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Abstract — The aim of research is to develop an area of micro-
and mesoporous ceramic materials of ternary - TiO2-Zr0O.-SiO2
system. Ceramic system TiO2-ZrO2-SiO2 has been synthesized via
a sol-gel technology by hydrolysis of tetraethylorthosilicate
(TEOS) and zirconia propoxide and titanium isporopoxide
solutions. The sols have been polymerized at room temperature to
obtain gels and dried at 100 °C for 72 hours. Xerogel has been
milled for 1 or 6 hours and axially pressed for nanoporous ceramic
samples. Powders have been sintered at 800 °C or 1000 °C in air.
1 M hydrochloric acid and distilled water have been used as a
catalyst to advance the hydrolysis and condensation reactions. All
samples have been characterized by X-ray (XRD) diffraction,
particle size distribution, crystallite size distribution, compressive
strength. Porosity and specific surface area of nanoporous ceramic
samples have been determined by Brunauer, Emmett and Teller
(BET) nitrogen adsorption-desorption isotherms.

Keywords — Nanoporous ceramic materials, sol-gel technology,
TiO2-Zr0,-SiOo.

|. INTRODUCTION

The properties of silica dioxide (SiO.) have been extensively
studied by many researchers due to its wide range of
applications.

There are many publications about SiO; that can be used as
basic (standard) oxide. Researchers have published numerous
variations of the synthesis conditions (e.g., types of
technologies, thermal treatment, compositions) which cause
modification in the structure of dense or porous ceramic
material based on SiO,. The traditional silica-containing
materials were prepared using tetraethoxysilane (TEOS), fumed
silica, or water glass as silica resources. Recently, attention has
been paid to a new process to form mesoporous silica from
natural clays and other layered silicate materials through
hydroleaching processes [1]. There is a growing interest in the
synthesis of nanoporous binary or ternary oxide materials
containing silica dioxide. The investigation of the structures
that can be used for adsorption, catalysis or detection of
molecules is very urgent.

As it is known, pure metal dioxides such as TiO; and ZrO;
have a very small specific surface area, low thermal stability
and high price, which make them unsuitable for industrial
applications. Thus, the development of mixed oxide systems
attracts increasing attention. The homogeneous incorporation
of Ti and Zr into a SiO2 matrix is important to obtain materials
that exhibit the chemical, thermal and mechanical stability [2].

Zirconium titanate (ZrTiO4) is an intermediate compound in
the binary system ZrO2-TiO2. ZrTiO4 is a well-known
compound in the field of electroceramics, where it has been
used in dielectric  resonators and materials for

telecommunications [3], in dielectric resonators for microwave
telecommunications [4], but in most cases as a dense ceramic
material. Nanoporous materials are of the groups of
nanomaterials. Their typical structure of pores in nanometer
dimensions makes them useful for various applications. As it is
known, according to the International Union of Pure and
Applied Chemistry (IUPAC), porous materials can be classified
into three groups: (1) micropores (smaller than 2 nm in
diameter); (2) mesopores (between 2 nm to 50 nm in diameter);
(3) macropores (lager than 50 nm in diameter).

Materials with tailor-made pore size distribution, open or
closed porosity and shapes are particularly important in
applications, where molecular recognition is necessary, such as:
shape-selective catalysis, selective adsorption, petroleum
catalytic cracking and so on [1].

The control of nanoporous structures, mechanical properties,
density of nanoporous ceramics are very important factors from
the viewpoint of their application. The usual route for
nanoporous ceramic preparation is the sol-gel technique. Sol-
gel technology is one of the most suitable technologies to
prepare ternary complex oxide systems with an atomic level of
the ingredients.

The aims of the research are to prepare TiOz-ZrO2-SiO;
system ceramics via the sol-gel technology and to determine
microstructural, mechanical properties and porosity of
nanoporous ceramics.

