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CHAPTER 3
SYNTHESIS AND PROCESSING OF

FERROELECTRIC PZT POWDERS, CERAMICSAND FILMS

In this chapter, various synthess routes for PZT powders and fabrication processing techniques for PZT
ceramics and films are reviewed. Emphasis is placed on chemica routes, especidly the hydrothermd
gynthess of PZT powders. The principles of the colloidd chemidtry in ceramic suspenson and its
goplication to the calloidd processing of ceramics and films, epecidly when using sub-micron or nano-

Szed ceramic powders, are given.

3.1. Powder Processng Route for Advanced Ceramics

Although some ceramics may be fabricated by met processing or by vapour depogtion, most ceramics
are made by the powder processing route illustrated in Fig. 3.1, which basicaly involves the four steps
of powder preparation, shape forming, high temperature sintering and component finishing [McColm,
1995]. Ceramic powders are therefore crucia to the subsequent processing as well as the properties of
find ceramics. The desrable characteridtics of ceramic powders include not only a high degree of

chemicd purity and controlled chemicd and phase homogeneity, but dso afine partide Sze to promote

dntering, an equiaxed shgpe to enhance packing, a narow patice dze digribution to inhibit grain
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growth, and dioersability to remove defects [Kenddl, 1989; Riman, 1995]. In the following section,

various synthesis routes for PZT powderswill be discussed fird.

lid-gate reaction
coprecipitation
Powder preparation sol-ge

oray pyrolyss

l emulson synthesis

hydrotherma synthesis

pressing

Shape forming casting

plagic forming

l colloidd processing

pressureless
High temperature Sintering hot press

hot isodtetic press
l mechanicd

Finishing leser
weater Jet
Ultrasonic

Fig.3.1. Four stepsinvolved in typical powder processing for advanced ceramics.

3.2. SynthessRoutesfor PZT Powders

A vaiety of methods have been developed to synthesse mixed-oxide ceramic powders [Cousn &

Ross, 1990]. These methods have become available for both Iaboratory and industrid production.
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Mogt of them have been used to make PZT powders. A genera comparison of the synthesis routes for

oxide ceramic powdersislised in Table 3.1.

Table 3.1. Oxide powder synthesis route comparison [Dawson, 1988; Cousin & Ross, 1990]

Synthesis Solid-state | Coprecipita Sol-gel Spray/Free Spray Emulsion Hydrotherm
method Reaction -tion ze Pyrolys Synthesis al
Drying is Synthesis
state of commercial commercial R&D demonstratio R&D demonstratio | demonstration
development n n
compostional poor good excellent excellent excellent excellent excellent
control
morphology poor moderate moderate moderate excellent excellent good
control
powder reactivity poor good good good good good good
particle size (nm) >1000 >10 >10 >10 >10 >100 >100
purity (%) <99.5 >99.5 >99.9 >09.9 >99.9 >99.9 >99.5
agglomeration moderate high moderate low low low low
calcination step yes yes yes yes no yes no
milling step yes yes yes yes no yes no
costs low- moderate moderate- moderate high moderate moderate
moderate high high

3.21. Solid-State Resction

The mogt direct method of making mixed-oxides is to react a mixture of metal oxides, hydroxides or
dts in the 0lid gate. Conventiond processing to prepare multicomponent mixed-oxide ceramic
powders involves three consecutive seps of mixing, solid-date reaction and milling. Particles can be

formed dther in a sructured fashion or randomly. Then the multicomponent phases are formed via
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lid-gate reactions. Consequently, these solid-date reactions typicaly result in the formation of
aggregates (hard agglomerations) that require a comminution process to reduce the particle size to the
micrometre levd. But, milling to partide Sze bdow 1 nm istechnicdly difficult for some hard materids,
contaminates the product and is energy intensve [Greskovich, 1976]. The homogeneity and purity of

the powder thus are poor whereas the particle Sze digribution is broad. The need to cacine the garting
mixture a a high temperature raises the cods and aggomeration, and in some cases, eg. during PZT

gynthess, results in loss of volatile oxides such as lead oxide. Depite the disadvantages mentioned
above, this conventiond process has Hill been widdy used in industry for producing PZT powders due
toits amplicity and low cog. Furthermore, Snce PZT is arddivdy soft materid, milling with one of its
component zirconia media will not cause a Sgnificant problem of contamination. Espedidly with the
advancement of high-energy milling technology, submicron-sized PZT powder with narrow particle Size

digtribution and improved chemica homogeneity has been fabricated recently [Cramer, 1995).

3.2.1.1. Conventiond one-dage solid-state reaction process

Conventiondly, PZT powders are prepared by one-dage solid-gate reactions in a mixture of  PbO,
ZrO; and TiO2 powders. According to Mastsuo & Sasaki [1965], there are four regions corresponding
to four chemica processes during cdcinaion (see FHg. 3.2),i.e.

region |: noreaction (T<350°C);

region Il: PbO + TiO, ® PoTiOs (350°C <T< 700°C);

region I11: PoTiOs + PbO + ZrO; ® Ph(ZriTix)Os (650°C<T<800°C);
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region IV: Po(Zr1«Tix)Os + PoTiOs ® Ph(Zrix Ti)Os (x<x’) (800°C<T<1000°C).

In indudtrid production, cadning procedure normdly involves maintaining the product temperature a

650°C for 1 ~ 2 hours and then at about 850°C for 2 hours [Xu, 1991].

|-<— Reaction III —s—-=—Reaction IV -

oC | °
To 35<_.0 Reaction II -——=| I To 1100°C

T

0.60

0.40

0.20

Molar numbers of each phase

0.00

500 600 700 800 900
Temperature of heat treatment (°C)

Fig. 3.2. Four regions of solid-date reaction gopear as the cacinaion temperature increases [After

Matsuo & Sasakki, 1965].

As shown in Fg. 3.2, the reaction mechanism of the conventiond one-sage solid-state reaction leading
to PZT solid-solution formation actudly involves in severd geps with PoTiOs (denoted as PT)
formation a& an ealy dage of the reaction followed by some intermediate phases formation

[Chandratreya et al., 1981; Hiremath et al., 1983]. The conversion of the intermediate phases into
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PZT involves long-range diffuson resulting in compositiond fluctuation [Kakegawa et al., 1977).

Atomic-levd uniform didribution of Z/Ti ions a the B dte of the ABO:s perovskite structure cannot be
ensured, and the completion of the reaction by long-range diffuson aso requires higher temperature
(>800°C) cdcination which will exceed the volatilisation temperature of PbO. However, Kakegawa et
al. [1988] reported that the compositiona fluctuation arises mainly a the site of Zr** and Ti*™" in the
PZT sysem and that the stoichiometry can be eadly atained between an A-dteion and aB-gteionin
the perovskite type compound of ABOs [Shirasski et al., 1973]. Therefore, an improved two-stage

0lid- Sate reaction process has been proposed.

3.2.1.2. Improved two-gage olid-state reaction process

In this process, (Zr1xTk)Os powder (denoted as ZTO) is synthesised as the firgt step, followed by
lid-gate reaction between ZTO and PO powder, which diminates (or suppresses) intermediate
phases while going directly to the PZT perovskite phase. The smplified reaction consequences of the
two- sage process can be illudrated as follows:

stagel: (1-X) ZrOz +x TiO2® ZnixTik Os (ZTO);

sagell: ZTO+PoO® PZT.

The ZTO powder can be prepared ether by conventiona solid-state reaction route [Shrout €t al.,
1990; Y amamoto, 1992] or by chemica synthesis routes, such as coprecipitation [Sngh et al., 1993],

spray pyrolysis [Kakegawa et al., 1988], mdt sdt synthesis [Kimura et al., 1992], and hydrothermal
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process [Yamamoto et al., 1989; Kulig et al., 1995]. By using this two- stage process, compositionaly
homogeneous PZT powders can be synthesised at lower cacination temperatures (eg. 600°C) andin
shorter cacindion duration. The resulting PZT powders are more sinterable due to the “reactive

et al., 1991] and have fine patide size because the associated morphologica

development results in a sponge, skeletd-type structure congding of ultrafine particulates thet can be

reedily broken down further by milling (see Fig. 3.3) [Shrout et al., 1990]. The highly reactive powders
adlow dendfication a temperatures 100 to 200° C lower than that reported for conventiondly one-stage

process[Fukai et al., 1990; Shrout et al., 1990].

Fg. 3.3. Schematic representation of the perovskite PZT powder formation process via two-stage

solid-gtate reaction and associated morphologica change [After Shrout et al., 1990].

