 
were collected over a 2θ range between 20° and 80° using a 
powder diffractometer equipped with a Cu X-ray source 
with a step size of 0.05°with statistical accuracy better 3%. 
XRD line profile analysis was used to determine of the size 
of the coherently diffracting domain (D) and crystal lattice 
microdistortion (<ε2>1/2) of tetragonal phase of zirconia. 
The size of the coherently diffracting domains (sCDDs) was 
calculated by the Scherrer equation [31] for the lines (111) and 
crystal lattice microdistortion was calculated according to the 
Stokes – Wilson equation [32] for the lines (004).

	 Fig. 1	 Particle size distribution of zirconia powder. The insets show the SEM image 
of the powders

	 1. ábra	 A cirkóniumpor részecskeméret-eloszlása. A porok SEM felvétele

The porosity and phase composition of the specimens before 
diametral compression tests (in the initial state), depending on 
the sintering conditions, are given in Table 1.

Sample 
number

Sintering  
conditions, 
T, °С; τ, h

Porosity, 
%

Phase composition, %

1 Т = 1600°С,
τ = 1 h

4 ZrO2(t*) – 80;
ZrO2(с**) – 20

2 Т = 1500°С,
τ = 1 h

17 ZrO2(t) – 80;
ZrO2(с) – 20

3 Т = 1400°С,
τ = 3 h

29 ZrO2(t) – 88;
ZrO2(с) – 9

ZrO2(m***) – trace (less 3)

4 Тспек = 1400°С,
τ = 2 h

33 ZrO2(t) – 93;
ZrO2(с) – 6

ZrO2(m) – trace (less 3)

5 Тспек = 1350°С,
τ = 1 h

42 ZrO2(t) – 95;
ZrO2(с) – 4

ZrO2(m) – trace (less 3)
t* – tetragonal phase ZrO2;
с** – cubic phase ZrO2;
m*** – monoclinic phase ZrO2

	 Table 1	 Porosity and phase composition of ZrO2 (Y) ceramic samples depending on 
sintering conditions

	1. táblázat	 ZrO2 (Y) kerámiaminták porozitása és fázisösszetétele a szinterelési 
körülményektől függően

The phase composition of ceramic samples sintered at 
temperatures of 1500 and 1600 ° C is represented by high-
temperature tetragonal and cubic phases of zirconia in a 
ratio of 80:20, respectively. With a decrease of the sintering 
temperature, the ratio of the tetragonal and cubic phases 
changes, with a decrease in the content of the cubic phase and 
the appearance of traces of the monoclinic ZrO2 phase, Table 1.

Diametral compression tests (the Brazilian test) of ceramic 
samples with a diameter of 27.5±0.3 mm and a height of 
11.3±0.2 mm were carried out on a universal testing machine 
“Instron” at a loading rate of 0.1 mm/min with automatic 
recording of the loading diagram “load - displacement” taking 



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

156   | építôanyagépítôanyag § JSBCMJSBCM § 2021/4 § Vol. 73, No. 4

into account the rigidity of the loading system. The calculation 
of stresses was performed according to [33].

3. Results and discussion
The pore structure of ZrO2 (Y) ceramic samples with 

different porosity and pore space morphology is shown 
in Fig. 2. Interparticle isolated porosity of ceramics with a 
porosity of 4% (sample 1, table 1), is observed. The average 
pores size is ≈ 4 μm and the maximum pores size does not 
exceed 30 μm, Fig. 2 (a). Two types of pores and a bimodal 
pore size distribution in the structure of ceramic samples 
with a porosity of 17% and higher (samples 2 - 5, table 1), are 
observed, Fig. 2 (b). In addition to interparticle porosity (1 - 
30 μm), the ceramic contains large interagglomerate pores of 
irregular shape with sizes of 30 - 80 μm, the number of which 
increases with increasing porosity.

