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The study r led a substantial effect of non-compensated charged defects,
resulting from the presence of heterovalent admixtures of MnO; and La;0;
oxides, on the final microstructure following the sintering of solid solutions
based on Pb(Zr, Ti)O;.

Solid solutions of Pb(Zr, Ti)Os containing excess of charged point defects were
found to be capable of sintering up to abou.t 98 Y, of theoretical density. On the
other hand, solid solutions based on Pb(Zr, Ti)Oj; free from heterovalent admiztu-
res, or with electrically compensated admixtures of acceptor or donor type,
showed extensive grain growth at sintering and were virtually uncapable of
being sintered to an apparent density exceeding 95, of theoretical density.

INTRODUCTION

Sintering is one of the decisive technological processes which significantly in-
fluence the final physical properties of polycrystalline materials. This is also the
case of ferroelectric solid solutions based on lead zirconate and lead titanate
(briefly designated Pb(Zr, Ti)O;) [1]—[3]). In spite of this fact, relatively little
attention has so far been paid to the description of sintering of these materials
in the literature. It may be due to a somewhat complex chemical composition of
these materials and to the unclear principle of mass transfer during their sintering,
which practically excludes the use of the generally known theoretical models
and mathematical relations for describing the mechanism and kinetics of their
sintering [4]—[7].

The present study was aimed at studying one of the important aspects influencing
the sintering of Pb(Zr, Ti)Os, namely to determining the effect of small amounts
of manganese and lanthanium oxides on the development of microstructure of
these solid solutions at sintering.

SAMPLE PREPARATION AND EXPERIMENTAL CONDITIONS

The following raw materials were used in the preparation of samples:
lead oxide PbO A.R., zirconium dioxide containing 98.35 9, ZrO, (by wt.), titanium
dioxide containing 99.60 %, TiO.; the MnO, and La,0; oxides were of A.R. purity
and chemically pure, respectively.

The individual oxides were weighed in stoichiometric ratios listed in Table I
with an accuracy better than 0.01 9,, at total charges of about 150 g each. The
stoichiometric mixtures of oxides were then homogenized by grinding for two
hours in an agate planetary mill with agate grinding elements in an aqueous
medium. After drying at 100°C, the homogenized mixtures were heat treated (“cal-
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cined”) in an electrical chamber furnace at 1000 °C for one hour. The reaction
degree was checked by X-ray analysis. The resulting calcinates were ground for
5 hoursin the same agate mill in an aqueous medium. The grain sizes of the ground
calcinates varied in the range from 0.1 to 2 um. The ground calcinates were then
pressed into pellets of 14.3 mm in diameter and 3 mm in height. The pellets were
sintered at 1280 °C with a dwelling time of 1 hour. In the course of sintering, the
samples were placed in two platinum boxes (in one of which the specimens with
MnO; were placed separately). To suppress volatilization of lead oxide from the
specimens being sintered, the remaining space in the boxes was filled up with
a powdered material having the composition Pb(Zrg 6o Tio.40)O3- Some other speci-
mens were sintered under external pressure. This pressure sintering was carried
out in a device of the author’s own design at 1100 °C with a hold of 3 hours and
under a pressure of 10 MPa on the faces of the specimens.

Apparent density of the sintered specimens was determined by the double weigh-
ing method or in the case of excessively porous specimens by calculation from
the geometrical dimensions of the individual specimens and their weight. Some
specimens were then broken up and their fracture surfaces were examined with
the BS 300 electron scanning microscope (TESLA) at magnifications 500X,
2000 X and 5000X%.

RESULTS AND THEIR DISCUSSION

The compositions listed in Table I were chosen for studying the effect of MnO;
and La;0; additions on the sintering of solid solutions Pb(Zr, Ti)Os. These oxides
and their concentrations were intently chosen to include additions of the acceptor

Table 1

The composition of the studied specimens and the apparent density values g
achieved at sintering