Il. MATERIALS AND METHODS

In the synthesis procedure of micro- and mesoporous
ceramics, the sol was synthesized using tetraethylorthosilicate
(TEOS, Aldrich, 99.9 %) as the SiO. source, zirconium
propoxide (70 wt% solution in propan-1-ol, Aldrich) and
titanium isopropoxide (Aldrich) alcoxide solution as ZrO; and
TiO, source, propanol-2 (Sigma—Aldrich) was used as a
reciprocal solvent [5]. Acetic acid (Sigma — Aldrich), 1M
hydrochloric acid (P.P.H.”Stanlab”) and distilled water were
used as a catalyst to advance the hydrolysis and condensation
reactions. According to the studies [6], a surface area can be
varied by the concentration of added hydrochloric acid [6] that
exerts influence on morphology, mechanical properties, pore
structure and volume of final nanoporous material. Molar
percentage ratio of elements TiOx/ZrO,/SiO, was 10/20/70,
15/15/70 and 20/10/70, but 1 h or 6 h — milling time of powder
heat-treated at 500 °C and the heating rate was fixed at 5 °C/min.
In all ceramic systems, preparation of sols was a considerate
ratio of chemical solutions: alcoxide/propanol-2 = 1/8,
alcoxide/acetic acid = 1/3 and 1 M hydrochloric acid/alcoxide =
1/5, TEOS/distilled water = 1/4. Sols were prepared following
the steps above, Fig. 1.
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Fig. 1. Preparation of sol.

When the gel was formed, it was dried at 100 °C for 72 h. The
xerogel was calcined at 500 °C for 1 hour and the heating rate
was fixed at 5°C/min. The obtained powder was milled
(planetary ball mill, "Retsch PM 400") for 1 or 6 hours for
particle homogenization. The speed of ball rotation was 200 rpm.
Size distribution of powder particles was determined by "MAS
ZetaPALS Brookhaven Instr.” using ethyl lactate as surfactant
and ethyl alcohol. Ceramic samples were axially pressed by
manual press (SPRUT 10/185, Latvia), pressure 220 bars, time
20 seconds. For the compressive strength ("Compression Test
Plant Toni Norm, Toni Technik by Zwick", ultimate 300 kN,
program "Setsoft 2000") tests, the nanoporous ceramic samples
were sintered at 800 °C or 1000 °C for 1 hour and the heating rate
was fixed at 5°C/min. Ceramic samples — cylinders, whose
diameter was 1.2 cm, but height was more than 1.2 cm. All the
samples were prepared following a scheme that is shown in
Fig. 2.

3 Preparation of sol

> Xerogel (T =100°C, 72 hours)

> Heating of xerogel (T =500°C, 1 hour)

> Milling, preparation of powder (1 or 6 hours)

> Axial pressing of powder (pressure 220 bars)

> Sintering (T = 800°C or 1000°C)

> Structure and properties of ceramics

Fig. 2. Preparation of micro- and mesoporous ceramic samples.
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The quality of samples was characterized by X-ray (XRD)
diffraction data collected using a Rigaku Ultima+ (Japan)
diffractometer. Cu Ko wavelength was used, the scan conditions
were 2°, but 2 © mode — for the range over which the diffraction
patterns were recorded. The crystallite size was evaluated using
the Debaj — Schreder equation:

A

D= )

" Bcos®

where D — is the crystallite size, nm;

A —the length of x-radiation wave, nm;

B — the full width at half maximum of the diffraction peak;

0 — the Wulf — Breg angle.

Apparent density of nanoporous ceramic samples was evaluated
using the following equation:

_ 90%XPHy0 (2)

Pap = (91-92)

where p,,,— apparent density, g/cm?;

go— mass of dry ceramic sample, g;

g,— mass of watered ceramic sample into air, g;
g-— mass of watered ceramic sample into water, g;
pr,o— Water density, g/cm?.

The specific surface areas of all ceramic samples were
determined by Brunauer, Emmett and Teller (BET) nitrogen
adsorption-desorption isotherms and were recorded by using
"Nova 1200 E-Series, Quantachrome Instruments” (for pore
size of 0.35nm — 200 nm). Scanning electron microscope
(SEM) “Hitachi Table Top Microscope TM3000”” was used for
the analysis of morphology.

