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Investigation of the influence of the mode of heat treatment of the initial
powder on the efficiency of sintering zirconium ceramics by dilatometry

Using methods of synchronous thermal and X-ray structural analyzes applied to zirconium dioxide powders
partially stabilized with yttrium obtained by chemical coprecipitation the processes of dehydration of these
powders during annealing in air have been investigated. Using the dilatometry method the regularities of
compaction of powder compacts have been investigated with thermal sintering. It was found that the resulting
powders mainly consist of the tetragonal modification zirconium dioxide and are nano-sized. The average
particle size was 25 nm. The resulting powders are characterized by a high degree of agglomeration. It is
shown that an increase in the thermal annealing temperature from 500 to 700 °C leads to partial-baking of in-
dividual particles inside the agglomerate, and causes the formation of hard agglomerates, the presence of
which complicates the processes of compaction and subsequent sintering. The presence of suchragglomerates
prevents the production of ceramics with high mechanical characteristics: density-and porosity. Thermal an-
nealing temperature increase leads to a decrease in the density of the sintered ceramic and a decrease in its
hardness.

Keywords: zirconium dioxide, dilatometry, co-precipitation, chlorides, microscopy, agglomeration.

Introduction

Ceramic materials based on partially yttrium-stabilized zirconium dioxide are increasingly used in vari-
ous fields of science and technology. High hardness. allows the use of zirconium ceramics for the production
of cutting and abrasive tools; high melting point and low thermal conductivity are used in thermal insulation
and refractory materials. Zirconium ceramics are used for the production of adsorption-semiconductor gas
sensors [1, 2], thin-film coatings [3, 4], ion-exchange materials, and chemical reaction catalysts [5—7].

All stages of the technological cycle are.important to obtain high-quality ceramics [8]. At the stage of
synthesis of initial powders the features of their structure are formed, such as grain size, interface surface and
their state, porosity and other defects [9-14]. Therefore, method of obtaining initial powder play an im-
portant role in obtaining ceramics with high'values of mechanical properties [15-21].

Currently, a large number. of methods for obtaining nanosized zirconium dioxide powders exists
[22-25]. Many of these methods allow to obtain very high quality powders, but are of little use in condi-
tions of mass production. Among them, the so-called methods of soft chemistry which lead to the for-
mation of a crystalline or semi-crystalline structure without high-temperature treatment, stand out [26], for
example, the coprecipitation method [27]. It is applicable in mass production environment, and at the same
time has a low. cost of the finished product. The main disadvantage of this method is a high degree of ag-
glomeration [28].

The purpose of this work is to study of the effect of agglomeration of zirconium dioxide powders, par-
tially stabilized with yttrium, obtained by coprecipitation on the kinetics of the sintering process of powder
compacts.

The method of the experiment

For the production of ceramic material based on partially stabilized zirconium dioxide composition
(ZrO; + 3 mol.% Y,0;) a chemical method of co-precipitation of zirconium and yttrium hydroxides from an
aqueous solution of zirconium and yttrium salts is used: zirconium oxide-dichloride YCl3;x6H,0 and yttrium
chloride 6-water YCl;x6H,0 by adding a 25 % aqueous solution of ammonia to pH 9.5. The hydroxide mix-
ture is washed, dried at a temperature of 90 °C for 12 hours and then annealed at a temperature of no more
than 700 °C. Annealing time is 1 hour. BET analysis of the obtained powders was carried out on the device
“Sorbtometer-M” (Catakon, Russia). Studies were carried out for the initial powders obtained by sol-gel
technology without annealing (type P1) and for P1 powders subjected to annealing in air at temperatures of
500 °C (type P2) and 700 °C (type P3) at a heating rate of 20 °C per minute isothermal exposure for 60
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minutes. Press samples were made by uniaxial static pressing on a hydraulic press PGR-10 (Lab Tools, Rus-
sia). The pressing pressure was varied in the range of 70-960 MPa. The ceramics were sintered in a dilatom-
eter furnace DIL 402 C (NETZSCH, Germany) in an air atmosphere. The air purge rate was 20 mm/min.
Electron microscopy was performed on a JEM-2100 scanning electron microscope (Japan). X-ray diffraction
analysis was performed on an ARL'xtra diffractometer (ThermoFisher Scientific, Switzerland) with a semi-
conductor Si (Li) Peltier detector using monochromatized CuKa-radiation. The diffractograms were meas-
ured in the angle range 26 = (90-120)° at a speed of 0.02 ° ¢'. The phase analysis was performed using the
PDF-4+ powder database of the International Centre for Diffraction Data (ICDD). The diffractograms were
processed by the full-profile Ritveld method using the Powder Cell 2.4 software package. The density and
porosity of the ceramic samples were determined by hydrostatic weighing in distilled water on a Shimadzu
AUW-220 D (Shimadzu Corporation, Japan) scale with a special prefix. The microhardness was. measured
using a Zwick (Germany) ZHVIM microhardness meter. The thermal analysis of the powders was per-
formed on a synchronous thermal analysis device STA-449 combined with a mass spectrometer QMS 403 D
(NETZSCH, Germany).