	 Fig. 2	 Typical image of the porous structure: (a) – ceramic with porosity 4%; (b) 
- ceramic with porosity 42%. The insets show the pore size distribution of 
ceramics with different pore space morphology

	 2. ábra	 A porózus szerkezet tipikus képe: (a) - 4%-os porozitású kerámia; (b) - 
42%-os porozitású kerámia. A különböző pórustér morfológiájú kerámiák 
pórusméret-eloszlása

The changes in the average pore size of the studied ceramics 
are shown in Table 2. It can be seen that with the porosity of 
the samples increasing, the average pore size (<d>) increases 
from 4 to 6.4 μm. In this case, with an increase in the average 
pore size, the size dispersion of powders also grows. Also, 
with an increase in porosity, an increase of the average size of 
both small <d1> and large pores <d2> is observed. From the 
histogram shown in Fig. 2 (a), it can be seen that in the sample 
with a porosity of 4%, pores larger than 30 μm are absent. In 
samples with a porosity of 17% and higher, the pore volume 
with sizes of pores larger than 30 μm increases with increasing 
porosity but does not exceed 10 vol.%.

Sample 
number

Porosity,  
%

<d> ± 
0.2 μm

Sd <d1> ± 
0.2 μm

<d2> ± 
1 μm

Vpor
(Size of 
pores  

<30 μm),  
%

Vpor
(Size of 
pores 

>30 μm),  
%

1 4 4.07 3.2 - - 100 -

2 17 4.95 4.5 3.8 28.3 97 3

3 29 5.3 4.7 4.74 32.4 95 5

4 33 5.33 5.6 4.9 39 90 10

5 42 6.4 5.8 6.1 38.1 93 7

	 Table 2	 Change in the average pore size in ceramics with different porosities
	2. táblázat	 A kerámia próbatestek átlagos pórusméretének változása a porozitástól 

függően

Fig. 3 (a) shows the “stress-strain” curves during diametral 
compression tests of ceramic specimens with different porosities. 
The diametral compression experiments showed that the 
behavior of all specimens upon loading was typical as for brittle 
materials. An analysis of the deformation curves showed that for 
samples with porosities of 4 and 17% were deformed elastically 
up to its fracture. The deformation curves of specimens with a 
higher porosity are showing a deviation from linearity before 
their fracture. The deviation from linearity of specimens with 
a porosity of 27% and higher was observed in other works [8, 
12] for other loading schemes of porous ceramics and may be 
associated with the appearance and accumulation of defects in 
the form of microcracks during loading, which is representative 
of the quasi-brittle fracture of porous ceramic materials. 

Re-plotting of the «σ – ε» dependences in double logarithmic 
coordinates Ln(σ/σ0) – Ln(ε), they were transformed into two 
parts, which can be approximated by linear functions with 
varying inclination to the X-axis (Ln(ε)), and therefore, with 
different exponent of strain hardening n of the Hollomon 
equation [34]. The inset in Fig. 3 (a) shows a representative 
curve with different exponents of strain hardening n1 and n2. 
The exponent of strain hardening n1, calculated from linear 
functions, increase from 1.45 to 1.7 with an increase of samples 
porosity from 4 to 33% and in a sample with a porosity of 42%, 
a decrease in n1 is observed, Fig. 3 (b). The exponent of strain 
hardening n2 practically does not change with an increase of 
the porosity of the samples and is equal to ~ 1.2. 

It should be noted that on all dependences «Ln(σ) – Ln(ε)» 
the strain exponents n are large 1, which probably corresponds 
to the nonlinear elastic behavior of ceramics under load with 
a change of porosity. In this case, the change in the angle of 
inclination of the linear sections on the curves «Ln(σ) – Ln(ε)» 
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may indicate a change in the mechanism of deformation of the 
ceramic during loading. The change in the slope on the curves 
for ceramics with porosities of 4 and 17% can be associated 
with microcracking caused by the tetragonal-monoclinic 
phase transformation during loading. On the fracture surface 
of samples with porosity of 4 and 17% according to the X-ray 
phase analysis the formation of a monoclinic phase with a 
volume content of 30% and 12%, respectively, are observed.