Specimen composition 0 kg m-3
Pb(Zro 60 Tio 40)O3 7178
Pb(Zro 60 Tio 40)03 + 0.015 MnO; 7 825
Pb(Zro 60 Tio.40)03 + 0.015 MnO2 + 0.0025 LaO,.s 71726
Pb(Zro.60 Tio.40)03 + 0.015 MnO, + 0.0050 LaO, s 7242
Pb(Zro.6 Tio.40)03 + 0.015 MnO; + 0.0075 LaO, s 6 687
Pb(Zro.60 Tio.40)03 + 0.015 MnO; + 0.015 LaOy.s 6 600
Pb(Zro.60 Tio.40)03 - 0.015 MnO; + 0.030 LaOy.s 7225
Pb(Zro.60 Tio.40)03 + 0.015 MnO; + 0.045 LaO, s 7 821
Pb(Zro.co T10.40)03 + 0.02 LaO, ¢ 7 623

type, MnO;, as well as of the donor type, La;03. As it was indicated in [8]—[10],
interaction of these additions with the lattice of Pb(Zr, Ti)O3 can namely be sche-
matically described by equations of the type:

1. Pb(Zr, Ti)O; + MnO; + PbO — Pb(Zr, Ti, Mn+4)0,
2. Pb(Zr, Ti)O3 + MnO; 4+ PbO — Pb(Zr, Ti, Mn+3)03V, + O;
3. Pb(Zr, Ti)Os + MnO; + PbO — Pb(Zr, Ti, Mn+2)03V, + O,
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. Pb(Zr, Ti)O3 -+ La0;.s — PbLaVpy(Zr, Ti)Os 4 PbO, or even
Pb(Zr, T1)O3 + LaO1.s — PbLaVpw(Zr, Ti, Vzr, 11)05 - PbO
Vo + 2 ht - V{2

Vo> V{2 + 26

Vep + e~ — Vi

Vep — Vi + 2h+

© ® e ;e

Figs. 1 through 5 show the micrographs of the fracture surfaces of Pb(Zrg ¢0Tig.40)03
with additions of 0.015 MnO, and y of LaO,, s, where y € <0; 0.045>.

The given values of apparent density and the fracture surface micrographs
imply that specimens with separate additions of both acceptor and donor-type
admixtures, or those with an excess of one type of additions have grain sizes of
about 2--5 um. These specimens exhibit relatively high apparent densities (96 to
98 9, of the density calculated from X-ray data, which amounts to 7992 kg m-3)
and a merely discontinuous residual porosity.

In contrast, those specimens of Pb(Zr, Ti)Os;, which had an approximately
equal molar content of the two admixtures, showed a low apparent density after
gintering (lower than 939, of the calculated density), contained relatively large
grains (up to 30 pm) and continuous porosity (their water absorption did exceed
19,). The latter specimens show analogous microstructural properties as the speci-
mens of Pb(Zr, Ti)O; free from any admixtures (cf. Fig. 6 and Table I). Both
Table I and Fig. 7 indicate that even these specimens can be prepared with a high
apparent density (= 99 9%, of calculated density), but solely by pressure sintering.

On the basis of the results obtained it may be assumed that as a result of intro-
ducing of additions of heterovalent impurities to Pb(Zr, T1)Os, which does imply
to increas concentration of charged point defects, the mobility of the grain bound-
aries, is substantially suppressed at the sintering. Such phenomenon was studied
in great detail at heterovalently doped polycrystalline aluminium oxide [13, 14]
and the phenomenon was supposed to be involved in the sintering of Ph(Zr, Ti)O;
doped with Al and Nb [15], too.

A comparison between the microstructural properties of Pb(Zr, Ti)O; specimens
free from admixtures and the specimens which had an approximately equal molar
content of both types of admixtures on one hand, and the microstructural properties
of Pb(Zr, Ti)0O; specimens with an excess of heterovalent admixtures on the other
hand shows a dominant significance of the charged point defects relatively to the
influence of the atomary aspects alone (such as geometrical conditions, electronega-
tivity, ete.) in governing mass transport in the course of sintering of Pb(Zr, Ti)O;
[11], [12].

The results of this experimental work have their important technical conse-
quences. It has been namely found that the solid solutions of Pb(Zr, Ti)O5 free
from admixtures or those with “electrically compensated” admixtures of acceptor
and donor type cannot be prepared with the required apparent density by sintering
under normal pressure (= 95 9, of theoretical density). However, sintering of such
solid solutions is being very positively affected by pressure applied in the course
of sintering, which allows to achieve the maximum apparent density also with these
materials (= 99 %, of theoretical density). It was further found that by proper
adjusting the technological conditions at the preparation of the materials contain-
ing an excess of donor or acceptor admixtures (grinding, grain-size such as distri-

silikaty ¢. 3, 1983 195



T. Kala:

bution, compacting, etc.) it is possible to achieve relatively readily apparent densi-
ties corresponding to about 98 %, of theoretical density without applying pressure
sintering.