3.22. Chemica Synthess

Chemicd synthesis of mixed-oxide powders in principle can promote the chemicd homogeneity, purity

and lower processing temperatures because of mixing of the sarting materids in the olution sate and
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the fine particles produced [Segd, 1989]. A number of chemica synthesi's methods have been used to
make PZT powders, such as coprecipitation, sol-gd, mdt sdt, goray pyrolyss and hydrothermal

synthess which will be discussed in thefollowing sections

3.2.2.1. Coprecipitation from solution

Coprecipitation from solution is one of the oldest wet chemicd techniques for the preparation of mixed
oxides. It condgts of preparation of an agueous solution which contains the precipitating ayent. The
precipitated product is separated from the liquid by filtration, dried and thermally decomposed to the
desred compound. Severd parameters, such as pH, mixing rates, temperature and concentration have
to be controlled to produce satisfactory results. The compostion control, purity and morphology of the
resulting products are good. However, different rates of precipitation of each individua compound may
lead to microscopic inhomogenety, and agglomerates are generdly formed during cdcination, aswith
other solution techniques. By contralling the synthess conditions, this method can produce
goichiometric dectroceramic powders of high purity and fine particle Sze a a relatively moderate cost
and is currently gpplied widely to make dectroceramic powders in indudtry [Geiger, 1995]. It has been
reported for making PZT powdersin combination with spray and freeze drying techniques snce 1960's
[McNamara, 1965; Thomson, 1974; Murata et al., 1976; Biggers & Venkataramani, 1978; Duran &

Moure, 1985]. Spray drying is a technique which conssts of a rgpid vaporisation of the solvent

contained in smdl droplets of the required solutions of cations, whereas freeze drying utilises dow

sublimation of the solvent. These techniques afford excdlent control over impurity levels and

compositions, and generate homogeneous fine particles. Utilisng rgpid vaporisation or dow sublimation
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of the solvent, they reduce the agglomeration problem associated with the large surface tenson of
vapour-liquid interface. RZT powders of adequete purity, homogeneity and stoichiometry have been
mede [Ld & Krishnan, 1987]. The PZT powders are Sohericd with high surface areg, but the spray

dried paticles are rdatively large (about 2 to 3 mm) and need to be cacined under a ontrolled
amosphere [Schwartz et al., 1988]. Wang et al. [1992] reported another modified coprecipitation

process by themdly decomposng metd-EDTA complexes derived from nitraie sdt solutions to
prepare PZT powder at alow temperature. A similar process was reported by Potdar et al. [1993], in
which the reactions of sodium zirconyl oxadate, potassum titanyl oxdate and lead nitrate in ther
goichiometric retios at room temperaiure precipitaie a molecular precursor, viz., leed zirconyl titanyl
oxdae (PZTO). The controlled pyrolysis of PZTO a 500°C for 6 h in ar reslted in cryddline
submicron-sized PZT powders. Recently, a theoretica gpproach by congdering the thermodynamic
equilibrium condants, the solubility and ionic equilibria rdationships for individud metd hydroxides in
aqueous media has dso been reported to optimise the pH for the coprecipitation of the ternary Po-Zr-

Ti sysem [Choy et al., 1995].

3.2.2.2. Molten At synthes's

This process is based on the use of a molten salt solvent instead of water in coprecipitation to act asthe
medium of resction between the condituent oxides The desred compound will form if it is
thermodynamicaly more gable than the condituent oxides and this gability is based on more than

ample entropy of mixing. The product’s grester gability trandaes into its having a smdler molten st
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solubility than any of the condtituent oxides. The solubilities of  oxides in molten sdt vary greatly, from
less than 1 10™° mole fraction to more than 0.5 mole fraction, typically ' 10° to 1” 10" mole fraction.
However, because of the smdl diffuson disances in an intimate mix of the condituent oxides in the
molten sdlt, and the relatively high mohility of spedies in the molten sdt (1 10° to 1 10® enf/sec
compared with as little as 1 10™® cmffsec in the solid state), complete reection is accomplished in a
relaively short time. The reaction proceeds by supersaiuration of the molten sdt solvent by the
condtituent oxides with respect to the product compound, which precipitates from the solution. This
synthesis process has been used to make PZT powders by using NaCHK Cl as solvent at 1000°C for 1
hour, but a smdl amount of ZrOz residue was found due to the incomplete reaction [Arendt et al.,
1979]. However, snce morphology control of eectroceramic powders is possble by this process
[Kimura & Yamaguchi, 1987], it has been used to prepare needle-like PZT powders [Kimura et al.,

1992].

3.2.2.3. Spray pyrolyss

Soray Pyrolyds differs from oray drying in the use of solutions, the consequent process of precipitation
or condensation within a droplet, and the use of sgnificantly higher temperatures (e.g.>300°C) to form
the desired inorganic phase by pyrolysis [Messing et al., 1993]. During spray pyrolysis, the solution is
atomised into a series of reactors where the aerosol droplets undergo evgporation and solute
condensation within the droplet, drying, thermolyss of the precipitate particle at higher temperature to

form microporous patides and, findly, Sntering of the microporous particles to form a dense particle.
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This process integrates the precipitation, thermolysis (i.e. cacinaion), and Sntering stages of powder
synthesis into a Sngle continuous process which afford good control of the morphology of the powders.
This solution aerosol technique takes advantage of many of the avallable solution chemidries that have
been deveoped for powder synthesis and dso uniquely controls the particle formation environment by
compatmentaisng the solution into droplets In this manner, soray pyrolyss ensures complete

goichiometry retention on the droplet scde, and, has been used to prepare submicronszed sphericd

PZT powders [Kim et d, 1995; Faber et al., 1995]. However, the pyrolysis temperature for PZT
formation is about 900° C, while minor PbTiO3 phase was found in the PZT powders when pyrolysis

temperature was lower.

3.2.2.4. Sol-gel

The sokgd processng conggts of the formetion of an amorphous g from solutions followed by
dehydration a rddively low temperaures. Since it Sarts from a solution of dl components in the form
of soluble precursor compounds, the mixing & a molecular leve is retained through gd formation. The
most advantageous characterigtics of this method are the high purity and excdlent control of the
compodgition of the resulting powders. Metd akoxides or sdts are partidly hydrolysed which leads to
branching and crosdinking. This polymerisation reection forms three-dimensond sructures and avoids
any sgregation phenomena Then the rigid coherent gdl is dried and heated a temperatures
dramaticdly lower than with other techniques. The sol-gd method can produce high qudity fine
eectroceramic powders with excdlent homogeneity but the process is tedious and expendve because

of the scarce raw materials used and the need to cacine the amorphous powder a high temperature to

38



CHAPTER 3 SYNTHESIS AND PROCESSING OF FERROELECTRIC PZT POWDERS, CERAMICS AND FILMS

obtain the desred cryddlinity. Furthermore, large shrinkages will normaly occur during processing.
Therefore, this technique is not suitable for bulk component fabrication, but gpplicable for films. Though
there were some early reports demondrating the preparation of PZT powders ether by akoxide
[Ogihara et al., 1988; Hirashima €t al., 1990] or by non-akoxide sol-gd methods [Zhuang et al.,
1988; Ostertag et al., 1989], this method is, so far, not as successful in making PZT powders as in
meking PZT thin films. Thisisdueto many R & D activities directed at the development of ferrodectric
PZT thin films for use as high cgpadty nonvoldile memories (NVMs) and high cgpadity dynamic

random:access memories (DRAMYS) in recent years[Swartz et al., 1997].

However, it is difficult to get phasepure perovskite PZT powders a low temperatures. Either
Pyrochlore Phx(Ti/Zr):0e phase or Pb and PbO phases have been observed during precursor
pyrolysis depending on precursor types and synthesis conditions [Wilkinson et al., 1994]. Because of
the nature of sol-gd process, the synthesis is sarted from metal-organic precursorsin organic solvents,
and contralling the carbonaceous content of the precursor. The rate of hydrocarbon release during
pyrolyss is criticd to avoid the formation of unwanted phases [Polli & Lange, 1995]. This effect is
catanly esser to control in rdatively smal-dimensond thn filmsthen thet in rdatively large-dimensond

powders.