	 Fig. 3	 Deformation curves of ZrO2(Y) ceramic specimens with different porosity 
during diametral compression tests (a). At the curves, numbers indicate 
the sample numbers, according to Table 1. (The inset in Fig. 3 (a) shows 
the deformation curve with a porosity of 42% in the coordinates Ln(σ/σ0) – 
Ln(ε)); Dependence of the exponents of strain hardening n1 and n2 vs the 
samples porosity (b)

	 3. ábra	 Különböző porozitású ZrO2 (Y) kerámia minták deformációs görbéi a 
diametrális kompressziós vizsgálatok során (a). A görbéknél a számok az 1. 
táblázat szerinti mintaszámokat jelölik. (A 3. ábra a) betétje a deformációs 
görbét 42%-os porozitással mutatja az Ln(σ/σ0) – Ln(ε)) koordinátákban); Az 
n1 és n2 a terhelési keményedés kitevőinek függése a minták porozitásától (b)

The formation of microcracks in ceramics with a porosity of 
29% and higher during deformation is caused by the fracture 
of bridges and lintels of the interpore frame. On the fracture 
surfaces of ceramics samples with a porosity of 29% and 
higher, no increase of the monoclinic phase was observed in 
comparison with the initial state.

The tensile strength (σt) decreases with an increase of porosity, 
Fig. 4 (a). The change of σt from porosity is well described by a 
power function with a high correlation coefficient (R = 0.99). 

Analysis of the change of the ultimate strain before fracture 
(ε), obtained from the deformation curves «σ – ε» (Fig. 3 (a)), 
showed that the strain (ε) decreases slightly from 1 to 0.8% 
with an increase of the samples porosity (curve 1, Fig. 4 (b)).

The effective modulus of elasticity (Eeff), calculated from the 
slope of the stress-strain curves are decreases with increasing 
samples porosity (curve 2, Fig. 4 (b)).

 

	 Fig. 4	 Dependence of tensile strength vs samples porosity (a); Dependence of 
ultimate strain before fracture (ε) (curve 1) and the effective modulus of 
elasticity (Eeff) (curve 2) vs samples porosity (b)

	 4. ábra	 A szakítószilárdság függése a minták porozitásától (a); A törés előtti végső 
fajlagos alakváltozás (ε) (1. görbe) és az effektív rugalmassági modulus (Eeff) 
(2. görbe) függése a minták porozitásától (b)

After diametral compression tests of samples with porosity 
of 4, 17, and 42%, X-ray diffraction analysis was carried out 
from the front surface of fracture fragments of the samples. 

 

	 Fig. 5	 Macrophotographs of samples with different porosity (a - 4% ; b - 17%; c - 
42%) after diametral compression tests with XRD schemes

	 5. ábra	 Különböző porozitású minták makrofotói (a - 4%; b - 17%; c - 42%) XRD 
sémákkal végzett diametrális kompressziós tesztek után

The size of the coherently diffracting domains and the crystal 
lattice microdistortion from different place of the fracture 
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fragments are determined. X-ray diffraction analysis was 
carried out for the local points from fractured fragments along 
the loading axis during diametral compression tests, in the 
direction starting from the point of contact of the sample with 
the active platform of the testing machine towards the passive 
platform with a step of 2-3 mm, the areas for X-ray studies for 
each point was approximately 4 mm2. Fig. 5 (a, b, c) shows macro 
photographs of samples with different porosities after diametral 
compression tests with X-ray diffraction analysis schemes. 

The dependences of the size of the coherently diffracting 
domains and the crystal lattice microdistortion of samples with 
porosities of 4, 17, and 42% are shown in Fig. 6. It follows from 
the figure that for all samples with different porosity a dispersion 
both sizes of the CDD and crystal lattice microdistortion are 
decrease with increase a distance from the active platform of the 
testing machine and does not exceed 10%. These data indicate the 
appearances of deformation inhomogeneity of porous ceramics 
under diametral compression along the compression axis.

	 Fig. 6	 Change of the size of the CDD (a) and the crystal lattice microdistortions (b) 
of fracture fragments of ceramic samples with porosity of 4, 17 and 42% after 
diametral compression tests. The start point (zero) is corresponds to the point 
of contact of the sample with the active platform of the testing machine, and 
last point (30mm) is corresponding to the point of contact of the sample with 
the top (passive) platform of the testing machine

	 6. ábra	 A kerámiai minták 4, 17 és 42% porozitású töretdarabjainak CDD méretének 
(a) és kristályrácsos mikrotorzulásának (b) változása a diametrális 
kompressziós vizsgálatok után. A kiindulási pont (0 mm) a minta és a 
tesztgép aktív platformjának érintkezésénél, az utolsó pont (30 mm) pedig a 
minta és a tesztelő gép felső (passzív) platformjának érintkezése

4. Conclusions
It has been shown that with an increase of the porosity of 

ceramic, there are a decrease in the ultimate tensile strength 
in diametral compression from 115 to 9 MPa and the ultimate 

deformation to fracture. The effective modulus of elasticity 
calculated from the slope of the stress-strain curves also 
decreases with increasing of porosity.