However, even with these materials, pressure sintering markedly suppresses the
dependence of microstructure quality on the other technological steps, and parti-
cularly reduces the occurrence of accidental pores and voids in the sintered
materials.

CONCLUSION

It has been established that sintering and the resulting recf‘ystallization and
densification of Pb(Zr, Ti)O3 compacts are strongly affected by an excess of acceptor
or donor admixtures. This excess of one or the other type of admixture results in
the suppression of the crystallization of Pb(Zr, Ti)Os in the course of sintering,
while the sintered specimens exhibit high apparent densities (approx. 96—98 9,
of theoretical density) and the residual porosity is of the ‘‘non-communicating”
type.

The effect of an excess of one type of admixture can be compensated by introduc-
ing admixtures of the opposite type (i.e. an excess of donors by an addition of ac-
ceptor, and vice versa). Sintered specimens of Pb(Zr, Ti)O; with “electrically
compensated” additions of acceptor and donor types create relatively large
grains (up to 30 pm), do achieve only low apparent density values (> 90 9,) and
contain communicating porosity.

The studies also indicate the significance of pressure sintering in the preparation
of materials based on Pb(Zr, Ti)O;, in particular of those which do not contain
any admixtures nor contain admixtures of acceptor or donor type in equal molar
ratios.

The relationships established also apply to the introduction of acceptor admixtu-
res of the type Fe;0; and Cr,0s, and that of donor admixtures of the type Nb,Os
and Sb;0;, and their mutual combinations, to Pb(Zr, Ti)O3. This will be the subject
of further studies.
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VLIV PRIDAVKU MnO; A La,0; NA SLINOVANT
PEVNYCH ROZTOKU Pb(Zr, Ti)Os

Tomés Kala
Vyzkumny ustav elektrotechnické keramiky, 500 64 Hradec Krdlové

Prace je zamédfena na prostudovéni vlivu malych mnozstvi piidavki oxidi mangani&itého
a lanthanitého na vyslediou mikrostrukturu pevnych roztokt na bézi PbZrO;—PbTiO; po
slinovani.

Studované vzorky, jejichz sloZeni je uvedeno v tabulee I, byly piipraveny béinou keramickou
technologii z oxidd PbO, Zr0;, TiO;, MnO; a La;0;.

Na zéklad? studia snimk mikrostruktury lomovych ploch ptipravenych vzorki (viz obr. 1—8)
a méfeni jejich objemové hmotnosti (tabulka I) a za piedpokladii, uvedenych v citovanych pra-
cich, bylo zjidténo, Ze slinovéni a s tim spojené rekrystalizace a zhutnéni kompakti z Pb(Zr, Ti)Os
jsou silné ovlivndny nadbytkem akeeptorovych anebo donorovych piimé&si. Tento nadbytek
jednéch &i druhych piimési se projevuje potlatenim rekrystalizace Pb{Zr, Ti)O; v pribshu slino-
véni, pricemsz slinuté vzorky vykazuji vysoké objemové hmotnosti (pfiblizne 96—98 9, teoretické
hustoty) a pouze jen ,,nekomunikujici‘‘ zbytkovou pérovitost.

Vliv nadbytku pfimési jednoho typu lze vykompenzovat pfidavkem piimdsi opaéného typu
(tj. nadbytek donort piidavkem akceptor a naopak). Slinuté vzorky Pb(Zr, Ti)O; s ,,elektricky
vykompenzovanymi* piimésemi akceptorového a donorového typu obsahuji relativn®é velké
zrna (aZ 30 pm), dosahuji jen nizkych hodnot objemovyeh hmotnosti (vice jak 90 9,) a obsahuji
komunikujici poérovitost.

Z provedenych praei vyplynul i vyznam tlakového slinovén{ pro piipravu materidli na bézi
Pb(Zr, Ti)O;, zejména téch, které neobsahuji Z4dné pFimési anebo obsahuji piimési akeeptorového
& donorového typu ve stejném moldrnim poméru.

Pozorované zakonitosti platii pii zavéddéni akceptorovych piimé&si typu Fe,03 a Cr,0; a dono-
rovyeh primési typu Nb,Os a Sb;0; a jejich vzdjemnych kombinaci do Pb(Zr, Ti)0;.

Obr. 1. Snimek mikrostruktury lomové plochy vzorku se slofenim Pb(Zrg,e0 Tio,40)03 + 0,015 MnO,.

