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ABSTRACT 

Novel low temperature wet chemical processes for the synthesis of 

gels and ultrafine powders of BaTi03 and BaTi40g were developed. Under 

acidic conditions a titanyl acylate precursor was obtained by molecular 

modification of titanium isopropoxide. In the sol-gel process, amorphous 

BaTi03 gels obtained under acidic conditions were heat treated at ~ 

950-l000oC yielding fine ('" 1-3 j.Lm), high purity ( 99.9 %) 

stoichiometric (Ba/Ti = 0.99) powders. In the sol-

precipitation process, ultrafine ('" 10 nm) crystalline BaTi03 powders were 

directly precipitated at low temperatures « 100°C) from a stoichiometric 

titanium acylate- barium acetate sol (pH > 13.5). Precursor powders 

obtained by hydrolytic decomposition of barium and titanium alkoxides were 

heat treated at 11000C to obtain high purity, homogeneous, single phase 

BaTi40g powders. Atomistic pathways for the evolution of crystalline phases 

from amorphous gels and powders were investigated. The microstructure and 

electrical properties of sintered BaO-Ti02 ceramics were studied and 

correlated with the powder processing conditions. The structures of 

crystalline and amorphous forms of some materials in the BaO-Ti02 

system were simulated using molecular dynamics computer techniques to 

develop a fundamental understanding of structure-property relationships 

for BaTi03 and Ti02 containing glasses. 
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Barium titanate compounds in the BaO-Ti02 system are archetypal 

electronic ceramics with a long history of technological applications in 

the electronics industry. Barium titanate (BaTi03). a dielectric ceramic 

is used in manufacture of multilayer ceramic capacitors (MLC's). 

thermistors and nonlinear optical (NLO) components. Barium polytitanates 

such as BaZTigOZO and BaTi~Og are suitable for microwave dielectric 

applications. The continuing trend in the electronic circuitry toward 

increased board densities and increased volumetric efficiencies of the 

components has led to greater sophistication in the synthesis and 

processing of these materials. In the traditional" mixing and firing" 

approach. common to usual ceramic processing. oxides or salts 

(e.g.carbon~~es) are mechanically mixed, calcined. pressed and sintered 

t~ yield a solid body. The resulting microstructure has a wide grain size 

distribution. multiple phases and inevitably some degree of porosity. Many 

of these characteristics are symptomatic of inadequate attention to the 

powder processing stage where inhomogeneity and impurity incorporation 

normally originate. The growing awareness of the need for scientific 

elegance in processing electroceramic powders prior to firing is clear in 

much of the current research emphasis on novel low temperature synthesis 

techniques. These emerging methods hold the promise of yielding high 

purity. ultrafine powders with predictable dopant levels and a hitherto 

unattainable degree of compositional homogeneity. 
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The objective of this work was the development of the understanding 

related to novel wet chemical techniques for the preparation of BaO-Ti02 

powders. The processes for the synthesis of amorphous gels and crystalline 

powders of BaTi03 utilized relatively inexpensive and moisture 

insensitive barium acetate/ carbonate and a water soluble titanium 

alkoxide, modified at a molecular level, as the starting precursors. 

Barium tetratitanate (BaTi40g ) powders were also prepared using barium and 

titanium alkoxides. BaTi03 and BaTi40g precursors and powders were 

characterized using a variety of microanalytical techniques to understand 

the chemical and structural aspects of the synthesis protocols and the 

atomistic pathways for the evolution of crystalline phases. The effects 

of heat treatment, densification behavior, and the evolution of 

microstructure in relation to the observed dielectric properties were 

also studied by several materials characterization techniques. 

Theoretical insights into the structure of amorphous and 

crystalline materials in the BaO-Ti02 system were obtained by structural 

simulations using molecular dynamics (MD). Interionic distances and 

radial distribution functions (RDF) of simulated amorphous and 

crystalline forms of BaTi03 were computed. 



2.1 BaTiOa Crystal Structure 
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BACKGROUND 
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Most important piezoelectric ceramics including BaTiOa • crystallize 

in the perovskite structure (Figure 1). This may be described as a simple 

unit cell with a large cation (A) on the corners. a smaller cation (B) in 

the body center and oxygens (0) in the center of faces. BaTiOa assumes two 

basic structures. a perovskite form which is ferroelectric at certain 

temperature and a nonferroelectric hexagonal form. Above l460oC. the 

hexagonal form is stable. and can persist metastably at room temperature. 