It been shown that two strain exponent were observed, 
which indicate a change of deformation mechanism of the 
ceramic during loading. The decrease of n2 in ceramics with 
porosities of 4 and 17% is due to the phase transformation 
from the tetragonal to the monoclinic phase under the action 
of applied stresses, and in ceramics with porosity above 29%, it 
is associated with the formation of multiple microcrack defects 
during deformation.

It has been shown that in these materials microstructural 
parameters - coherently diffracting domains of the tetragonal 
phase and the crystal lattice microdistortions, are changes 
non-uniformly, which indicate the inhomogeneity of the 
deformation of this brittle material during compression.
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Abstract
Cobalt (Co) doped Barium titanate (BaTiO3) powders, with Co concentration (0,5 and 10 mol%), 
are synthesized by the sol-gel technique and characterized by Thermogravimetric analysis (TGA), 
and Differential thermal analysis (DTA), X-Ray diffraction (XRD), Fourier Transform Infrared (FT-
IR) and scanning electron microscopy (SEM). X-ray diffraction (XRD) patterns of the obtained 
powders, calcined at a relatively low temperature (1000 °C/3 h), found their crystallization in 
the pure perovskite structure without the appearance of secondary phases. XRD results reveal 
that the Co decreases the lattice parameters, the volume of the unit cell and the crystallite 
size of BaTiO3. The investigations carried out by FT-IR spectroscopy allow the investigation of 
the substitution procedure behavior associated to the Co incorporation into BaTiO3 lattice. The 
evolution of the physical parameters as functions of the dopant content have been examined 
based on XRD and FT-IR results. Furthermore, the morphology and the shape variation of particle 
size were studied through SEM.
Keywords: barium titanate, co-doping, ferroelectrics, synthesis, XRD, SEM
Kulcsszavak: bárium-titanát, co-dopping, ferroelektromos, szintézis, XRD, SEM
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1. Introduction
Recently, the research progression in the area of technical 

ceramics [1]–[7] has drawn great attention [4], [8]–[17]. 
Perovskite ferroelectric materials (ABO3) have had great interest 
due to the presence of a ferroelectric phase, their relatively 
simple structure which can allow theoretical interpretations 
and finally the feasibility of modifying their physical properties 
by numerous ionic substitutions. In addition, these materials 
exhibit high-physical performance, dielectric, electro-optical, 
and electronic properties [18]–[23], which make the materials 
widely used in various applications in different areas.

Barium titanate (BaTiO3) is one of the most important 
perovskite materials. It is a ferroelectric material, with 
piezoelectric properties and photorefractive effect. As a solid, 
it has five phases ranging from low to high temperature: 
rhombohedral, orthorhombic, tetragonal, cubic and hexagonal 
crystal structure. Indeed, all of the crystal structures show the 
ferroelectric effect except cubic structure. It has the appearance 
of a transparent powder or white crystals. It is soluble in 
concentrated sulfuric acid perhaps not in water.

Interesting and exotic properties are theoretically expected 
in doped BaTiO3 like ferromagnetism at room temperature 
enhanced dielectric properties etc. [24]. Moreover the 

synthesis technique also influences the level of doping and 
physical properties. Based on this fact, several studies are 
made adopting various synthesis methods such as solid state 
ceramic technique, laser ablation, sol-gel and chemical routes 
etc. [25]–[27]. In response to these reports,  various types of 
doping have been attempted for BaTiO3 including Fe, Mn, Co 
etc. [24]–[28].

In the present paper, Co-doped BaTiO3 (BTCox) ceramics, 
with x = (0, 5 and 10%) were prepared using the sol-gel 
technique, the choice of this method of processing was 
based on its various advantages, low processing temperature, 
high purity, homogeneity and an excellent control of the 
stoichiometry of the products [29]. We have investigated 
the phase and structural properties of the prepared samples 
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using X-ray diffraction (XRD), Fourier Transform Infrared 
(FT-IR) spectrometer and Scanning Electronic Microscopy 
(SEM). Experimental results are analyzed and then discussed 
as function of the doping concentration and compare the 
obtained values to those of the literature. 

