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AN X-RAY AND GRAVIMETRIC STUDY OF THERMAL SYNTHESIS OF PZT
SOLID SOLUTION FROM OXALATE PRECURSOR

The results of thermogravimetric and XRD studies of thermal decomposition of oxalate
precursor of morphotropic PZT solid solution Pb(Zry5,Tig45)O3 are presented. Oxalate precursor
Pb[(Tig48Zr0,52)(C204)3]-4H,O was obtained by precipitation reaction using titanium tetrachloride TiCl,,
zirconium oxychloride ZrOCl,-8H,0, lead nitrate Pb(NQO3),, oxalic acid H,C,0,2H,O and ammonia
NH3 25% water solution as starting materials. According to thermogravimetric data, the loss of water
molecules from the oxalate precursor takes place before 200°C, the decomposition rate increases
sharply after the loss of first of three oxalate groups at about 250°C and the loss of all oxalate groups
is practically complete at 350°C.

XRD diffraction patterns of heat treated precursor samples confirm complete decomposition of
oxalate groups before 350°C, then crystallization of PbO is observed and PbTiOz; and PbZrOs; appear
at 450°C. Further increase in temperature of one-stage heat treatment leads to an increase in
amounts of PbTiO3 and PbZrOz; but homogeneous PZT solid solution is not observed even at 800°C.
There is antagonism between the rate of solid-state reactions between simple oxides formed in
precursor decomposition and, from the other hand, the rate of particle growth for these oxides.

To overcome this difficulty, a two-stage schedule of heat treatment was proposed: dwelling the
precursor at 380°C and quick heating and dwelling at 800°C. Using this regime a homogeneous PZT
solid solution has been synthesized.

Key words: yupkoHam-mumaHam CeuHya, meepdbili pacmeop, CUHME3, OKcasamHbIl
MpeKypcop, peHmMeeHoga308bIl aHanus.

Introduction

Due to their exceptional electrophysical properties, lead zirconate—titanate
(PZT) solid solutions [1] remain for decades the most widely used piezoelectric
ceramic materials. PZT exhibits noncentrosymmetric perovskite structure and many
its properties reach maximum at the morphotropic phase boundary (MPB), near the
composition Zr : Ti = 52 : 48, where a tetragonal distortion (from the PbTiO3 side) of
the perovskite cell changes for a rhombohedral one in the course of varying the Zr:Ti
compositional ratio. Among other factors influencing the properties of PZT are dopant
composition and concentration, nonstoichiometry, density and porosity of sintered
ceramic specimens, grain and crystallite sizes, method of production and type of raw
materials etc.

During the last decades, the properties of nanocrystalline PZT powders and
consolidated bulk nanostructured materials attract increasing interest of researchers.
Many techniques have been developed to produce nanocrystalline perovskite oxides:
high-energy ball milling [2], laser deposition [3], various alternative wet-chemistry-
based procedures such as hydrothermal methods, sol-gel processes, co-precipitation
[4-8], thermal decomposition of organometallic, in particular oxalate, precursors [9-
12]. The latter seems to have the best potential of adjusting the exact stoichiometry
of a material.

More than 50 years after the pioneer work by W.Clabaugh [13] the details of
chemical transformations and the nature of amorphous intermediate products in the
process of decomposition of oxalate complexes remain disputable. It was shown that
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the temperature interval and the yield of fine-grained perovskite phase from
decomposed oxalate precursor depend on heating rate in polythermic regime [14].

In the present paper, we report results of thermogravimetric and XRD study of
thermal decomposition of oxalate precursor of morphotropic solid solution
Pb(Zro.52Tio.48)Os.

Experimental

Reagent grade titanium tetrachloride TiCls, zirconium oxychloride
ZrOCl,-8H,0, lead nitrate Pb(NO3),, oxalic acid H2C,04:2H,0, ammonia NH3z 25%
water solution and bidistilled water were used as starting materials to precipitate a
PZT oxalate precursor.

First, titanium and zirconium hydroxides were precipitated with NHs; water
solution (4.4-4.5 M) in a required proportion from chloride solution mixture (2.0-2.1 M):

0,48 TiCls + 0,52 ZrOCl;, + 2,96 NH3 + 2,48 H,O — Ha(Tio482r0,52)O03] + 2,96 NH4Cl.