Experimental results and discussion

Microstructure research. The results of electron microscopy of P1-P3 powders are shown in Figure 1.
From the analysis of the presented results it can be seen that the P1 powder consists of agglomerates of small
primary particles. The small size of the primary particles leads to a significant increase in the surface energy
of the powder system. In combination with the close location of individual particles under the action of Van
Der Waals forces, the formation of multiparticle clusters of individual particles — agglomerates, the shape
and size of which vary very widely [29].
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Figure 1. Electron microscopy of powders (a, b, ¢ are P1, P2, P3 respectively)

In the P2 and P3.powders (Fig. 1b, Figure 1c) separate crystalline particles the size of which increases
as the annealing temperature increases are isolated. At the same time, agglomerates of individual particles
are also observed in'the structure of the powder. Thus, the previously established inheritance of the structure
of the initial amorphous xerogels of hydrated zirconium dioxide by nanocrystalline zirconium dioxide is con-
firmed [30]. At the same time, the heat treatment temperature is sufficient for the initial stage of sintering,
which leads to the acquisition of strength by the aggregates and the consolidation of the structure [29].

The diffractograms of the studied powders are shown in Figure 2. As follows from the results obtained,
the P1 powder is X-ray amorphous, while the P2 and P3 powders have a crystal structure characteristic of the
tetragonal modification of zirconium dioxide. With an increase in the annealing temperature, the peaks nar-
row, which indicates an increase in the size of the crystallites.
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Figure 2. Diffractograms of the studied powders

The results of the thermal analysis of the.P1 powder are shown in Figure 3.
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Figure 3. TG, DTG, and DSC curves for P1 powder

When the powder P1 is heated, its dehydration occurs, accompanied by the absorption of heat. The DSC
curve shows two endothermic peaks caused by the removal of water present in the test substance in different
states. The first and more pronounced peak (96.5 °C) is associated with the removal of physically adsorbed
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[31], and the second (190.4 °C) is due to the removal of chemically bound water. Both peaks of the DSC
curve are accompanied by a significant decrease in the sample mass (extremes at 93.8 and 201.2 °C on the
DTG curve). The total weight reduction when heated to a temperature of 600 °C was 16.6 %. At a tempera-
ture of 448.2 °C, a sharp exothermic peak is observed on the DSC curve. This thermal effect is not accompa-
nied by a noticeable change in the mass of the sample, which allows it to be associated with the crystalliza-
tion process of partially stabilized zirconium dioxide. This conclusion is confirmed by the previously pre-
sented results of the XRD.

From the consideration of Figure 4 it follows that that the nature of the compaction depends on the type
of powder (P1, P2, P3). For a sample obtained from powder P1 already at the initial stage of heating there is
a noticeable shrinkage of the sample, accompanied by a peak at temperature approximately equal to the crys-
tallization temperature of the tetragonal phase of zirconium dioxide, obtained from the results of thermal
analysis. Also, at the final stage of the process, there is an expansion of the sample, apparently a conse-
quence of the transition part of the tetragonal phase into monoclinic. For samples obtained from powders P2
and P3 there are practically no differences in the nature of the shrinkage process.
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Figure 4. Dilatometric curves.of powder compacts P1,
P2 and P3 (curves 1-3, respectively), 4 is thermal annealing mode.