Ordinarily. a reconstructive transformation to the cubic perovskite takes 

plac~ below l460oC. The cubic form is the usual ceramic product. 

It is interesting to note that this transformation also makes it 

difficult to grow large. optical quality single crystals of BaTiO, from 

stoichiometric melts. To avoid the stresses associated with this 

transformation and to minimize the process temperature (BaTi03 melts at 

~ l625°C) titania rich melts can be used. The liquidus temperature of these 

melts is such that cubic single crystals are obtained directly. 

Below 130°C. the cell of the perovskite form elongates along an edge 

( Figure 2) and is then tetragonal. cia> 1. Extreme dielectric anomalies 

accompany this transition which signals the onset of ferroelectricity and 

the replacement of the centrosymmetric cubic structure by a polar one. 

Upon further cooling another polymorphic transition occurs at OoC. The cube 

elongates along the face diagonal rather than edge to form an orthorhombic 
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structure. The changes in the unit cell volume due to these and other 

transformations are shown in Figure 3. Jaffe et al. [1] is a classic source 

of general information on BaTi03 and other piezoelectric ceramics. The 

X-ray diffraction (XRD) data for cubic and tetrgonal forms of BaTi03 are 

included in Appendix A. 

2.2 Crystal Structure of BaTi4Qg 

Crystals of BaTi409 are orthorhombic with a unit cell of edge 1f.ngths 

a = 14.53, b= 3.75 and c = 6.30 AD . The XRD data originally reported by 

Rase and Roy [2] have been recently revised [3] ( Appendix A). 

2.3 BaTi03 as a capacitor dielectric 

BaTi03 , the first piezoelectric ceramic, is an ubiquitous electronic 

cp.ramic widely utilized in the manufacture of thermistors, multilayer 

capacitors (MLCs) and electro-optic devices. We shall focus this 

discussion to the processing of MLCs. Ceramic capacitors can have a single 

or mult:layer configuration. A multilayer configuration (Figure 4) 

consists of several dielectric layers arranged in parallel to obtain a 

high volumetric efficiency (capacitance per unit volume). Due to the 

increased miniaturization of the future generation integrated circuits, 

it is important to develop MLCs with higher levels of volumetric 

~fficiency. One of the major technical barriers to the achievement of 

reliable MLCs is the lack of a clear understanding of the correlation 

between the mechanical defects and capacitor failure. The sources of 

mechanical defects are believed to be ( i) poor control and 
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Figure 4. Schematic of a multilayer ceramic capacitor (adapted 
from "The Capacitor", AVX Ceramics, Myrtle Beach, 

South Carolina). 
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characterization of starting powders; (ii) chemical reactions between 

dielectric and electrode materials and (iii) imperfect process control 

[4]. The major cost related barrier in the manufacture of MLCs is the high 

temperature co-sintering which necessitates use of expensive noble metal 

(usually Ag/Pd) electrodes (Figure 4). Metallization accounts for 90 % of 

materials cost and 35 % of the total cost of an MLC [4]. Relatively 

inexpensive non-noble metal electrodes (e.g. Ni, Cu etc.) can be used if 

the MLCs are processed at lower temperatures ( below zlOOOOC). Reductions 

in the manufacturing costs associated with the use of non-noble metal 

electrodes and the potential for increased reliability and production 

yield have provided the impetus for the low temperature synthesis and 

processing of BaTi03 powders. Novel low firing dielectric compositions, 

sintering additives (e.g. LiF), sintering in inert/reducing atmosphere and 

low temperature synthesis of high purity, homogeneous, ultrafine and 

sinteractive BaTi03 powders are some of the areas of active current 

research. 

2.4 BaTit,9g and BaiK!!&20 as microwave dielectrics 

Barium tetratitanate ( BaTi40g) and BaZTigOZO are the titania rich 

compounds in the BaO-TiOz system that are of considerable interest for 

microwave dielectric applications particularly as microwave resonators 

(Figure 5). The dielectric constant of these materials is higher ( z 40) 

than air which allows miniaturization of microwave resonators. The 

desired properties of the ceramics for microwave resonators are (i) a 

dielectric constant greater than 10 and preferably higher (e.g. 35-40) 
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Figure 5. Schematic of a ceramic microwave resonator positioned between two 
microstrip lines ( from P.C. Osbond, R.W. Whatmore and F.W. Ainger in 
Proc.Br.Ceram.Soc.36 (1985) p. 169. 
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(ii) low dielectric loss (tan 0 < 10-3 in the GHz frequency range) and a 

low temperature coefficient of the dielectric constant ( < 20 ppm/oC). Many 

of the materials based on combinations of titanates and zirconates ( with 

and without dopants) are being researched to obtain microwave dielectric 

ceramics with improved dielectric properties. 