Wet residue (85-90 % H,0O) was washed off from CI” ions (test with AQNO3) on
a Buchner funnel under reduced pressure. Then the residue was repulped in distilled
water (S:L = 2:1) heated to 60 °C and dissolved in 2M oxalic acid with following
neutralization to pH = 2.5:

H2(Tio.48Zr0,52)03 + 3 HoC204 — Ha[(Tio 48Zr0,52)(C204)3] + 3 H20

H2[(Tio,48Zr0,52)(C204)3] + 2 NH3 — (NHa)2[(Tio 48Zr0,52)(C204)3]

After filtering, 1.5 M Pb(NO3), solution was added at intensive agitation at 80°C
keeping the value of pH in the interval of 4-5:

(N H4)2[(Ti0,4gzr0,52)(0204)3] + Pb(NO3)2 + 4H,0O — 2NH4sNO;3 + Pb[(Ti0,4gzl'o,52)(CQO4)3]'4H20l

The residue was filtered and washed off on a suction filter and then obtained
PZT precursor — lead trioxalatozirconate-titanate tetrahydrate — was dryed at 120°C
and reduced pressure of 0.3 atm.

According to chemical analysis, the composition of dried precursor was
Pb[(Tio 48Zro 52)(C204)3]-3.76H,0.

Thermogravimetric analysis was performed using a computerized original
installation based on AS 220/C electronic balance (RADWAG, Poland).

Phase composition of samples after heat treatment at different temperatures
was studied by X-ray powder diffraction (XRD). XRD data were collected on a
DRON-3 diffractometer using Ni-filtered Cu K, radiation at scanning rates 2°(26)/min.

Results and discussion

PZT perovskite phase is obtained by thermal decomposition of synthesized
oxalate precursor. To find optimal conditions of heat treatment for this process, it is
important to know the consequence and temperature intervals of chemical
transformations during the precursor thermal decomposition.

In Fig. 1, the results of thermogravimetric study of synthesized precursor are
shown. The decrease in the sample’s mass (%) is monitored as a function of
temperature at the heating rate of 9°C/min. As seen from these data, the loss of
water molecules takes place before 200°C, the decomposition rate increases sharply
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after the loss of first of three oxalate groups at about 250°C and the loss of all oxalate
groups is practically complete at 340 °C. Further heating up to 900 °C results in a
very slow and small (< 2 %) mass loss, possibly due to PbO evaporation.
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Fig. 1. Weight loss (%) of PZT oxalate precursor as a function of temperature.
Heating rate 9°C/min.

To study phase composition of intermediate products of PZT oxalate precursor
decomposition, weighed portions (= 10 g) of precursor were placed into the electric
oven heated to a predetermined temperature and, after dwelling for 40 min, cooled to
room temperature in air.

Table 1. Results of XRD phase analysis

Temperature, °C Phase composition
250- 300 Amorphous state
350 Onset of PbO crystallization
400 Mixture of weakly crystalline PbO (red and yellow)
450 Main crystalline phase is PbO (red), considerable amount of PbO (yellow),a
lesser of amount of PbZrOs.
500 Large amounts of PbZrO; and PbO (red), a considerable amount of PbO
(yellow), a lesser amount of PbTiOs.
550 Large amounts of PbZrO; and PbTiO3, considerable amount of PbO (red and
yellow), a lesser amount of ZrO, and perhaps TiO, (rutile)
600 Solid solutions based on PbZrO; and PbTiOs, lesser amounts of PbO (red) and
ZI'Oz.
600 - 800 The phase compositon of samples fired in this temperature interval changes
slow with increasing temperature. Large amount of PbZrO; and a lesser
amount of PbTiO;. Considerable amount of PbO (yellow) . PbO (red)
transforms into yellow modification.

XRD diffraction patterns of heat treated samples are shown in Fig. 2. After
treatment at 250 — 300°C the samples are in amorphous state in X-rays, although the
absorption maximum shifts to large angles (smaller interplanar distances) . At 350 °C
the onset of PbO crystallization is observed. The reflections of a perovskite phase
appear at 400 °C and become absolutely clear at 450 °C. At 550 °C dominant
amounts of PbZrO3 and PbTiOs, considerable amount of PbO (red and yellow), a
lesser amount of ZrO, and perhaps TiO, (rutile) are present. Further increase in
temperature results in a decrease of amounts of uncombined simple oxides, PbZrO;

79




ISSN 2074-6652
HaykoBi npaui JoOHHTY. Cepis: Ximis i xiMmiyHa TexHonorifA Bunyck 2(21), 2013

and PbTiO3 are dominant phases, but they still do not form a homogeneous solid
solution even at 800 °C. The phase compositon of samples fired in the 600 — 800°C
temperature interval changes rather slow with increasing temperature.
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Fig. 2. XRD patterns taken from products of thermal decomposition of PZT oxalate
precursor at different temperatures for 40 min

The main difficulty is a very slow homogenization of perovskite phases into
PZT solid solution under discussed regimes of heat treatment. There is antagonism
between the rate of solid-state reactions between simple oxides formed in the
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process of oxalate precursor decomposition and, from the other hand, the rate of
particle growth for these oxides.