3.2.25. Emulson synthesis
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The flow chart of emulson process is shown in Fg. 34. The process is generdly goplicable for many
ceramic powders or combinations of ceramic powders for which weater- soluble precursors are available
[Mahr et al., 1993]. The agueous solution of the ceramic precursors is emulsified with an organic fluid
containing an organic surfactant to provide a digperson of aqueous droplets of nearly uniform szeinthe
organic fluid. Since the origind agueous solution is homogeneous and the dispersed water droplets in
the organic phase are uniform in Sze, each water droplet contains essentialy the same amount of
ceramic materid. The emulson process uses water- soluble precursors dispersed in the organic phase to
produce spherica, uniform fine powders with minimised agglomeration a a relaively moderate cod.
However, few studies have been reported for making PZT powders by this process [Cipollins, 1987],

probably because it encounters Smilar problemsto those in sol-gd processing.
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Fig. 34. How chat of emulson process Fg. 35. How chat of hydrothermd synthesis

[After Mahr et al., 1993). [After Dawson, 1988].

3.2.2.6. Hydrothermd synthess

Hydrotherma synthess can be defined as the trestment of agueous solutions or suspenson of
precursors a elevated temperature in pressurised vessals [Laudise, 1987]. It is an agueous chemica
route for preparation of crystaline, anhydrous ceramic powders and can be easly differentiated from
other process, such as the sol-gd and coprecipitation processes, by the temperatures and pressures
used in the synthes's reactions. Typicdly, temperatures range from the boiling point of water to the
criticd temperature of 374°C and pressures range up to 15 MPa The specific conditions employed
should be cgpable of maintaining a solution phase that provides a labile mass trangport path promating
rapid phase transformation kinetics. The combined effect of pressure and temperature can aso reduce
free energies for various equilibria- gabilisng phases that might not be sable a amospheric conditions

[Riman, 1995]. A generdised flow chart of this processisshown in Fg. 35.

The basc mechaniam for the hydrothermd formation of ceramic oxide paticles is described as a
dissolution/precipitation and/or in-situ transformation process (Fig. 3.6). The dissolution/precipitation
mechanian is operaive when the sugpended reactant particles, normaly oxides, hydroxides of
component oxides, can disolve into solution, supersaturate the solution phase, and eventudly

precipitate out product partides The driving force in these reactions is the difference in solubility
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between the oxide phase and the least soluble precursor or intermediate. In many cases, however, the
suspended solids are not soluble enough in agueous solution, and hence, ether minerdisers such as
bases have to be added, or ceramic particles are formed via another in-gtu transformation mechanismin
which the suspended partides undergo a polymorphic or chemica phase transformation [Nishizawa et
al,, 1982]. In some cases, both mechanisms might be in operaion depending on the synthesis
conditions [Watson €t al., 1987; Eckert et al., 1996]. The hydrothermad synthesis of ceramic powders
posesses two mgor advantages: the dimination or minimisation of any high temperature cacination
dage and the use of rdatively inexpendve rav materids. Specificdly, this processis limited to oxides
which can be formed under hydrotherma conditions and is explained in more detall in Section 3.2.3.

Thus, it is particularly suitable for preparing dectroceramic powders such as PZT.

Dissolution/precipitetion
O Q or insitutransformation J
Poorly Ordered Precursor Cryddline Hydrothermad
(Coprecipitated Mixture) Ceramic Powder
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Fig. 3.6. Hydrothermd dissolution/precipitation and/or in-situ transformation process [After Dawson,

1988).

3.2.3. Hydrothermd Processing

3.2.3.1. Features of hydrotherma processng
The features of hydrotherma processing as gpplied to ferrodectric ceramic powders are summarised as

follows [Ponton, 1993:

(1) Reactants, which are normdly volatile at the required reaction temperatures, tend to condense
during the hydrotherma process maintaining the reaction goichiometry, and so high- purity multi-

component ferrod ectric powders can be obtained.

(2) The synthess is accomplished in a dosed systlem from which different chemicas can be recovered

and recyded. That makesit an environmentaly benign process.

(3) Itisalow temperature process, with meny effects achievable even below 300°C. Therdativey low

temperature can bresk down stable precursors under pressure, which avoids the extensive

agglomeraions that the solid-gtate reaction usudly cause a high temperature.
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(4) The process is able to produce solid-solution partides with a controlled particle size digtribution,
morphology and complex chemica compogtions, multi-doped perovskite ABOs ceramic powders,
for example, can be grown to submicron- or even nano-metre sze by control of the nudeation and

growth processes.

(5) The powders synthessed by the hydrothermd process are more reective toward Sntering and often
no presntering or cacnation sages are needed. This feature is paticulaly important for
gynthesizing high-quaity and rdliable PZT powders because PhO is gppreciably volatile (above
about 800°C) and hence even more S0 at the temperatures necessary for conventiona calcination

and sntering.

(6) The process utilises comparatively inexpensive precursor chemicas such as oxides, hydroxides,

chlorides, acetates and nitrates rather than dkoxides.

(7) The process is amendble to indudrid scade-up. Potentidly, hydrotherma synthess gives the
opportunity for cost-€effective and reproducible manufacture of high-quaity PZT powders on alarge

indudrid scde

(8) The disadvantages of the process involve the moderatdly high initid cost of the goparatus, sfety
Issues related to high pressure processing, and potential high temperature corroson problems arising

from the presence of basic or acidic minerdisers.
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In spite of that, the worldwide interest in hydrotherma synthesisfor the production of PZT powders has
grown since the late 1980's. Table 3.2 lists some of the examples of recent research and development in

thisfidd.

Table 3.2 . Recent R& D on the hydrothermd processing of PZT powders.

Time Resear cher (s) Affiliation Materials
19838 W.J.Dawson Battelle Columbus Division/USA PZT
1990 T.Ichiharaet al. Tokyo Institute of Technology/Japan PZT
1990 T.Yamamotoet al. National Defense Academy/Japan Nb,Os modified PZT
1922 CEMillaretal. Ferroperm AS/Denmark modified PT
1993 SKomarneni & R.Roy | Penn State University/USA PZT,PLZT
194 K.Lubitzet al. Siemens AG/Germany PZT
194 B.Thierry et al. University de Valenciennes/France PZT
19A JP.Withamet al. Penn State University/USA PZT
19 CH.Linetal. National Tsing HuaUniversity/Taiwan PZT,PLZT
194 H.Chenget al. Perking University/China PZT
19% M.M.Lenckaet al. Rutgers University/USA PZT
1996 Ohbaet al. Tokyo Institute of Technology/Japan PZT

3.2.3.2. Hydrothermd synthesisof PZT powders
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The most commonly used precursors for the hydrotherma synthesis of PZT powders are nitrates,
chlorides, oxychlorides, acetates, hydroxides, and in some cases, Zr or Ti dkoxides Table 3.3
summarises the tydrothermd synthesis conditions and characteristics of the resulting PZT powders as
reported in the literature. The compogtion ratio of Ti/Zr is generdly around 0.48/0.52 o that the
desired compogtion P(Tio.4sZr052)O3 is close to the morphotropic phase boundary zone in the phase
diagram of Po(ThxZry)Os s0lid solution. Owing to the amphoteric nature of PO, some PO will

remain in the solution after hydrothermd reaction. Ichihara et al. [1990] reported that the addition of

about 22% excess of a lead compound was necessary to obtain stoichiometric PZT powders. Excess
leed has aso been usad to compensate for the evaporation loss occurring during subsequent Sintering

resulting in better dectric properties [Lin €t al., 1993] and to produce a lower agglomeration Sate

[Lemoineet al., 1995].

The use of a catdys or minerdiser for PZT powder synthessis necessary asiit increases the solubility
of the starting precursors. The use of strong adkalis such as KOH or NaOH and hdides such as KF,
LiF, NaF, or KBr has been reported [Bed, 1987], which can lead to the formation of PZT under
hydrotherma conditions. However, it was noted that lithium and fluorine, in combination or separately,
were sdectively retained as impurities in PZT, and that they aso increased the leve of retention of the
associated dkdi or hdide [Bed, 1987]. The concentration of catdys has strong influence on PZT
formation. During the initid stage of PZT formation, PoTiOz and PoZrOs were produced at lower

KOH concentrations (eg. <2 M), and PZT was produced at higher KOH concentrations (e.g. > 4 M)
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and formed very quickly in 10 M KOH solution [Lee et al., 1987]. Since theindividud Po, Ti, and Zr

ion gpecies have different solubility behaviours with increesing dkainity of he solution, the formetion
mechanism of PZT from hydroxides is not very dear a the moment. The type of bases dso plays an
important role in the PZT powder characteridtics. For example, the morphology of the PZT powder

was cubic when KOH was used as catadyd, while the morphology tended to be tabular and the

agglomerate Size increased when NaOH was used [Lemoineet al., 1995].