2. Experimental methods
2.1 Materials and synthesis method 

Crystalline powders BTCox were synthesized and obtained 
using sol-gel method [30] through the destabilization of 
colloidal solution (DCS). This process provides numerous 
advantages such as an excellent control of the stoichiometry and 
a good homogeneity of the powders in spite of crystallization at 
relatively low temperature [8], [10], [29].

The powders were prepared using barium acetate 
trihydrate (Ba(CH3COO)2, 3H2O) (99.9% purity), titanium 
isopropropoxide Ti[OCH(CH3)2]4 (97% purity) and Cobalt 
acetate Co(CH₃CO₂)₂·4 H₂O(99.9% purity) as precursors, 
lactic acid (CH3CH(OH)COOH) as peptizing agent and 
distilled water as solvent. The different steps relating to the 
preparation of BTCox powders are shown schematically in the 
flowchart in Fig. 1. A white sol with adequate proportions was 
obtained, which was dried in an oven at 80 °C for 72 h to obtain 
a dry gel. The raw powders, after grinding, were calcined in air 
in a programmable oven at the temperature of 1000 °C for 3 h. 

The samples in pellet shapes were obtained by pressure 
with an uniaxial pressure equal to 10 tonnes/cm2. Then, the 
pellets were sintered 1200 °C for 6 h reached with a heating 
rate 5 °C/min. 

2.2 Characterization
Thermal study using Thermogravimetric analysis (TGA), 

and Differential thermal analysis (DTA) were performed 
on the sample BTCo15. The crystallinity and phases of the 
ceramic powders were examined using X-ray diffraction. 
The powder X-ray pattern was recorded for all samples with 
various cobalt concentrations by using an X-ray diffractometer 
equipped with [XPERT-PRO diffractometer with Cu-Kα 
radiation (λ = 1.5405980 Å)]. XRD spectrum was recorded 
in the 2θ range of 20 to 80°. The morphology of the ceramic 
powders was characterized by Scanning electron microscopy 
(SEM). Moreover, the functional groups in powders were 
detected by using of a Bruker-Tensor 27 spectrophotometer 
FT-IR spectroscopy in the wave number range 450- 4000 cm-1.

3. Results and discussion 
3.1 Thermal analysis

Fig. 2 shows the thermal analysis (TGA and DTA) of the 
sample 15% doped BaTiO3, performed in air up to 1200 °C 
with a temperature rate 5° C / min. The TGA curve reveals 
three steps of decomposition (corresponding to an overall 
mass loss of approximately 28mg). The first step (33-320 °C), 
represents a weight loss which attributed to the elimination 
of water and excess lactic acid. This mass loss is accompanied 
by an endothermic peak in the DTA curve. The second stage 
(320–631 °C), represents a progressive mass loss, accompanied 

by several peaks endothermic and the other exothermic peaks 
in the DTA curve which can be attributed to the decomposition 
of the organic matter and the elimination of CO2. In this 
temperature range, rearrangements of chemical bonds in the gel 
occur and the gel is converted to polymers [31]. The last stage 
of mass loss located in the range of (631–1000 °C) was detected, 
accompanied by an endothermic peak in the DTA curve, which 
is attributed to the decomposition of organic polymers and the 
formation of inorganic substances (the starting formation of 
BTCo0.15). No reaction or mass loss was noticed above 1000 ° C, 
showing complete crystallization of the ceramic powders. This 
relatively low temperature compared to other reported from 
other works using different synthetic techniques [32] is due to 
the sol gel preparation method [8], [30]. 

	 Fig. 1	 Flow chart of the sol-gel processing of  (x= 0, 0.05 and 0.1) powder ceramics
	 1. ábra	 A  (x= 0, 0.05 és 0.1) kerámia porok szol-gél eljárásának folyamata

	 Fig. 2	 TG/DTA curves of the ( ceramic sample
	 2. ábra	 A ( kerámiaminta TG/DTA görbéi

3.2 Structural study 
XRD patterns of the as-prepared powders were investigated, 

and they are reported as function of the Cobalt concentrations 
in Fig. 3. It shows that the BTCo crystallize in the perovskite 
phase without any secondary phase. The peaks are indexed as 
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the respective planes on the basis of JCPDS cards. Phan et al.[33] 
prepared BTCo usnig classical solid state reaction method, 
after annealing at 1300 °C—4h, but with the presence of the 
secondary phases. The diffractograms reveal well-resolved 
peaks, which are a clear indication of the good particles’s 
crystallinity. These peaks are assigned in pure sample, i.e., 
x=0% to the perovskite structure with the tetragonal phase, 
which exists throughout the whole concentration ranges. 
This is supported by the presence of well resolved (002)-(200) 
doublet peaks around 2θ of 44-46° on the diffractogram. 