To work out this problem and find way to synthesize PZT from oxalate
precursor at sufficiently low temperatures, we studied the possibilities of other heat-
treatment schedules. It seemed interesting to try first decompose precursor at the
lowest temperature leading to practically complete removal of oxalate ligands and
then to increase temperature quickly to continue and complete solid-state reaction of
PZT formation while the particles did not grow much.

Taking into account the results of XRD and TG studies the following heat
treatment schedule was designed. A weighed portion of dried precursor was heated
to 380°C for the period of half an hour, dwelled at this temperature for 30 min. Then it
was cooled to room ambient and pressed into pellets at 50 atm, these were placed
again into the oven at 380°C and finally quickly transferred into another oven already
heated to 800°C and dwelled for 40 min.
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Fig. 3. XRD pattern of product of precursor treatment according to a two-stage
regime: 380°C 40 min + 800°C 40 min

In Fig.3 XRD pattern is presented for the material heat treated according to
this schedule. The pattern shows reflections from PZT solid solution with elementary
cell a = 410 A. Also, reflections from excess PbO are visible. This result
demonstrates possibility to synthesize a homogenious PZT solid solution from
oxalate precursor at temperatures as low as 800°C.
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B.B.lpucedckuli, B.M.[MTo2u6ko, H.I.Kucenb, U.A.Y3odoe, U.B.MbicHuk, M.M.Epmonoe
UCCJIEQOBAHUE CUHTE3A TBEPLOI'O PACTBOPA LITC U3 OKCAJIATHOIO MMPEKYPCOPA
METOLQAMU POA U TPABUAMETPUN

lMpedcmasrneHbl pesynbmambl Uccriedo8aHusi MePMUYECKO20 pPa3rioXeHUsT OoKcaslamHo20
npekypcopa  mopghomporiHozo meepdozo pacmeopa LTC  Pb(Zrys:Tip4g)Os  mMemodamu
peHmMeeHogha308020 aHanusa u mepmozpasumempuu. OkcanamHell rpeKypcop
Pb[(Tip48Zr0,52)(C204)3]-4H,O nonydeH memodom ocaxOeHus, UCMOMb3ys KakK cmapmosble
mamepuarnbl mempaxnopud mumaHa TiCl,, okcuxmopud uyupkoHusi ZrOCly8H,0, Humpam ceuHya
Pb(NO3),, wasenesas kucrioma H,C,04,2H,0O u 25% 600HbIlU pacmeop ammuaka NHs; CoanacHo
GaHHbIM mepmozpasuMempuu rnomepsi Mosiekys1 800bl U3 OKcanamH{o20 npexkypcopa rnpoucxodum 4o
200°C, cKkopocmb passfioXeHUs pe3Ko gospacmaem [ocse rnomepu nepeol U3 mpex okcasamHbiX
epynn okoso 250°C, a pa3fioxeHue 8cex oKcanamHbix iu2aH0o8 3asepuwiaemcs rpu 350°C.

PeHmeeHosckue Oughpakmozpammbl 06pa3y08 rnpekypcopa, npowedwux mepmoobpabomky
8 meyveHue 40 MUH rpu pasHbIX memrepamypax, nodmeepx0arom rosTHOE PasfioKeHUe oKcaslamHbIX
epynn 0o 350°C, nocrie Yyezo Habmodaemcs kpucmarnnusayusi PeO, a PbTiOz u PbZrO3 nosienstomesi
npu 450°C. HanbHelwul pocm memrepamypbl 00HocmaduliHbix mepmoobpabomok npusodum K
yeernuyeHuto 8 npodykmax konudecmsa PbTiOsz u PbZrO3; Ho obpa3osaHue 0O0HOPOOHO20 meepdoeo
pacmeopa LITC He Habmodaemcsa Oaxe npu 800°C. Omomy mewaem KOHKYPEeHUUsT Mexoy
ckopocmblo meepdohasHol peakuyuu Mex0y npocmbiMu okcudamu 8 rpodyKkmax pPasfoXeHUs
npekypcopa u, ¢ Opyaol CmopoHbl, CKOPOCMbK pocma Yacmuy, 3mux oKcudos.

Umobel  npeodoniemb  amy  mpyOHocmb,  npedsioxeH  08ycmalulHbIl  PEeXum
mepmoobpabomku: ebidepxxka rnpekypcopa npu 380°C, nocre yeeo pe3kull Hagpes U 8bIOepXKa rpu
800°C. Tlpu ucnonb3ogaHuu 3moz20 pexuma 0OHOPOOHbIU meepldbili pacmeop LITC 6bin ycrnewHo
CUHMEe3UpPOoB8aH.

Knroyeeble cnoea: yupkoHam-mumaHam ceuHua, meepobili pacmeop, CUHME3,
oKcanamHbIl rnpeKypcop, peHmeeHogha3osblili aHau3.