I1l. RESULTS AND DISCUSSION

It is known that physical properties and quality of ceramic
powder are affected by the morphology, particle size
distribution and chemical composition. As it is known, high-
energy ball — milling of TiO2-ZrO,-SiO, system powders
promoted changes in particle size. Changes in phase transitions
and particle size decrease depended on powder-ball weight
ratio, milling time and speed. Figure 3 summarizes the
nanoscale powder size distribution of all ceramic series after
1- or 6-hour milling time. After 6 hours, milling samples
exhibited wider particle size distribution (shown as dispersion),
but their average particle size (shown as a column) decreased.
It was noticed that the grain size of the as-milled powders had
already been reduced to tens of nanometers [7], and it could be
the main reason of a decrease in powder particle size. As shown,
larger particles were in composition with higher mol% TiO; in
the structure. After 6 hours, milling samples exhibited the
decrease in an average particle size by 20.8 % to 72.9 %.
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Fig. 3. Particle size distribution of powders after 1- or 6-hour milling time.
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X-ray diffraction patterns showed that milling time necessary
to cause the phase transition in powder samples of TiO,-ZrO--
SiO; system depended on milling time and composition of sol.
Figure 4 (a, b) and Figure 5 (a, b) show the results of X-ray
diffraction patterns for two series of powder samples (molar
ratio of ZrO,/TiO,/SiO;: a) 20/10/70, b) 10/20/70) heat-treated
for 1 hour at 1000 °C, but milling time was different: 1 hour
(Fig. 4 a, b) and 6 hours (Fig. 5 a, b). XRD patterns exhibited the
peaks of the monoclinic zirconia phase if powder was milled
for 1 hour and contained 20 mol% of ZrO; into primary sol. If
primary sol contained less than 20 mol% ZrO, XRD patterns
exhibited the peaks of zirconium titanate (ZrTiOa, srilankite).
Sol-gel technology is based on the hydrolysis and condensation
reaction of alcoxide solutions. As it is known, the reaction time
of different alcoxides is not the same. The silicon atoms carry
substantially less positive charge; thus, the hydrolysis and
condensation reaction of silicon alcoxides occur at much lower
rates [8]. This order corresponds to the reactivity sequence of
tetravalent alcoxides in hydrolysis reactions: Si(OiPr)s.<<
Ti(OiPr)4<Zr(OiPr)4 [9]. It is supposed that phase formation is
caused by the used molar % alcoxides into primary sol.

01-074-1504> Srilankite - ZrTi
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Fig. 4. XRD — milling time was 1 hour, 1000 °C, molar ratio of ZrO,/TiO,/SiO,: a) 20/10/70, b) 10/20/70.
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Fig. 5. XRD — milling time of powder was 6 hours, sintering temperature was 1000 °C, mol% ratio of ZrO,/TiO,/SiO,: a) 20/10/70, b) 10/20/70.
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TABLE 1
XRD PATTERNS OF MICRO- AND MESOPOROUS CERAMICS, SAMPLES SINTERED AT 1000 °C
I:r:10i\ll\llic:1eg;r Molar'ratio _O f Reference code Chemical Compound name Mineral Crystal system Space
time, hours Zr0,-Ti0,-SiO, formula group
10/20/70 01-074-1504 ZrTiO, Zirconium titanium oxide Srilankite Orthorhombic Pnab
1 15/15/70 01-074-1504 ZrTiO, Zirconium titanium oxide Srilankite Orthorhombic Pnab
20/15/70 00-037-1413 ZrO, Zirconium oxide Orthorhombic Pbma
10/20/70 00-046-1265 TipZrOs Zirconium titanium oxide Srilankite Orthorhombic Pnab
6 15/15/70 00-046-1265 TipZrOs Zirconium titanium oxide Srilankite Orthorhombic Pnab
20/15/70 00-034-0415 ZrTiO,4 Zirconium titanium oxide Srilankite Orthorhombic Pnab

For the samples milled for 6 hours, XRD patterns are shown
in Fig.4 (b) and 5 (b), and Table 1 demonstrates the phase
transition from ZrO; to zirconium titanate oxide (ZrTiO4) as well
as from ZrTiO4 to Ti2ZrOs. The analytical results are based on
the identification using Rigaku Ultima+ (Japan), and the database
results are summarized in Table 1. The traditional preparation of
TiZrO4ceramics was based on solid state reactions between TiO>
and ZrO powders at high temperatures (above 1400 °C) [5]. This
fact could be the main reason for phase transitions. Using sol-gel
technology it is possible to produce TiZrO4 ceramics at lower
temperatures (1000 °C).