The lattice parameters (a and c) were determined from XRD 
data analysis considering tetragonal phase with an accuracy of 
±0.002 Å using the following relations;

	 (1)

Where a is the lattice constant, d is interplanar spacing and 
(hkl) are Miller indices.

The fitted and calculated parameters are given in Table 1. The 
values of lattice constants (a and c) are given in Table 1 and 
were found that the lattice constant a increase while c decreases 
with Co concentration. Lattice parameters of pure the BaTiO3 
sample are in good agreement with reported values a = b = 
3.988 Å and c =4.026 Å (α = β = γ =90°) [33]. Moreover, the 
decrease in lattice parameters can be attributed to Co2+ ions 
(0.58 Å) replacing the Ti4+ (0.605 Å), having higher ionic radii.

	 Fig. 3	 XRD patterns of Co-doped BaTiO3 powder samples calcined at 1000°C for 3h
	 3. ábra	 Az 1000 °C-on 3 órán át kalcinált Co-adalékolt BaTiO3 porminták XRD mintája

Sample 

Lattice parameters

a (Å) c (Å) V Tetrago-
nality

Crystal-
lite size 

(nm)

Lattice 
strain 
(×10-3)

BaTiO3
3.9917 4.0247 64.1304 1.0082 42.2725 1.38

BaTi0.95Co0.05O3
3.9945 4.0146 64.0594 1.0050 56.3634 2.87

BaTi0.9Co0.1O3
3.9948 4.0113 64.0136 1.0041 59.0017 2.56

	 Table 1.	 Lattice parameters, tetragonality, unit cell volume (V), Lattice strain and 
Crystallite size of Co-doped BaTiO3

	1. táblázat	 A Co-adalékolt BaTiO3 rácsparaméterei, tetragonitása, egységnyi térfogata 
(V), rácsfeszítése és  és kristálymérete

The unit cell volume (V) is known to be most basic 
characteristic of the solid-state structure and the values of 
the unit cell volume are given in Table 1. The unit cell volume 
decreases as Co concentration increases. The decrease in unit 
cell volume can be attributed to changes in the crystal structure.

Scherrer formula takes into account only the influence 
of crystallite size on the XRD peak broadening, however, it 
doesn’t provide anything about the sample’s microstructures 
of the lattice i.e., regarding the intrinsic strain, which gets 
developed in the nanocrystals due to the grain boundary, 
point defect,  stacking faults and triple junction [34]. Many 
approaches exist, such as Warren-Averbach and Williamsons 
Hall method, etc., which takes into account the effect of the 
strain induced XRD peak broadening and can be used to 
calculate the intrinsic strain along with the particle size. 
Among these approaches, Williamson–Hall (W–H) method is 
a very simple and The Williamson–Hall (W–H) approach is a 
simple and straightforward one. [34], [35].

The crystallite size and micro-strain was calculated using 
Williamson-Hall (W-H) plot which explains x-ray diffraction 
peak broadening [36].

	 (2)

	 (3)

Where, β is the full width of half maximum, ε is the strain, and 
D is the crystallite size. Figures 4(a), (b) and (c) show the linear 
plots, the intercepts and the slopes pointing out the crystallite 
size, as well as the strain of the prepared plotted samples as 
plotted by Williamson-Hall method. The crystallite size and 
the strain of single-phase samples are shown in Table 1. The 
nature of the strain formed was determined by the nature of 
the slope, that is, with a positive slope indicating a tensile strain 
and the negative slope indicating a compressive strain [37].