Obr. 2. Snimek mikrostruktury lomové plochy vzorku se slofenim Pb(Zrg,e0 Tio,40)03 + 0,015 MnO, +
+ 0,0050 LaOy,s.

. Snimek mikrostruktury lomové plochy vzorku se slotentm Pb(Zro,s0 Tio,40)03 + 0,015 MnO, 4
4 0,015 LaOy 5.

. Snimek mikrostruktury lomové plochy vzorku se sloZenim Pb(Zro ¢o Tio,s0)0s + 0,015 MnO, +
+ 0,030 LaOq,s.

Obr. 3
4

Obr. 5. Snimek mikrostruktury lomové plochy vzorku se slofenim Pb(Zro 60 Tio,40)03 + 0,015 MnO; +
6
7

Obr.

+ 0,045 LaOl,;.
. Snimek mikrostruktury lomové plochy vzorku Pb(Zro,eo Tio,40)03 bez pFimési MnO, a La,0;.
. Snimek mikrostruktury lomové plochy tlakové slinovaného vzorku se slofenim
Pb(Zro,60Tio,40) + 0,015 MnO; -+ 0,015 La0,,s. Tlakové slinovdni tohoto wvzorku bylo
provedeno pfi teploté 1100 °C po dobu 1 hodiny pfi tlaku 10 MPa 8 ndsledujici temperaci
pFi 1000 °C po dobu 2 hodin.

Obr.
Obr.

BINAHUE JOBABOK MnO; 1 La,0; HA CHEKAHHUE
TBEPJALIX PACTBOPOB Pb(Zr, Ti)Os

TomMam Kaaa

Hayuro-uccaedogamenvchuil UNCIMUMYmM no AEEMPOMETHUNECKOU KEPAMUKE,
500 64 I'padey Kpaaose

Aprop B palore cOcpeSOTOMMII ¢BOe BHHMaHMEe HA DACCMOTPEHHE BIMAHWA HeGOIbmMX
HOJIMYecTB [I06aBOK OKCHJIOB HeTHIDeXBaJeHTHOTO MapraHua M TpPeXBaJeHTHOTO JaHTaHA
Ha OKOHYATEJbHYI0 MHKPOCTPYKTYDY TBepIanX pacTBopoB Ha 6aze PbZrO;—PbTiO; mocie
CHeKaHHA.

HUccnepyeMule o6paansl, cocTaB KOTOPHX npuBojputca B Tabmmpe I, Guliim mpPHroToB/EHDE
0ORKHBOBEHHOH KepaMmyecKoil TexHosorueil m3 oxeupgos PbO, ZrO;, TiO;, MnO; u La;0;.

Ha ocHOBaBHH MCCJEROBAHHA CBEMOK MHKPOCTDYKTYPH WOBEDXHOCTeHdl M3JIOMa OPHTO-
ToBJIeHHHX 06pasnos (cM. puc. 1—8) u uamepenns mx oGbemHoOro Beca (taba. 1) m npu open-
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110.;107eHHAX, NPUBOJMMBIX B IHTUPYeMhIX paborax, ObLIIO YCTaHOBJIEHO, YTO HA CIIEKaHME
H ¢ HUM CBSI3AHHYIO PEeKpPHCTAJNIM3AIINIO H YINIOTHeHHe KoMilakToB u3 Pb/Zr, Ti/O; cuisHOe
BJIISIHHE OKaskniBaeT M3OLITOK AaKOeNTOPHEIX HJHM JAOHOPHEIX npumeced. JauHHbiil M3GBITOK
TeX MJIM JPYruX npumecedl mposBiiseTcs [oJaBieEneM pexpucraiumzanumun Pb(Zr, Ti)O;
BO BpeMs CIIeKaHMsl, IpHUEM cHeKiHeca o0pas3lsl MMeIOT BBICOKMA OO'BeMHBbI Bec (NpH-
O;m3uTentsH0 96—98 %, TeopeTHuecKO#d IUIOTHOCTH) M TOJBKO ,,HEKOMYHHKHMDYIOMYKO'
H30BITOYHYIO MOPHCTOCTH.