Another important factor which influences the hydrothermd formation of PZT powder is temperature.
Temperature and mineraiser heve a combined effect on PZT formation.  Experiments have shown that
the rate of nucleation of PZT powder decreased with increesing temperature but that sufficient crysta

growth occurs at temperatures as low as 150°C [Shimomura et al., 1991]. Cryddline PZT powder
was not formed when the temperature was below 140°C in the presence of 4 M KOH as a catdys;
the product was composed of huge PZT partides and gels [Cheng et al., 1993]. PZT can be detected
by X-ray diffraction when hydrothermdlly synthesised for 0.5 hour at 200°C, 1 hour at 150°C, 5 hours
at 100°C or 4 days at 70°C in the presence of 10 M KOH as a catdyst. The particle sizes changed
dramdicdly (from 1 nm to 5 nm) with the increase of temperature [Lee et al., 1987]. At the
temperatures above 250°C, even when the catdyst concentration was not so high, for example, in the
presence of 1 M KOH [Lemoine et al., 1995], or pH9.5 ~ 9.7 [Witham et al., 1994], or 0.1 to 0.66

M dkdi [Bed, 1987], or even in the absence of a minerdiser when the tempeaaure is higher then



CHAPTER 3 SYNTHESIS AND PROCESSING OF FERROELECTRIC PZT POWDERS, CERAMICS AND FILMS

300°C [Kutty et al., 1984], submicron or nanosized PZT powders can gill be formed. Neither PoTiO3

nor PoZrOs were detected as a separate phase under such hydrotherma conditions.

Table 3.3. Synthes's conditions and characteristics of hydrothermaly processed PZT powders.

5

Precur sor Concentration | Catalyst/ Tempera | Time Powder Characteristics Referenc
Chemicals Mineraliser | ture(°C) | (hour e
)
TiOCl; Ti/Zr=0to 1 150~400 6~8 well defined aciculate crystals of PZT | Kutty,
ZrOCl, are formed above 300°C etal,
PO 1984
TiCl4 TilZr=1 0.56 N halide 300 0.5 low mineraliser concentration yield | Bed,
ZrOCl, 10% Pb excess 0.1~0.66N either submicrometer rounded or cubic | 1987
PO alkali particles up to several micrometers.
While high concentration led to the
product with random morphol ogy
Pb(NO3). 22% excessPb | 4~10 M 70~200 05~ | particle size 23 nm, cubic, grain size | Ichihara,
ZrOCl,.8H,0 KOH 48 decreases with the increase of | etal,
TiCl4 temperature 1990
Pb(NO3) Pb(Zro.53Tio.s7)O | KOH 180 5 particle size 0.75~0.79 nm, specific | Yama-
ZrOCl,.6H,0 | 3 surface area 6.4~6.7 g/m?, improved | moto,
TiCla +x Nb,Os electric properties with Nb,Os addition | etal.,
NbCls (x=0.0025, 1990
0.005, 0.01,
0.015)
Pb(CH3COO), | Pb/(Zr+Ti)=1~1. | 1~5M KOH 100~200 2 PZT in MPB zone was found a | Cheng,
ZrOCl» 9, Zr/Ti=5/5, 5M KOH, 200°C/2h etal.,
Ti(OC4Ho)4 Zr/Ti=0/10~10/0 1993
Pb(CH3COO)2 | Pb(Ti1xZrx)Os, NaOH 200 24 particle size 0.2 nin, decreases with x, | Lin, &t
ZrOCl2 x=0.52~0.64 cubic, more sinterable (1100°C) al., 1994
Ti(OH)axH20
Pb(CH3COO)2 | Pb(Tio.4eZr0.52)O | NaOH 200 particle size 40 nm, spherica or | Lin, et
ZrOCl2.8H20 | 3, elliptical shape, lowest resistivity and | al., 1993
Ti(OH)4xH20 | 5, 10, 20 mole% highest dielectric constant with 20%
excess Pb of excess Pb
Pb(CH3COO)2 | Pb(Tio.48Zro.52)O | 3 M NaOH 200 24 single  tetragonal PLZT phase, | Linand
.3H.0 3 addition of La ions reduces the | P,
ZrOCl2.8H,0 | 0~5mole% La particle size from 0.5 to 0.3 nn (La | 1993
Ti(OH)4 substitution for from 0~5 mole%)
La(CH3COO)s | Pb
.3/2H,0
Pb(NO3)2 Pb(Tio.4sZl052)O | KOH 200 05~1 | PZT formed in two  KOH | Huetal.,
ZrOCl2.8H20 | 3 concentration range: 0.18+0.08 mol/L | 1994
TiCls and >2 mol/L, cubic, 0.3~0.5 "m
Pb(NO3)2 Pb/Zr=1.5/0.52 10 M KOH 115~164 0.5~1 | particle size 3~5 mm, faster but with | Komarnn
ZrOCl; with larger size i
TiCl4 microwave etal.,
(2.45 GHz, 1993
630150 W)
Pb nitrate Pb(Tio.46Zr0.54)O | PH=13 180~300 1 PZT powder formed when temperature | Lemoine,
Zr nitrate 3 1N KOH above 250°C, cubic shape when KOH | etal.,
Ti alkoxide Pb/(Zr+Ti)=1~1. | 1 N NaOH used and tabular when NaOH used 1995
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Precur sor Concentration | Catalyst/ Tempera | Time Powder Characteristics Referenc
Chemicals Miner aliser ture(®°C) (hour e

)
Pb(CH3CO0), PH=9.5~9.7 250~300 4~6 | nanosized powder, sintering at [ Witham,
-3H0 1200°C, 95% theoretical density etal.,
ZrorTi 1994
propoxides or
isopropoxides
Titania gel Zr/Ti=1.08 KOH 150~180 4 PZT powders with size from 0.8 to 10 | Ohba, €t
Zirconia gel mm, morphology from cubic to round | al., 1996
Pb(NO3)2 shape depending on the Pb and KOH

concentrations

3.3. Shape Forming of PZT Ceramics

3.3.1. Conventiond Shape Forming Methods

3.3.1.1. Dry powder pressing

Traditiondly, a powder compact is made by dry powder pressng which is accomplished by placing the
powder into a die and applying pressure to achieve compaction. This technique includes uniaxid
pressing, isodatic pressing, hot pressng and hot isodatic pressng. The latter two techniques combine

consolidetion and dengfication in one step.

Uniaxid pressing is used for parts with length to transverse dimension ratios of less than three This
process alows the fabrication of rather complicated shapes, even with screws or holes perpendicular to
the compaction axis, and very high production rates. It involves the compaction of a powder mixture
into arigid die by gpplying pressure dong a sngle axis through upper and lower punches (or pistons)
[Richardson, 1992]. A high pressure, of a least 100 MPa, is necessary to guarantee a high green

densty. A disadvantage of uniaxid pressng is the norruniform green densty. Fine, dry powder does
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not flow reedily into amould cavity nor behaves like fluid under compaction because of friction between
patices as wdl as between the particles and the die walls, prevent easy reative movement of the
grains. Consequently, there are dendity variaions throughout the moulding, and agglomerates remain as

defectsin thefind product.

|sogtatic pressing is one of the shgpe-forming methods suitable for producing components with complex
geomdry; it involves the application of pressure equdly to the powder from dl Sdes This essantidly
gives amore uniform green dengty. In isogtatic compaction, a powder is poured into a rubber bag and
dressis gpplied by means of a liquid that acts as a pressure tranamitter. In the ‘wet bag” method, the
powder is poured into the bag, which is submerged in the liquid (Fig.3.7). After compaction, the bag is
withdrawn from the liquid and opened to remove the part. This method is suited to large pieces, but it
does not dlow high production rates. In the ‘dry bag’ method, the rubber bag is part of the equipment.
The presaure is gpplied by aliquid on the sde of the sample, and by a punch on the top and bottom
(Fg. 3.7). This method dlows for automation in the filling of the mould and the gection of the sample.
Thus high production rates are possible for samal species with reatively smple shapes [Bortzmeyer,

1995).