Figure 6 summarizes the crystallite size distribution of meso-
and macroporous ceramic samples. Average crystallite size was
determined based on the broadening of the XRD maxima by
Scherrer equation, using ZrO,, ZrTiOs and TiZrOs samples
sintered at 800 °C and 1000 °C for 1 and 6 hours of milling time.
The peak intensity of X-ray diffraction (XRD) patterns for
powder samples (for ZrO,, ZrTiO4 and Ti2ZrOg) increases with
the sintering temperatures indicating the crystal growth of all
crystalline phases. The diagram shows that the milling time
exerts an effect on crystallite size distribution — a longer period
of high-energy milling reduces the crystallite size. However,
higher physical agglomeration of crystallites originates from
higher surface energy of smaller crystallites (sample Z15T15S70,
milling time of 6 hours). The crystallite size sintered at 1000 °C
is from 48.6 nm to 106.8 nm and testifies the formation of a more
arranged structure. The increase in a sintering temperature
promotes the crystallite growth. There is a correlation of results
between the crystallite size and particle size distribution.

160 w After sintering at 1000 °C

After sintering at $00 °C
140
120
E100 —- o
g 1S
7 80— o
2 L
c l m e
‘é 60— §
e [ ] — b=
01— 5
[%2)
20
—‘ Z10T20870 ‘ ‘ Z15T155870 ‘ ‘ Z20T10870 ’7
0 T T T T T ]
1h 6h 1h 6h 1h 6h
Milling time, b

Fig. 6. Crystallite size distribution.
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Figure 7 summarizes the results of macro- and mesoporous
ceramic samples according to compressing strength tests. The
histogram shows that the higher compressive strength is
characteristic of samples sintered at 1000 °C of all ceramic series.
Compressive strength after sintering at 800 °C is in the range of
38.7 MPa—54.1 MPa, but after sintering at 1000 °C from
41.5 MPa to 68.2 MPa. Another effect is shown by powder
milling time. In case of a longer period of milling time, ceramic
samples exhibit better compressive strength in comparison with
the ones milled only for one hour. Phase transition and pores into
an external wall of ceramic samples substantially influence
compressive strength.
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Fig. 7. Compressive strength.

Figure 8 summarizes the results of apparent density of
ceramics after sintering at 800 °C and 1000 °C. After sintering at
800 °C, the apparent density of the ceramic samples ranged from
1.83 g/m® to 1.87 g/mq, but after sintering at 1000 °C it increased
in the range of 2.02 g/m®— 2.31 g/m?®. After sintering at 1000 °C,
the compressive strength of the samples increased; moreover,
changes in volume of nanosize pores and pore size distribution
were observed.

The pore size distribution of micro- and mesoporous ceramics
was determined using nitrogen  adsorption-desorption
measurements. Figure 9 (a, b) summarizes the results of surface
area histogram of micro- and mesoporous ceramic samples after
sintering at 800 °C or 1000 °C, but for a different period of
milling time: a) 1 hour, b) 6 hours. BET results show that a lager
surface area is characteristic of ceramic samples after sintering at
800 °C, but it decreases essentially after sintering at 1000 °C. A
lager surface area was observed in cases, when half pore width
was in the range from ~ 0.84 nm — 0.92 nm of sample Z15T15S70
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(1 hour). After 6 hours of milling time, a lager surface area was
observed in cases, when half pore width was in the range from
=~ 0.96 nm — 1.1 nm of sample Z10T20S70.
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Fig. 8. Apparent density of ceramic samples after sintering at 800 °C or 1000 °C.
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The observed surface area values depend on the powder
milling time and the different mol% ratio of the ceramic samples.
In general, pore volume could be observed by addition of ZrO.
The surface area of the ternary system TiO2-ZrO;-SiO;
decreases, if volume of ZrO; increases.

Figure 10 (a, b) shows SEM images of micro- and
mesoporous ceramic samples after sintering at 1000 °C and
different milling time. As it can be seen from the SEM images,
ceramic samples pressed from powder milled for 1 h have
comparatively large particles. In photos taken from ceramic
samples pressed from powder milled for 6 h, distribution of
particle size is relatively small, but there are seen lager sintered
regions. The particle size significantly decreases by increasing
the milling time. Pores have become comparatively smaller,
and denser areas can be observed that could be formed by
sintering particles.

e T S MolrmioofZTS %
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BET surface area of ceramic samples after sintering at 1000 °C. Samples were pressed from powder milled for different periods of time: a) 1 hour,
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Fig. 10. SEM images of micro- and mesoporous ceramic Z10T20S70 after sintering at 1000 °C. Samples were pressed from powder milled for different periods

of time: a) 1 hour, b) 6 hours
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V1. CONCLUSIONS

Micro- and mesoporous ceramics of the system TiO,-ZrO,-
SiO, were prepared from silicon, titanium and zirconium
alcoxide by sol-gel technology. Content of SiO, was 70 mol% of
all ceramic sample series. Influence of powder milling time on
the structural and mechanical properties was investigated.