The results revealed that all the samples had a positive 
slope and were subjected to tensile strain. The strain values of 
BTCo0.05 compound was found to be higher than the value of 
the other samples (Pure BaTiO3 and BTCo0.1). The higher value 
of lattice strain induced in the BTCo0.05 sample is considered 
due to the creation of oxygen vacancies [38]. Table 1 illustrates 
the obtained crystallite size and the deviation of strain values 
BTCox (x=0, 5 and 10%) samples. In addition, the crystallite 
size was found in the range of 42.27-59 nm (from W- H plot).

3.3 Morphological investigation
Fig. 5 shows the evolution of the morphology and grain 

size of the BaTi1-xCoxO3 (x=0, 0.05 and 0.1) powders as a 
function of the cobalt concentrations. Fig. 5a shows that the 
microstructure is completely anarchic, this is due to the shape 
of the precursors which have not yet reacted with each other, 
while the SEM image of the BTCo0.05 powder (Fig. 5b) we 
notice the start of the incorporation of the precursors together, 
which is in good agreement with the results of the previous 
characterizations. Concerning Fig. 5c, we obtained a fine 
microstructure of average size less than 1 μm, homogeneous 
and of regular and well-defined shape, which indicates that 
the powder crystallizes in the perovskite phase without the 
presence of impurities.
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	 Fig. 4	 Williamson–Hall plot of pure and Co doped BaTiO3 samples  

	 4. ábra	 A tiszta és a Co adalékolt BaTiO3 minták Williamson – Hall diagramja

	 Fig. 5	 Morphology images of pure and Co-doped BaTiO3 samples. a) BaTiO3, b) 
BaTi0.95Co0.05O3, c) BaTi0.9Co0.1O3

	 5. ábra	 A tiszta és a Co adalékolt BaTiO3 minták mikroszerkezete. a) BaTiO3, b) 
BaTi0.95Co0.05O3, c) BaTi0.9Co0.1O3
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3.4 FT-IR study
IR spectra of the as prepared (BTCox) powders, heat treated at 

1000 °C for 3 h, were recorded in a wavelength range of 400 cm-1 
to 4000 cm-1. Indeed, the above XRD results is supported by 
FTIR spectra, as shown in Fig. 6. The peak of absorption at 
990 cm-1 attributed to the vibration of the Ti-OR bond [39] 
dimens slightly in intensity and is transformed into a single 
band indicating the disappearance of the alkoxide groups. The 
characteristic absorption at the range of  1455 cm−1 to 1457 cm-1 
are assigned to the stretching vibrations of carboxylate as there 
is a small amount of BaCO3 [40]. In addition, Indeed, we can 
always observe the appearance of a single absorption bands 
at around 493, 480 and 490 cm-1 respectively, which can be 
assigned to the stretching and bending vibrations of the Ti-O 
bond in [TiO6]

2- octahedron.  The obtained results are therefore 
in good agreement with those of X-ray diffraction.

	 Fig. 6	 FT-IR spectra of BaTi1-xCoxTiO3 (x=0, 5 and 10%) ceramics calcined at 1000 
°C/4h.

	 6. ábra	 Az 1000 °C-on 4 óra alatt kalcinált BaTi1-xCoxTiO3 (x=0, 5 és 10%) kerámiák 
FT-IR spektrumai

4. Conclusions 
Cobalt doped barium titanate powders (BTCo) ceramics, 

with Co contents (0, 5, and 10 mol%), were successfully 
synthesized by the sol-gel method and characterized by X-Ray 
diffraction (XRD), scanning electron microscopy (SEM) 
and FT-IR spectroscopy. XRD results show that the cobalt 
diminishes the lattice tetragonality of BaTiO3. The XRD 
pattern confirms that the successful formation of the single-
phase (tetragonal) perovskite structure of the all presented 
ceramic samples. Moreover, the corresponding XRD spectra 
are exempt of any extra secondary phase indicating a complete 
incorporation of Co2+ in the BaTiO3 structure then confirmed 
by FT-IR analysis. The line broadening of BaTiO3 is attributed 
to small lattice strain and crystallite size. This broadening 
was examined by W-H plot and size-strain plot. According to 
SEM characterizations, BTCo ceramics were well synthesized, 
and particle size decreases as dopant concentration increase. 
In addition, the presented powders samples are relatively 

homogeneous, consisting of regularly oriented grains in the 
form of anarchic for 0% and 5% of Co and spherical for 10% Co 
doped BaTiO3. For further understanding more samples with 
mediate composition will be prepare and studied for structural 
and physical properties.
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