51



CHAPTER 3 SYNTHESIS AND PROCESSING OF FERROELECTRIC PZT POWDERS, CERAMICS AND FILMS

vy

Bag
// T~
High pressure
| 4——Pp |
A4 \Powder /
@ (b)

Fig. 3.7. Isodtatic pressing: (a) ‘dry bag' and (b) ‘wet bag’ method [After Bortzmeyer, 1995]

Dry powder pressing is one of the most popular shape forming processes, anceit involves ardativey

ample technology while dlowing high production rates. However, the understanding of this process is
largely empirical. Mogt indudrid problems in this area are solved by trid and eror. Some of the
problems encountered include dengty variations, dimensond control and fracture upon unloading. For
example, internd pressure due to the air entrgpped within the compact, which causes ddamination, may
be overcome by de-aring the powder before compaction; optimisng the compaction rate; and in

uniaxid compeaction, gecting the sample while kegping a smal pressure on it until the air has escaped.
Friction stresses on the mould during gection which may cause defects may be solved by careful

control of mould wall smoothness and the use of lubrication [Lewis, 1996]. Polymer binders are often
used to increase the green strength, and in some cases, to act as alubricant. Theoreticd investigations of
these problems has dso been destribed in the literature through both a ‘classc’ approach by

conddering the effects of pressure/dengty reationship, radid pressure coefficient and wal friction
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coefficient on the compaction behaviour and ‘mechanica’ gpproach by using continuum mechanics and
compute Smulaion to quantitatively predict the stress and dengity variationsin a shaped mould. A good

review of such theories has been given by Bortzmeyer [1995)].

3.3.1.2. Sip cadting and tape casting

Sip cadting is one of the shgpe-forming techniques used for traditiond ceramics. It has been goplied to
advanced ceramics as wdl because it permits the formation of complex geometry components. The
basic dip caging process employs ceramic particles suspended in fluids containing polar molecules to
form what is caled adip, which is cagt into a porous mould so thet the liquid is drawn out by capillary
action to leave a solid deposit of ceramic particles on the mould surface [Richardson, 1992]. Generdly,
the fluid is water and the mould is plagter of Paris. This is a chegp process and is suitable for making
large and complex thinrwdled items with uniform wall thickness However, the primary disadvantage of
the process is its lack of precise dimensond control. Furthermore, the properties of the find product
are rardly better than those of pressed materids because flocculaion occurs as a result of the van der

Wadls atractive force between the partides, causing aggregeation, shrinkage and cracking.

Invegtigetions of the mechanism of formeation of solid cagts from dips have shown thét it is a diffuson
controlled process and anounts to a smple dewatering of the dip [Cowan, 1976]. The driving force for
this processis the suction pressure created by the porous plaster mould. When adip isfirg poured into
a mould, a high rate of cadting is obsarved for a few seconds. This is due to the high rate of weater

diffuson through the plaster. Following the initid stage, the rate of cast formation is determined by the
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permegbility of the solid cadt. It has been shown [Adcock & McDowadl, 1957] that the rate of cast
formation can be quantitatively determined by
L 2PgE?

= (3.1)
t 58N (y-1)(1-EY

where L is the thickness of the cadt layer, tistime, Pisthe suction pressure, E isthe void fraction, S is
the surface area of solid partides, h is the visoosity of fluid, y is the volume of dip containing 1E

volume fraction of solids, and g is acceleration due to gravity.

From the above equetion it is goparent that the rate of casting can be increased if the pressure on the
dip isincreasad. This has led to the development of other two novel cadting processes: pressure dip
cadting (or pressure filtration) and centrifugd cading. Both processes give increased cadting rates and
green compacts possessing low porogty, a narrow pore Size didribution and essentidly zero shrinkage
on drying compared to conventiond dip cagting [Fenndly & Reed, 1972, Lange & Miller, 1987,

Huismenet al., 1995].

Tape cading is ancther shape-forming technique, mainly usad for thick film and tgpe preparation
[Midler, 1990]. The process involves suspending findy divided ceramic powders in agueous or non
agueous liquid sysems comprised of solverts, plagticizers and bindersto form adurry. A green sheet is
formed by passing the durry under a doctor blade on to a carrier (Fig. 3.8). The most smple form of

type cading system congds of an opertbased reservoir which sts upon the carrier. One sSde of the
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reservoir is recessed with a tapered edge to form a blade. Often, a two-blade device is used in which
both blades are adjugtable for height. This attempts to give better control over the flow under the cagting
blade. In mogt continuous cadting processes, dip is pumped to the casting head thereby keeping a
condant pressure a the blade. When the solvents evaporate, the fine, solid particles codesce into a
raivey dense, flexible sheet that may be sored on take-up reds or dripped from the carrier in a
continuous sequence. This process has become edablished for manufecturing a vaiety of
eectroceramics [Hyatt, 1995]. Typica goplications include the preparation of capacitors, piezodectric
devices, ferrite memoaries, dectricdly insulating subdtrates for thick and thin film crcuitry. As a basic
ceramic forming method it is generdly advantageous for preparing large ares, thick films of uniform and
high green dengties. Complex shgpes with intricate hole patterns can be formed directly by punching or

samping the parts from the as-cast sheet.

3.3.1.3 Extruson and injection moulding
There are two main pladtic forming or shaping methods Extrusion and injection moulding. They involve

producing a shape from amixture of powder and additives that is deformable under pressure.
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Doctor blade —

~JH

, Cellulose acetate sheet
Drying zone
/' Sip /

Storageroll
for cellulose

acetate sheet

Fg. 3.8. A typica doctor blade arrangement [After Mistler, 1995].

Extruson is a pladtic forming technique which is used extensvely for the fabrication of tubes, rods and
other elongated $iapes that have a congtant cross-section. The body is pladticized with an organic
binder, which is partidly hardened by drying at low temperatures, o thet it can be squeezed through a
nozzle in an extruder. This requires a rdaively high organic content. As a consequence, the green part
has a low ceramic content and the resulting product hes a rdatively low srength. Dimensond changes
are due to the shrinkage, which occurs due to softening and flow which occurs in the green part under
itsown mass during drying and remova of the organic binder sysem [Benbow & Bridgwater, 1993].

Injection moulding is another high-volume production technique for making net-shape or near- net-shape
parts. It involvesforcing a deformable mixture of powders, additives and binders through an orifice viaa
narrow passageway into atool cavity where it hardens, the resultant green part can then be removed.
The parts are heated to drive off the organic binder, and subsequently sntered [Mutsuddy & Ford,

1995]. This method, which iswdl known for producing plastic parts, is probably the most interesting
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method for mass producing smdl and medium sized parts having a complex geometry, but it has been
proven difficult to achieve in ceramics. The main problem is the large polymer content (typicaly 35 ~ 40
vol.%) that must be dowly removed prior to high temperature Sintering in order to prevent cracking. In
addition to the redrictions and economic concerns relaing to thelr potentid or actud toxidty, the
polymer binders and plasticizers used in injection moulding possess saverd processing problems with
respect to incomplete burn-out, resulting in resdud impurities and defects, and the need for long burn-
out times, especidly for large cross section products. During the removal of additives, the ceramics may
undergo subgtantia shrinkage and digtortion from the desred shgpe. Another problem is that of
moulding defects assodiated with the mould-filling step of injection moulding. The competitive processes
of hest trandfer and fluid flow work againg one another [White & Deg, 1974]. The injection moulding
mix should be &s fluid as possble to make filling of the mould essy; this implies that the mix should be
dgnificantly overheated, and yet must cool rdativey quickly to become more viscous and hence harden
to a s0lid, setting the part in the mould. The result of this competition between the two processes is
often the cregtion of defects in the as-moulded part [Janney, 1995]. Therefore, novel processng
approaches, such as gd cagting [Omatete et al., 1991] and direct coagulaion cagting [Graule et al.,

1995q], are needed to overcome these problems by separaing the mould-filling operation from the

Setting operation.

3.3.2. Colloidd Processing

3.3.2.1. Advantages of colloidal processng
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Agglomeration is a natura process for dl ceramic powders because the van der Wad's forces acting
between the solid partides are dways atractive, and become particularly dgnificant for nano- or
submicron-szed powders due to their extremey high surface area. Thisis the mgor factor reponsible
for the inhomogenaities in ceramic microgiructures, which results in reduced reigbility as well as poorer
mechanical and dectricd properties for sructurd and functiond ceramics, respectively. It has been

shown that agglomerates can form by various means, eg. by drying a suspenson, by colloida
destabilisation of a sugpension, or by dry-pressing apowder [Kenddl €t al., 1990]. Such agglomerates
are generdly too strong to be broken down through subsequent shearing or by ultrasonic agitation in
conventiond shape forming techniques. One effective method of minimisng the number and sze of

agglomerates, and dso of mixing powders homogeneoudy, is to disperse particdes by suspending them

inaliquid. Thisisso-cdled colloidd processng.