The micro- and mesoporous ceramic samples were prepared
by sintering at 800 °C and 1000 °C. Powders were milled for lor
6 hours. The average particle size after 1 hour-long milling time
was in the range of 230.1 nm — 315.7 nm, but after 6 hour-long
milling time it was from 102.5 nm —214.1 nm.

Regardless of molarity of the added alcoxide solution, the
phase transition of samples was dependent on the milling time —
1 hour-long milling time leads to the formation of ZrO, and
ZrTiOa, while 6 hours — ZrTiO4 and TiaZrOs. The reason for these
transitions could be explained by the solid state reaction caused
during the milling process between TiO, and ZrO,. Essential
influence of milling time and volume of metal alcoxide solutions
on the apparent density was not observed.

The compressive strength increased essentially if the sample
was pressed from powder milled for 6 hours because after
sintering at 1000 °C particles formed dense regions.
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Margarita Karpe, Gundars MeZinskis. Mikro- un mezoporainas SiOz saturo$as keramikas sintéze ar sola — géla tehnologiju

Viena no biitiskam nanomaterialu grupam ir nanoporaini materiali. Siem materialiem pienemtais rakstrurigais poru diametrs atbilst sekojosam
sadalijumam: mikroporas (< 2 nm), mezoporas (no 2 nm — 50 nm) un makroporas ( > 50 nm). Porainu materialu p&tijumi batiski palielinajas 20. gs.
90. gados. Tie piesaistija zinatnieku interesi ar iesp&jamo plaso pielietojumu dazadas nozar€s, kuras izmanto adsorbcijas, katalizes, membranu
materialus, ka arT separacijas un attirisanas procesos, ka arT tiem raksturigajam pasibam — zemaku blivumu un lielaku 1patngjas virmas laukumu.
Sakotngji petijumos galvenokart izmantoja silicija dioksidu (SiO2), kas nereti tiek uzskatits ka etalons. Velak, paplasinoties $ai pétijumu jomai
(atkariba no sintézes tehnologijas, temperatiiras u.c. parametriem), saka veidot 2 un 3 komponentu sistémas. Ta rezultata radas iespgja sintezet
materialus, ka arT radit jaunus, ar vélamajam ipas§ibam. P&tjjuma aplikota triskomponentu sistema TiO2-ZrO2-SiOz, kas sintezéta ar sola-g€la
tehnologiju. Komponentu attieciba sistéma: SiO2 — 70 mol%, taéu TiO2 un ZrO2 mol% attieciba ir mainiga un sastada attiecigi 10, 15, vai 20, nosaciti
veidojot tris atSkirigas paraugu sérijas. Lai raksturotu ieglito mikro- un mezoporas saturo$o keramikas materialu, atkariba no metalu mol% attiecibas,
darba gaita aplikota atSkiriga pulvera malSanas laika ietekme, veikta rentgenfazu difrakcijas analize, noteikta spiedes stipriba, Skietamais blivums,
ka arT porainiba, veicot sakepinasanu 800 °C un 1000 °C temperatiira. No iegiitajiem rezultatiem redzams, ka malsanas procesa laika notikusi fazu