B.B.lpucedcbkuli, B.M.[Mlo2zu6ko, M.I.Kucenb, 1.0.Ydodoe, I.B.MucHuk, M.M.€pmosnoe
AOCJII[XEHHA CHUHTE3Y TBEPLQOIO PO34YUHY LITC 3 OKCAJIATHOIMO [PEKYPCOPA
METOOAMU P®A | TPABIMETPII

lMpedcmasneHo pe3ynbmamu O0CNIOXeHHST MepMiYHO20 pPOo3KnadaHHs OKcanamHo20
npekypcopy  mMopgompornHo2o meepdo2o  po3duHy LTC Pb  (Zros:Tip4g)O3 memodamu
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peHmeaeHogpa3o08020 aHanisy i mepmozpasimempi. OkcanamHud npeKypcop
Pb[(Tio48Zr0,52)(C204)3]-4H.O ompumaHuti memodom ocadxeHHs 3 BUKOpUCMAaHHSAM Yy sKocmi
cmapmosux Mmamepianie mempaxnopudy mumaHy TiCl,, okcixnopudy uupkoHito ZrOCly8H,0,
Himpamy csuHUuto Pb(NO3),, waeneeoi kucriomu H,C,0,2H,0 i 25% e00H020 po34uHy amiaky NHj.
32i0H0 3 daHumu mepmozpagimempii empama MorneKys 800U 3 OKcanamHo20 [PEKYPcopy
gidbysaembcsi 0o 200°C, weudkicmb posknadaHHS pi3KO 3pocmae nicrs empamu nepuwoi 3 mpbox
oKcanammHux epyn bnusbko 250°C, a posknadaHHsi 8Cix OKcaslamHux JieaHOie 3asepuwyembCs npu
350°C.

PeHmeeHigcbKi Ougbpakmozpamu 3paskie peKypcopy, wo npolwnu mepmMoobpobKy
npomsizom 40 x8 npu pisHUX memrepamypax, nidmeepdxytombs Mo8He pPo3KnadaHHS oKcanamHux
epyn 0o 350°C, nicnisi yoeo criocmepiecaembcsi Kpucmanisauiss PeO, a PbTiO3 i PbZrO; 3'sensiombcsi
npu 450°C. lNodanbwe 3pocmaHHs memnepamypu o0HocmadiliHux mepmMoobpobok rnpuseodums 00
36inbweHHs 8 npodykmax Kinbkocmi PbTiOz i PbZrOj; ane ymeopeHHs1 00HOpPiOHO20 meepdoz2o
po3yuHy LITC He criocmepieaembcsi Hasimb ripu 800°C. LiboMy 3agaxkae KOHKYPEHUis MK ueudKicmio
meepdogha3HoI peakujii Mix npocmumu okcudamu 8 rnpodykmax po3skriadaHHs NPeKypcopy i, 3 iHWOozo
60Ky, Wweudkicmro pocmy 4aCmuHOK Yux okcudis.

o6 nodonamu ui mpyOHowi, 3anporioHosaHuli dgycmadiiHoCmb PexXumM mepmMoobpobKuU:
sumpumka rnpekypcopy npu 380°C, nicria 4oeo piskul Hazpie i eumpumka npu 800°C. [lpu
BUKOPUCMaHHI Ub020 pexumy 0OHOPIOHUU meepduli po3dquH LITC 6ye ycrniwHo cuHme3ogaHud.

Knro4oei cnioea: yupkoHam-mumaHam CEUHUt0, meepluli pO34YUH, CUHME3, oKcanamHuu
rnpekypcop, peHmaeHoga3oasul aHari3.
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BU3HAYEHHA YMOB YTBOPEHHSA OKCUT'OBAHHUX KOMIIJVIEKCIB B
CUCTEMI KOBAJBbTIID)-I'JTTIAJITAJTAHIH-AAIITPUINI

pH-MempuyHO ma MaHOMempuUYHO 8UBHYEHO MPOUEC KOMIIeKCOYMBOPEHHS | OKcuz2eHauii 8
cucmemax kobanbm(ll)—aniyunanaHiH-dunipudun e iHepmHili ammocgepi ma ammocgepi rnosimpsi
npu 25°C u ioHHiG cuni 0,1 (0,1M KNQOg3). 3anponoHoeaHo 0b6rpyHmMosaHy cxema pieHosae, Wo
BKIIIOYAE SIK YMBOPEHHS 3MiuiaHoni2zaHOHUX, mak | 0OHOPIOHUX KOMIIIeKcig, cknaleHo MamemMamuyHy
Molesib rnpouyecy, pospaxoeaHo iHOUgiOyarbHi KOHCmaHmu pigHogazau ecix cmadili npouecy ma Kpusi
pO3rodiny KOMIIIeKcis.

Knroyosi csioea: KoMriieKcoymeopeHHs, NicaHOU, OKcuz2eHauis, KOHCmaHma pigHosazu,
Kpusi po3rnodiry.
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