Table 1 presents the results determining the density of compacts p,,, density of ceramics sintered from
them pryarost, porosity ® and microhardness Hy for different types of samples.

Table 1

Physical properties of compacts and sintered ceramics

Sample type Pprs g/cm3 Phydrosts g/cm3 ®, %. H,, GPa
Pl 2,44 4,98 16,0 9,1
P2 2,53 5,21 10,8 9,4
P3 2,62 5,18 12,3 8,2

Table 1 shows.that when using powders P2 and P3 the characteristics of the sintered ceramics are sig-
nificantly higher than when using P1 powder. Highest density and lowest density of sintered ceramics is
achieved by using P2 powder.

Conclusion

Thermal analysis methods were used to study the processes occurring when the powder P1 is heated in
an air atmosphere, obtained by coprecipitation from chloride starting components. The processes of compac-
tion and sintering of powder compacts, made from initial powders P1 and after their annealing at tempera-
tures of 500 and 700 °C (powders P2 and P3, respectively). At the same time, the following was established.

The heating of the P1 powder was accompanied by dehydration, the main part of which ends at a tem-
perature of about 200°C. Total mass yield when heated to 600 °C is 16.6 %. P3 powders obtained by anneal-
ing the initial P1 powder at a temperature of 700°C are characterized by a nanoscale crystal structure. The
average crystallite size according to the results of XRD and microscopy was 25 nm.
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The highest density of ceramics obtained when sintering a sample of powder P2, which is most likely
due to a lower density of agglomerates than in P3 powder.
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C. llesenes, E. lllesenesa, O. Crapslit

Bacrankbl YHTAKTHI TEPMUSIIBIK OH/IEY PEeKUMiHIiH HUPKOHNSE KEPAMUKACHIH
ANJIATOMETPHUA diciMeH OipikTipy TuimMatirine acepin 3eprrey

XUMHSUIBIK TYHABIPY S/ICIMEH aJIbIHFaH UTTPHIAMEH KapTbhUIail TYpaKTaHIbIPBUTFaH HUPKOHUS YHTaKTapblHa
KaTBICTBI CHHXPOH/IbI TEPMHSUIBIK JKOHE PEHTICH/AIK KYPBUIBIMABIK TaAay 9iCTECPiH KOJJaHa OTHIPHII, ayaa
OHJIeY Ke3iH/Ie OChI YHTAKTap/blH JeTHApATALMs IpoLecTepi 3epTTenai. JJunaToMeTpHs diciH KojiiaHa OThI-
PBIN, TEPMUSUTBIK KYWAIpY Ke3iHJe YHTaKThl KOMIAKTUIEPIiH TBIFBI3AAY 3aHABLUIBIKTaphl TEKCEpPireH.
ANBIHFAH ~ YHTAKTap HETi3iHeH IMPKOHMIIIH TeTparoHasbli. MOAM(GUKALMACHIHAH Typagbl JKOHE
HaHoeJeMIepi 6ap ekeHairi anblkranael. bemmekrepain opraima Mesmepi — 25 uM. By perre anbiHFan
YHTAKTap arjoMepalysHbIH JKOFapbl JapexeciMeH cunartanafbl. TepMusiblk Kyiaipy TeMnepaTypachbHbIH
500-gen 700 °C-ka feifin jxorapbuIaybl arjioMepar inriHzeri xkeke OeeKTepAiH inriHapa micipinyine sKermin
COFaTBIHJIBIFBI KOPCETIIreH >XOHE KaTaH arjoMeparTapiblH [aiifa OOoJyblHA OKeNeli, OJapIblH OOybl
BIKIIAM/Iay JKOHE KEeHiHTi CHHTe3/ey IpolecTepiH KHbIHIaraasl. MyHaail arisoMepaTTap/blH maiia Oomysl
THIFBI3/IBIFBl MEH KEYCKTUII JKOFapbl MEXaHHKANBIK CHIIATTamanapbl 0ap KepaMHKaHbl ajyFa Kelepri
kentipeai. TepMHsIIBIK — KYHIOIpy — TeMIepaTypachIHbIH — JKOFapbUIaybl — KYHIIpIIreH —KepaMHUKaHBIH
THIFBI3/IBIFBIHBIH TOMEH/ICYiHE 5KOHE OHbIH KATThUIBIFBIHBIH TOMCHACYIHE dKeNe]i.