pareja (no ZrO2 uz TiZrO2 vai Ti2ZrOg) visam trim paraugu sérijam. legiita keramikas materiala Skietamais blivums ir no 1,8 g/cm?Iidz 2,3 g/cm?,
bet spiedes stipriba ir robezas no 38 MPa lidz 68 MPa, atkariba no komponentu attiecibas, pulvera malSanas ilguma un sakepinaSanas temperatiiras.
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Maprapura Kapne, I'ynnape Mexunckuc. CHHTE3 MHKPO- U Me30NIOPHCTOI KepaMuKH, conep:xaieii SiOz, ¢ HOMOLIbIO 30J1b-Te]Ib TEXHOJIOTHH
OnuH U3 pa3aenoB HAHOMATEPHAIOB 3aHMMAIOT HAHOIIOPHUCTHIE MaTepHainbl. g 3THX MaTepHalIoB XapaKTepeH OMpPEeNeNICHHBIH AUaMeTp Iop,
KOTOPBII COOTBETCTBYET CIIEAYIOIIEMY pa3eeHNuI0: MUKPOIIOpHI (< 2 HM), Me3omops! (N0 2 HM — 50 HM) 1 Makpomops! (> 50 HM). B neBsHOCTBIX
roJlax ABaIATOrO CTOJETHS 3HAYNTENIBHO YBEINIHIIOCH YHCIIO NCCIISIOBAHNH, TIOCBSIIEHHBIX TOPUCTHIM MaTepHanaM. bonbinoe BHUMaHNEe K HUM
00YCJIOBIEHO X BO3MOXKHBIM IPUMEHCHHEM B Pa3HBIX 00JIACTSX (ancopOnus, KaTanus, IpUMEHeHHe B MEMOPaHHBIX MaTepuaiax, B Iporeccax
cenapaiuyuu u OqHCTKI/I), a TAaK)XXEC TaKUMH CBOFICTBaMPI, KaK HU3CKas IJIOTHOCTh W OOJbIIast yACbHas IUIONIAAb TIOBEPXHOCTH. B NEPBUYHBIX
HCCIIEIOBAaHUAX INIABHBIM 00Pa30M UCIIONB30BAIH AHOKCH KpeMHHS SiO2, KOTOPHIil BO MHOTHX CITy4asiX CUMTAaeTCs STaJIOHOM. B nanpreiimewm, ¢
YBEJMUYEHIEM HCCIIEIOBAaHMI B 3TOIf 00JIaCTH, B 3aBICHMOCTH OT T€XHOJIOTHI CHHTE3a, TEMIIEPATypHI U APYIHX MapaMeTpOB, CTAIH UCIIONB30BaTh
2 ¥ 3 KOMIIOHEHTHBIE CUCTEMEL. B PE3YAbTATE YET'0 MOABUIIACH BO3MOXKXHOCTH CUHTE3UPOBATh MAaTEPUAJIBI, 4 TAKIXKE CO34aBaTh HOBBIEC, C )KEJIAEMbIMU
cBoiictBamu. B wuccienoBannn paccmotpeHa Ti02-ZrO2-SiO2 TPeXKOMIIOHEHTHAsi CHCTeMa, KOTOpas CHTE3HPOBaHA C MOMOIIBIO 30Jb-Telb
TexHosorni. OTHOIIeHHEe KOMIOHEHTOB B cucreme: SiO2 — 70 Momp %, B CBOIO ouepens, MoisipHoe oTHomienue Ti02 u ZrOz pasHoe u
cooTBeTcTBeHHO cocTaBiser 10 Monb %, 15 monb % u 20 Monb %, TakuM 00pa3oM, o0pa3yst TpH pasHble cepui 00pasioB. UToObI XapaKTepHU30BaTh
TOJTYYeHHYIO KEPAMHUKY, COIEPIKAIIYI0 MUKPO- K ME30TIOPEI, B 3aBHCHMOCTH OT MOJISIPHOTO OTMOIIICHHUSI METAJLIOB U TeMIiepaTypsi criekanst 800 °C
1 1000 °C, B x0ne paboTh! OBLIO aHATM3UPOBAHO BIMSAHIE BPEMEHN M3MEJBUEHHS TIOPOIIKA, IPOM3BEICH PEHTTEHO(A30BEIA aHAIIN3, ONPEIeNeH
npeacs NpOYHOCTH Ha CXKATUE, YACTIbHAS TNIOTHOCTD, a TAKXKE ITOPUCTOCTD. N3 MNOJTYYEHHBIX PE3YJIbTATOB BUAHO, UTO JIJI1 BCEX TPEX cepm‘/’l 06pa3u03
B IIpoliecce M3MenbueHus mpousornen (azobiid mepexon (u3 ZrOz B TiZrOz wim Ti2ZrOgs). B 3aBHCHMOCTH OT OTHOLICHHS KOMIIOHEHTOB,
JUTHTENBHOCTH M3MENBYEHNUS TIOPOIIKA U TEMIIEPATYPHI CHIEKAHHs y/IEeNbHAs UIOTHOCTh TIOTyYeHHON KepaMuKH cocTasnset 1.8 r/em® — 2.3 r/em®,
npezen NpoYHOCTH Ha oxaTre B 38 Mna — 68 Mna.
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