It has been well demondrated that colloida processng methods offer potentid advantages over
conventiona powder processng routes as regards increasing the reliability of advanced ceramics This
Is achieved by minimisng the number and Sze of the undesired heterogendties and improving the
chemicd homogenaty a the submicometre scde during fabrication [Lange, 1989]. The colloida
processng gpproach for faboricating ceramics involves (1) the formulaion, de-agglomeration and
dabilisation of the colloidd ceramic powder (10 nm to 10 nm) durry, (2) consolidation of the durry to
pack the particles to a high dengity, and (3) dendfication, after drying, by heet treetment. By contralling

the particle interactions through colloidd chemidry, the agglomeration process can be prevented by
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dabilisng the ceramic suspenson againg flocculation. Thus, the resulting ceramic products are much

improved.

Alford et al. [1987, 1988] reported a viscous polymer processing (VPP) route which involves the use
of pecid polymers to aid disaggregation of powder agglomerates. The viscous polymer solution acts
not only as a role to trandfer sgnificant dress to the powder agglomerates but dso as a lubricant
between the particles. This enables the agglomerates to be broken down more eesly and thus to give
more homogeneous microdructure of ceramics. Improved results with reduced sintering temperature
and high srengths have been reported for both structura and functional ceramics. For example, viscous
processed dumina could be sintered a a temperature of 1200°C and strength above 1 GPa obtained
[Alford et al., 1987, 1988]. Similar results have been shown for PZT ceramics [Pearce €t al., 1996].
This processng, however, mainly rdies on viscous polymer solutions and strong mechanicd shear force
to bresk down the agglomerates. When the particle Sze is decreased to submicron or even nonometre
range, large amount of polymers will be needed to cover the large surface area. Consequently,
problems associaed with low compaction dengity and long debinding time will arise. If, however, the
partice surface could be modified chemicdly rather than merdy physcaly, the compection of the

particeswill become more efficient.

3.3.2.2. Interactions of colloidd particles in agueous solution
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When a patide is immersad in an aqueous solution, it usudly acquires a surface charge, ether by
adsorbing or desorbing ions according to some chemica equilibrium with the surrounding sdution. For
example, the surface of an oxide particle is hydroxylated when coming into contact with water, and

undergoes proton associ ation dissociation reactions of the form:

+

H OH
(Iow pH) -M"-OH, <4— -M-OH — -M-O + H,O (high pH)

where -M represents the meta aom. Thus the surface is positively charged at low pH and becomes
negative a high pH. At a cartain pH which is caled the point of zero charge (PZC) (or the isoelectric
point (IEP) if determined from eectrokinetic measurement), the tota charge on the surface is zero and

the dectric repulson between two such surfacesis diminated.

The ions of oppodte charge which are dissolved in water, known as counterions, are attracted towards
the surface. However, they do not amply ick to the surface, but form a diffuse layer of charge
adjacent to the surface due to the balance between their dectrogtatic and entropic energy. The surface

charge plus the diffuse layer of opposite charge condiitute an dectric double layer (Fig. 3.9).

When two particles gpproach each ather, the two double layers interpenetrate, causing arepulsve force
between them. Meanwhile, van der Wadls attractive potentials dso act on the particles but on a much
short range. The interaction of these long- and short-range potentia can be described gpproximeately by

the Dejaguin-LandauVerwey-Overbeek (DLVO) theory [Hiemenz, 1977; Hunter, 1989]. The



heory

[After Shaw, 1971].

Depending on the dectrolyte concentration and surface charge dendity or potentid, the particles can
dther be gable or coagulate in a sugpenson. The main factor inducing two surfaces to come into

adhesive contact in a primary minimum is the lowering of their surface potentid or charge, brought about
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by increased ion binding and/or increased screening of the double-layer repulsion by increesing the st
concentration. However, if the surface charge remains high on rasng the sdt concentration, two

surfaces can il adhere to each other, but in a secondary minimum, where the adheson is much wesker

and eadlly reversble
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Fg. 3.10. Schemdic patice interaction energy versus paticle surface separation distance curve
according to DLVO theory [After Isradachvili, 1991]. (@) Surfaces repd srongly; smdl colloidd
partices reman ‘gable. (b) Surfaces come into sable equilibrium & the sscondary minimum if it is

eicdly gabl€. (c) Surfaces come into the secondary minimum region;

colloids coagulate dowly. (d) At the “critical coagulation concentration’, surfaces may remain in the
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secondary minimum region or move closer together and adhere; colloids coagulate rapidly. (€)

Secondary minimum region absent; colloids codesce immediadly.

3.3.2.3. Controlling interparticle forces

It has been shown that well dispersed sate of colloidd particles will give alow viscosity suspension and
high packing dendty after consolidation [Aksay & Kikuchi, 1986; Lange & Miller, 1987]. But the
behaviour of suspensions during handling is srongly affected by the interaction between the partides. If
the interactions are mainly repulsve, and if the suspended partices are amdl, the sysem does not
change with time and is cdlled colloiddly sable. If, however, atraction between the particles prevails,
the particles agglomerate, the suspension flocculates (or coagulates) and macrascopic phase separation
results rgpidly. Stable digpersons can be cregted by manipulation of interparticle forces via ether the

dectricd double layer or by usng large molecules

Particles sugpended in an aqueous solution generdly experience a double-layer repuldon, and this
repulson can be controlled by changing the solution condition. For most ceramic materias the surface
charge will depend on pH, typically being postive in acidic conditions and negative when the solution is
dkdine At the IEP, the double-layer repulson will venish, which provides a common method for
coagulating suspensons. Stability is maximised by operdting & a pH far from the IEP. The range of the
double-layer repulson is dso reduced by increesng sdt concentration as shown in FHg. 3.10. In a
concentrated sdt solution the range can be short enough to dlow a secondary minimum in the force at a

finite separation. This can be very convenient because it dlows reversble coagulation, and it dlows
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compaction to a high volume fraction by avoiding the open floc Sructures associated with strong
dtraction into a primary minimum [Horn, 1995]. However, while the double-layer repulson is very
flexible and easy to modify, there are Stuations where particle Sze is @ther too large or the particles too
heavy, or the partide surface charge is too low or ungable, in which the double-layer repulson is not

strong enough to sabilise a sugpension.

} %% ET 7

monomer micelle bilayer

non—polar polar polar
surface surface surface

Fig. 3.11. Representation of the behaviour of amphiphilic molecules known as surfactants. One end of
the molecule (shown as asmdl circle) isapolar ‘head’, and likes to be in or adjacent to polar media
such as water. The other end (shown as a zigzag line) is a nonpolar ‘tal’, typicdly a hydrocarbon
chain, which prefers to be in a non-polar environment. These requirements can be et by surfectant

molecules assodiating in solution, or by adsorbing with gopropriate orientation to surfaces [After Horn,

1995].
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An dternative way to modify the particle surface is usng surfactants. Surfectants are dassified as
meacromolecule digpersants with molecular weight usualy less than 1000, and with a polar functiona

group or groups. Because they are amphiphilic, having a polar or hydrophilic ‘head” which is solublein
water but not in oil, and a non-polar “tall’ which is hydrophobic, preferring a nontpolar environment to
water, when present in solution, surfactants reedily adsorb to surfaces, generdly with the hydrophilic
end down if it is polar and the hydrophobic end down if it is non-polar (Fig. 3.11), thereby changing the
surface state. For example, hydrophobic particles in water might have a low surface charge and be
pulled together by the hydrophobic atraction so that they aggregate, making it difficult to form a stable
suspension. However, an gppropriate amount of ionic surfactant dissolved in the water would adsorb to
the particles with its hydrophobic “talls down, forming a monolayer and exposing charged heed-groups
to the agueous phase. This would remove the hydrophobic interaction and add an eectric double-layer

repulson, thus gabiligng the suspenson.