BinsiHne u30BITKA mpuMeccil OZHOIO THNA MOHO KOMIEHCHPPBAaTh N06aBKOM mpHmecei
apyroro tuna (T. e. H30HITOK JOHOPOB jo0aBkOM akienTopoB H HaobGopor). Cmexmuecs
oOpaaunt Pb(Zr, Ti)Os ¢ ,,371eKTpAyeckn KOMIEHCHPOBAHHBIMH'® IPMMecAMH aKIIeNTOpPHOro
M ;IOHODHOT'O THIIOB COJI€P#KaT OTHOCHMTelIbHO Oo:lbline 3epHA (0 30 M), TOCTHraioT TOJBKO
HII3KIIX BelInuuH 00BeMHOro Beca (Gouabme uweM 90 %) u cojepsaT KOMYHHKHPYIOIIYIO
HOPHCTOCTb.

13 npoBejieHHbIX Ppa0OT BBITEKAT TAKMKe 1 3HaUeHHe clIeKaHWs [0 NaBJieHueM IS npH-
roTOB;IeHMA MaTepnaiios Ha 6ade Pb(Zr, Ti)Os. uMeHHO TeX, KOTOPHE He COflePHAT HUKAKU X
HpHuMeceil HIH ¢oJepKaT NPHMecH aKNEeNnTOPHOIO i JOHOPHOI'O TUIIOB B OIMHAKOBOM MOJISIPHOM
OTHOINIEHHH.

HabGuogaeMpie 3aKOHOMEPHOCTH (IIpaBeUIMBHL TaKiKe IIPH BBeJeHHN AaKIeNnTopPHHIX
npimeceit Tuna 1'e;O; n Cr,O5 1t joHOopHBIX npuMeced Tuna Nb,Os u Sb20s u MX B3auMHBIX
xomOuHalmi B Pb(Zr, Ti)O;.

Puc. 1. Cvemra murpocmpyrmyput noseprrocmu uaaoma o6paaya cocmasom Pb(Zro,coTio,40)Os
+ 0,015 MnOa.
Puc. 8. Cvemra murpocmpyrmypsl noseprrocmu usaoma o6 pasya cocrmagom Po(Zro,e0Tio,w)Os
+ 0,015 MnO; + 0,0050 LaO,,s.
4. Cvemra Muxpocmpyxmypsl nogepruocmu uzaoma obpaaya cocmagom Pb(Zro,c0Tio,e0)0s
+ 0,015 MnO; + 0,030 LaOx,s.
Puc. 5. Cvemxa mukpocmpyrmype nosepxrocmu usaoma o6pasya cocrmasosm Pb(Zro,e0Tio,40) O3
+ 0,015 MnO: + 0,045 LaO, s.
Puc. 6. Cvemra smurpocmpykmypsl noseprrocmu uaaoma 06 pasya cocmagom Pb(Zro,e0Tio,40)0 5
vea npumeceii MnOz u Laz0s.
Puc. 7. Coemra murpocmpyrmypsl noseprioCMU UaA0Ma cRekaemozo nod dasaenuem o6pasya
cocmagom Pb(Zro,e0Tio,40) + 0,015 MnO2 + 0,015 LaO,,s.
Cnexarue nod dasaeruem darnrozo 06 pazya nposoduau npu memnepamype 1 100 °C
60 epems 1 uwaca nod dasaenuem 10 MIla ¢ nocaedyiouyum memnepuposanuesm npu
1000 °C 60 epems 2 uacos.

Puc.
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Fig. 1. Microstructure of the fracture surface of a specimen having the composition
I)b(ZI‘o,goTio.40)03 + 0.015 I\IHOI~

“

Fig. 2. Microstructure of the fracture surface of a spectmen having the composition
Pb(Zro,60T10.40)05 + 0.015 MnO; + 0.005 LaO, 5.
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Fg. 3. Microstructure of the fracture surface of a specimen having the composition
Pb(Zl'o,(,oTio,,‘o)OJ 0.015 )[1101 0.015 LuOl,s .

Fig. 4. Microstructure of the fracture surface of a specimen having the composition
Pb(Zro.s0Ti0.40)O3 + 0.015 MnO; + 0.030 LaOy,s.



Fig. 5. Microstructure of the fracture surface of a specimen having the composition
Pb(zrg_éoTio.m)Og + 0.015 InO; + 0.045 L&OI_s.

Fig. 6. Microstructure of the fracture surface of a specimen having the composgition
Pb(Zro,60Tig,40)O; free from MnO, and La,03 admixtures.
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Fig. 7. Microstructure of the fracture surface of a pressure-sintered specimen having
the composition Pb(Zro.e0T10.40)03 + 0.015 MnO; + 0.015 LaOy,s. Pressure-sintered at 1100 °C
for 1 hour under a pressure of 10 M Pa with subsequent tempering at 1000 °C for 2 hours.