Kinm ce30ep: TUpKOHMH TUOKCHUAI, IMIIATOMETPHS, TYHOA TY3Y, XJIOPHATEP, MUKPOCKOIIHS, arJIOMEpalus.

C. [lleBenes, E. llleBenena, O. Ctapsiit

HccienoBanue BJAMSAHUS PEKUMA TEPMHUYECKOI 00padOTKH HCXOTHOTO MOPOIIKA HA
3(pPeKTUBHOCTH CNeKAHUSI HIMPKOHUEBOI KEPAMMKH METOI0M JTHJIATOMETPHHI

C uCroabp30BaHAEM METOAOB CHHXPOHHOTO TEPMHUYECKOTO M PEHTTEHOCTPYKTYPHOTO aHalIN3a MPUMEHUTENb-
HO K MOpOMIKaM JAHMOKCH/IA IUPKOHUS, YACTHYHO CTAOMIHM3UPOBAHHOTO UTTPHEM, NMOTYUYEHHBIX METOJIOM XHU-
MHYECKOTO COOCAXAEHUS, NCCIIEJOBAHBI MIPOLIECCH! AETHAPATAlluH 3THX MOPOILIKOB MPH OTKUI'e HA BO3IyXe.
IIpy momory MeTona AUIATOMETPUH M3yUEeHbl 3aKOHOMEPHOCTH YIUIOTHEHHS MOPOIIKOBBIX KOMIIAKTOB MPHU
TE€PMUUYECKOM CIIEKaHUH. Y CTAHOBIIEHO, YTO MOJY4YEHHBIE IOPOIIKU COCTOAT IPEUMYLIECTBEHHO U3 TETParo-
HAJIbHOW MOTU(UKANK JTUOKCHJAa IHUPKOHUS M UMEIOT HaHopasMmepbl. Cpemumii pasmep dacTui — 25 HM.
ITpu 3TOM mosTyyeHHBIE MOPOLIKH XapaKTEPU3YIOTCsSl BEICOKOM CTeNeHbto arnomepanuu. IlokazaHo, 4Tto yBe-
JIuueHne temueparypsl Tepmudeckoro orkura ¢ 500 go 700 °C npuBOAUT K 4aCTUYHOMY NPHUIIEKAHHUIO OT-
JIeBbHBIX YaCTHI] BHYTPH arjioMepara, U BbI3bIBaeT (POPMHUPOBAHUE KECTKUX arjJoMepaToB, HATMYHE KOTOPBIX
3aTpyAHSET MPOIeCChl KOMIAKTHPOBAHUS M TOCIEAYIOLIEro crekaHus. Hamuuume momoOHBIX arinoMepaToB
MPENATCTBYET MOMYYEHUIO KEPAMHUKH C BBICOKUMU MEXaHUUECKUMH XapaKTEePUCTHKAMH: TNIOTHOCTBIO U IMO-
puctocthio. IloBbIIEHNE TEMMEPATyphl TEPMHUYECKOTO OTXKHUIA MPUBOJUT K CHIKEHHIO TIJIOTHOCTH CIIE€UEH-
HOM K€paMHKH U CHIXKEHHIO €€ TBEPJOCTH.

Kniouesvie cnosa: JUOKCHUJ HUPKOHUSA, TUTIaTOMETPUS, COOCAKECHUE, XTIOPUIBI, MUKPOCKOIINA, arJIoMepaius.
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