Various interpaticle forces are possble when polymer molecules are present, depending on the
polymer concentration and molecular weight, whether or not the polymer adsorbs to the particles, and
whether the polymer is charged. Hfects of large polymer molecules can be explained as follows when
two surfaces, from which flexible long chains are sicking out into the solution, come close together two
effects contribute to the repulson. In the narrow gap between the surfaces the long chains lose some of
ther configuration (volume redriction effect). This results in aloss of entropy, in an increase in the free
energy and thus in arepulson. Furthermore the concentration of polymer segments in the gap increases

and this 0 called osmoatic effect results in another contribution to the repulsion. Thisis known as geric
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dabilisation. But opposte effects can occur a low polymer concentration with high molecular weight
polymer where one polymer molecule can adsorb to more than one patide a the same time, causing
bridging flocculation. The problem can be overcome by the use of block copolymers, i.e. the gabilisng
molecule may contain one part thet is eeslly adsorbed (the anchor group) and the other part, the chain,
that is eadly soluble, eg. such diblock copolymers as 2-vinyl pyridine-styrene (PVP-PS) and 2-vinyl
pyridine-isoprene (PVP-P) in toluene solution [Watanabe et al., 1992]. More strong effects can arise

if polydectrolytes are used. Adsorption of the polydectrolytes © neutrd particles will give those
paticles a large charge and thus a effective dectrogtatic sabilisation mechanism to add to the geric
dabilisation: a combination known as dectrogeric gabilisation. The charge will be didtributed dong the
adsorbed polymer chans, a low dectrolyte concentration the chains repd each other and dso other
parts of themsdves The examples are anmonium polyacrylate or poly(meth)acrylate and polyacrylic

acid or poly(meth)acrylic acid commonly used in agueous solutiors [Hirata et al., 1992; Cesarano ||

& Aksay, 1988, Pearce, et al., 1995].

3.3.2.4. Digperson and consolidation of ceramic suspensions

In agueous solution, probably the most important parameter controlling the stability of digoerson (or
hydrosol) is the solution pH. However, dectrogatic sabilisation with pH adjusment was reported as
being less effective than dectroderic dabilisation with large molecules for ferrodectric powder
suspensons. For example, Hirata and Ozaki [1992] reported that high dispersons should be expected

a high pH due to dectrodatic sabilisation of negatively charged BaTixZrkOs paticdes snce ther
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isoelectric point was pH3.6 to 3.7. But phase separaion to dilute aqueous solution and sedimented
powder cake occurred within 1 hour in most of the suspensions (5 vol.% solids) at pH3 to 9. Thisresult
may be caused by spontaneous formation of a particle network structure by polarisation of ferrodectric
partides, indicating difficulty of dectrogaic Sahilistion of ferrodectric powders. However, no phase
separation was obsarved in the agueous sugpenson with polyacrylic ammonium (PAA, average
molecular weight 10000) adsorbed powders. Thus, eectrogteric sabilisation with PAA was effective to

disperse nanometer- szed farod ectric powders and to increase the solid content of the suspension.

Ancther problem with the pH adjusment in aqueous solution is the ungability of some ferrodectric
ceramic powders in certain pH ranges. For example, though the PZT suspenson could be well
dispersed a pH beow 7, usng a polydectrolyte to stabilise a PZT agueous suspension is preferred
because a large number of the lead ions are dissolved in the acidic condition, which affects not only the
sintering behaviour but dso the dectrical properties of the resultant ceramic [Wen et al., 1991]. A
amilar result was reported for barium titanate agueous suspensions where an excessvely large solubility
and the release of barium ions under acidic condition was found [Lopez €t al., 1996]. Therefore, a
polydectrolytes are more favourable for the disperson of ferrodectric ceramic powders in an agueous

media. Otherwise, ferrodectric ceramic powders are preferably digpersed in anonagueous media

Polymers or polyeectrolytes which adsorb & the particle surface and generate a repulsive interaction

caused by the overlgp of ion clouds outsde of a charged surface (eectrogtatic stabilisation) or the
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overlap of absorbed polymer layers (Seric sabilisation), will occupy avolume, thus preventing particles
from coming into dose contact during compaction, and potentialy lowering the packing dendty. This
effect will become much more sgnificant when the powder is in the nanometre-sSzed range [Bergstrom
and Shinozaki, 1995]. A compromise has to be made between the range of repulson and the occupied
volume of the dispersant. The optimd dtuation will be if the polymers or polydectrolytes could be
talored to be suffidently thick to prevent agglomeration, hence minimisang the occupied volume.

However, packing dengties as high as those produced from stable suspensions can be obtained by the

use of certain additives producing weskly flocculated suspensions [Bergstrom €t al., 1992; Chang et

al., 1991] rather than well-dispersed suspensions with long-range repulsion. Vdlamakanmi et al. [1990]

reported that a Smple method for increasing the viscosity of a digpersed dumina suspenson over four
orders of magnitude was through wesk aggregation with certain indifferent dectrolytes containing
hydrolyzable anions, e.g. NH4Cl. The durry with sufficiently high viscosity can prevent mass segregation
due to sedimentation. The particles in the viscous durry, which are covered with short-range repulsve
hydration layers, can be packed to a high dengty during pressure consolidation by apparent lubrication
assged paticle rearrangement. It has been suggested tha the addition of a high concentration of
different eectrolytes to a dispersed ceramic durry modifies the interaction potentid so that the short-
range adhesive dtraction is diminished by additiond repulsive forces. This lower atractive force is il
high enough to cause coagulaion which raises the viscosty, but smdl enough to dlow easy particle

rearrangement during filtration or centrifugation [Chang et al., 1991]. However, it is necessary to
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optimise the degree of flocculation snce a srongly flocculated suspension will leed to low a packing

dengty and an inhomogeneous green body microgtructure.

Once a homogeneous durry has been formed, consolidation, which requires a further increase of the
solid loading before find dengfication to form the ceramic, can be achieved in different ways. One way
IS to remove some of the liquid from the suspension (draned sysem). Slip cadting, centrifugd cading
and pressure filtration are typicd drained green shgpe-forming techniques, the setting mechaniam
depends on water remova. Thus soluble species tend to migrate and didtribute non-uniformly in the
formed green body. Porous moulds are used which must be dried carefully before re utilisaion.
Furthermore the forming process is generdly dow and density gradients may develop within the green
body. Another way to consolidate the suspension is to dter the solution conditions of the suspending
liquid S0 thet the interparticle forces change from repulsive to atractive (undrained system). Gd cagting

[Omatete et al., 1991] and direct coagulation cadting [Graule €t al., 19953] are two examples of

undrained shape-forming techniques based on colloida processng. Both methods require a well-
dispersed sugpenson of high concentration with reasonably low viscosty which is trandferred into the
mould. The satting mechanisms depend ether on crasdinking of the monomer to form three-dimensond
polymer network or on the minimisation of the repulsve double-layer forces to cregte a strong
interparticle forces, eg. by shifting the pH of a suspenson towards the IEP via internd activeted

decomposition reactions or enzyme cataysed reactions [Graule et al., 1995h], or by cregting a sdlt,
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thereby increasing the ionic strength of the sugpenson and compressing the Stern double-layer [Graule

etal., 1995q.

34. Processng of PZT Films

Although renewed interest in ferrodectric films has exiged snce the mid-1970s, it has Sgnificantly
increased during the early 1990's for two principa reasons. Firg, the techniques and equipment for
producing high-qudity films are more advanced than in the previous years. Second, the need for such
films has become more acute as the trend toward miniaturisation and integration continues. In addition,
owing to bregkthroughs in the fabrication of thin films of PZT maerids research in this fidd has
gathered greater momentum. The advantages which ferrodectric thin and thick films offer in comparison

to bulk materids include (1) lower voltage operation with thinner structures, (2) higher speed/less
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power with smaler aress and gregter integration, (3) multi-layer/planar sructures for smplicity of
processing, (4) lower cost with fewer processing Steps a lower temperatures, (5) larger aress possible
with aminima cogt pendty, (6) unique/multifunction Sructures that are relaively Smple to incorporate

[Haertling, 1994).

A number of gpplication aress for PZT films have been developed. For example, PZT thin films have
been developed extengively for use as high-capacity nontvolatile memories (NVMs) and high capacity
dynamic random-access memories (DRAMS). Multilayer piezodectric actuator technology based on
PZT thick films has been proved for severd high-volume automotive gpplications, eg. fud-injection
systems and suspension systems. But commercidisation has been ddayed by the difficulties in meeting
performance and rdiability requirements at acceptable cost.  Despte the difficulties in achieving
necessary cost reductions for high-volume production, piezodectric PZT ceramics continue to find new
goplications in low-volume, specidised areas where the rdatively high cogts can be tolerated. Examples
indlude posgition heads for magnetic recording, scanning tunnelling microscopes, and toner sensors for
laser printers [Swartz, 1997]. The primary technical issue to be addressed is the fabrication of rdatively

thick PZT films, so thet sufficiently large piezodectric gans can be exploited.

34.1. PZT Thin FHIm Processng Techniques

A vaidy of techniques are available today for the fabrication of PZT thin films. In generd, they can be

divided into two mgor categories: i.e. dry and wet processes (Table 3.4). The dry process includes
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physica vapour depostion (PVD) and chemica vapour depostion (CVD). The wet process includes

chemica solvent deposition and chemica mdt depostion.

Table 34. Thin film deposition techniques

Dry Process Wet Process

1. Physicd Vapour Depostion (PVD) 1. Chemicd Solvent Depostion
A. sputtering; A.sok¢d;
B. evaporation (E-beam, resstance, molecular- | B. MOD (metdlo-organic deposition);

beam epitaxy) C. dectrochemical reaction;

D. hydrothermad growth.

2. Chemicd Vgpour Depostion (CVD) 2. Chemicd Mdt Depostion
A.MOCVD (metdlo-organic CVD); A. LPE (liquid phase epitaxy)
B. PECVD (plasmaenhanced CVD);
C. LPCVD (low pressure CVD)

3.4.1.1. Dry process

Generdly, the PVD techniques reguires a high vacuum, usualy better than 10° torr, in order to obtain a
aufficient flux of aoms or ions capable of depositing onto a subdrae. The advantages of the PVD
techniques are: (1) high purity and deanliness, (2) compatibility with semiconductor integrated circuit
processing, and (3) epitaxid/angle crysd film growth is possble However, thexe are offsst by
dissdvantages such as (1) dow depogtion rates, (2) difficult soichiometry contral in multi-component

systems where evgporation or sputtering rates differ consderably, (3) high temperature post depogtion
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anned is often required for crysdlisation, and (4) high capitd equipment acquisition and maintenance
cods are required. Sputtering and evaporation are examples of well-established and successful PVD
techniques. lon-beam assisted evgporation and sputtering are continuing to become more popular in
order to increase film uniformity and depogtion rates. Laser ablaion, a technique which is amilar in
concept to low energy thermd evgporation, seems to be more advantageous, for example, it dlows

congruent transfer of target materid, with high deposition rate and lower processing temperature.

The CVD techniques are usudly characterised by (1) higher deposition rates, (2) good stoichiometry
control, (3) large area, pin-hale free films, and (4) lower initid equipment cogts. However, the limited
avalability and toxicity of some of the precursors for the ferrodectric compostions has posed a red

problem for this method.

3.4.1.2. Wet process

Comhbining the advantages of excelent compaosition control, Spin-on/spray-on/dip-coating capability,
low deposition/pyrolyss temperatures and very low equipment cods, the wet chemicd techniques, eg.
sol-gd and metalo-organic decompostion (MOD), have dready been quite successful and consdered
the mogt promising techniques for producing ferrodectric thin films The sol-gd method involves the
preparation of a sol with polymerizable oligomer species which polymerise during spint or dip-coating
depostion. The formation of such networks can be very important for microsructure and crygdline
phase devdopment when the films are heat-tregted to obtain the cryddline ceramics. The MOD

method is a amilar technique as sol-gd. It involves the synthesis of a solution containing high molecular
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weight precursors such as carboxylates which are deposited onto the subdtrate for further heet
trestment causng dendfication and cryddlisation. The difference is that the solution does not form

complexes or networks.

The common limitations for the wet chemica techniques are, for example, that film cracking occurs
during the dryingffiring process because the loss of volatile organic tends to lead to film shrinkage, and

further heat trestment is normaly required to obtain the desired crystd structure.

34.2. PZT Thick FHIm Processing Techniques

The film depogtion techniques discussad above are modly for the preparation of thin films with
thickness less than 5 mm. Preparation of thick filmsin the range of 550 mm is a problem with regard to
materids processng. Even lapping or sawing bulk ceramics to thickness less than 50 mm is difficult
under any cdrcumdance. PVD and CVD of oxide thick films have often been regarded too expensve,
dow and difficult. The more recent technology of sol-gd and MOD is smilar in cogt to that of
conventiona doctor blade method, but the typica thickness per coating for wet chemical technique is
only about 100 nm. For example, thick PLZT films with sSntered thickness of 8 mm need as many as
150 layers depogtion [Haertling, 1994]. Theoreticd investigation indicates thet there will be two
ingtability problems that occur during processing of films from wet chemica techniques [Lange, 1992):

(1) amechanicd ingability associated with cracking that occurs, generdly, before the film is pyrolysed,
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and (2) amicrogtructure ingability associated with grain growth in dense polycrystaline films regardless
of how they were initidly depodted. The film cracking problem will arise because the sequentia
decrease in film volume during liquid remova, pyralyss and dendfication is biaxidly condrained by the
substrate. Guppy and Atkison [1992] showed that the criticd film thickness to avoid cracking problem
Is about 500 nm for sol-gd derived barium titanate films. By proper modification of usng crosdinking

agent in the precursor solution, thicker films up to 2 mm have been reported [Yi & Sayer, 1991]. More
recently, PZT thick films up to 10 nm can be fabricated via a modification of sol-gd processng [Chen
et al., 1996]. Though recent technology aso shows that thicker, crack-free films can be fabricated by

the multiple recoating of previoudy pyrolysed thin films via computer- controlled, autometic processng,
depogting films to thickness greater than a few microns is not only arduous and time-consuming but
reults in an increesed risk of processing faults (eg. possible inhomogeneity at the interface between

eech of the layers).

Neverthdess, thick films with thickness in the range of 5 to 50 nm remains afruitful area of research
and devdopment because cetan phenomena, induding didectric (capacitors), dectromechanica
(piezodectrics), pyrodectric and eectrooptical (optodectrics) effects can be utilised profitably in
maerias and devices within this thickness range. For example, multilayer components, such as
multilayer actuators, the most frequently used forms of ferrodectric ceramics in the marketplace
nowadays, normdly congs of layers of one or more ceramic compostions, of thickness in the range of

510 500 nm, separated by metdlic layers acting as dectrodes.
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Currently, however, there are no inexpendve thick film fabrication methods available that provide the
required qudity. A variety of goproaches have been invedigated to prepare PZT thick films
Hydrothermad process has been directly gpplied to fabricate PZT thick films from solution but it is

difficult to get soichiometeric PZT compostions because of the large difference between the solubility
of each of the components and the mique nudeation and growth mechanism [Obha €t al., 1995].
Plasma spraying technology has been used to depost PZT thick films but it was found thet it suffered
from the problem of the incongruent meting of the PZT during deposition [Haesder et al., 1995].
Therefore, thick-film technologies modly rely on the dengfication of powder films indead of depostion
with regard to their costs and properties. The powder layer is formed on the subgtrate as a powder
durry by, eg. tape caging [Nieto et al., 1996], screen printing [Zhang €t al., 1994] and jet printing
[Adachi et al., 1997]. Astheliquid phase is removed by evaporation, capillary pressure exerted on the
particle network causes the particles to rearrange and increase their pack dengty. However, sntering
was found to be a mgor problem due to the large ratio of surface to film thickness and rdaivey high
sntering temperatures required. On one hand, large lead loss occurred owing to the large surface area
and the evaporation of PbO a temperatures above 800°C. On the other hand, an increase of the
gntering temperature was necessary to get the dense PZT film because the laterd shrinkage of the green

film gpplied on a subdrate was suppressed [Seffner & Gesemann, 1994]. To reduce the Sntering

tenperature, melt processing was used to fabricate PZT thick films by combining PZT ceramic powders
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with some low meting cryddline or glass phases (eg. PbsGesOu or Phs(GerxSix)z011) to dlow the

densification a lower temperatures [Collier et al., 1994].

Another possble solution to lower the Sntering temperaure is to use submicron or nanometre Szed
PZT powders to make PZT thick films viacolloida processing. Electrophoretic depostion (EPD) isan
example of colloidal processng wherein green films are shgped directly from a stable colloid suspension
by a DC dectric field which causes the charged particles to move toward, and deposit on, the
oppositely charged eectrode. EPD technique is a combination of two processes. dectrophoress and
deposition. Electrophoresis is the mation of charged particles in a sugpenson under the influence of an
eectric field. Depogtion is the coagulation of particles to a dense mass [Sarkar & Nicholson, 1996].

This technique has been used to make ceramic films and aoatings both in agueous and in nonagueous

suspension. A lot of work has been done on barium titanate thick films [Okamura et al., 1993; Nagai et
al., 1993] with thickness from 10 to 100 nm. But few studies have been made in regard to PZT thick

films [Qugiyamaet al., 1991].