2.5 Other Compounds in the BaO-Ti02 System 

A few other compounds in the BaO-Ti02 system (e.g. BaTi50 11 ) appear 

to be promising, but st~dies on these materials are somewhat limited due 

to the difficulties in synthesizing and processing these materials in a 

single phase form. Recently, the phase diagram of the BaTi03 -Ti02 system 

has been reinvestigated and modified (Figure 6). Studies similar to 

those reported by Ritter et al. [6] and Millet et al. [7] on phase 

relations of electroceramic materials should also be useful for their 

synthesis and processing. It must be emphasized that some of these 

materials are not obtainable in a single phase form using the oxide

mix technique, but can be synthesized using wet chemical techniques. 

2.6. Conventional processing: merits and problems 

Conventional processing of electroceramic materials relies upon 

solid state reactions between readily available raw materials (typically 

BaC03 and Ti02). The reaction scheme for the formation of BaTi03 , 

illustrated in Table I, has been discussed in literature [1,8-11]. The 

formation of intermediate phases prior to the completion of 

formation is noteworthy. Similar mechanisms are known to exist for the 

synthesis of polytitanates. From Table I, it can be seen that the initial 
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Table I: Conventional synthesis of BaTi03 • 

(1) Reaction at the Interface by Diffusion of Ba into TiOz 

BaC03 + TiOz -----> BaTi03 + COz 

(2) Initial Formation of BaTi03 Protective Layer On TiOz 

Particles Limits Diffusion of Ba into TiOz 

(3) Formation of Orthotitanate Phase 

BaC03 + BaTi03 ---> BazTi04 + COz 

2 BaC03 + TiOz ----> BazTi04 + 2COz (less likely) 

(4) Final Formation of BaTi03 

BazTi04 + TiOz -----> 2 BaTi03 

(5) Formation of other phases 

e.g. Ba6Ti17040 • Ba4Ti13030 

25 
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direct formation of BaTi03 ceases due to the formation of a protective 

product layer of Ba2Ti04' Thereafter, the BaTi03 formation occurs primarily 

due to the reaction between the intermediate Ba2Ti04 and Ti02. These 

reactions are usually carried out at a high temperature ( 1100-1200 DC). 

The high temperature synthesis of these materials results in formation 

of relatively coarse, inhomogeneous and possibly multiphase (e.g. BaTi03 

calcines containing Ba2Ti04) powders. With a view to minimizing the 

presence of agglomerates and other poly titanate phases, repeated 

calcination and milling treatments are usually necessary. 

Also, as a result of the use of relatively impure raw materials and 

ball milling operations, impurities such as alumina, silica, sulfur, 

phosphorus etc. are usually introduced in conventionally prepared 

ceramics. These impurities are known to have deleterious effects on the 

electrical characteristics and mechanical properties of barium titanate 

based electronic components. The desirability of high purity BaTi03 for 

thermistor and capacitor applications is well documented in the literature 

and the detrimental effects of impurities on the electrical properties of 

BaTi40g and Ba2Tig020 are being studied. For example, the recent study by 

Mhaisalkar [12] clearly demonstrates the severe degradation of the BaTi40g 

electrical properties, dielectric loss in particular, as a result of the 

A1203 impurity introduced during ball milling operations. Effects of 

desirable impurities such as Mn and W on the electrical properties of 

polytitanates have also been reported [13,14]. Care has to be exercised 

while using wet chemical techniques as well. Kutty and Murugaraj [15] for 
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example, have reported the stabilization of the BazTis.s013 using the 

hydrothermal route in stainless steel autoclaves. Under apparently 

identical conditions the same phase could not be obtained in stainless 

steel autoclaves lined with teflon. They have attributed this phenomenon 

to the effect of impurities from the stainless steel autoclave. 

2. 7 Sophisticated processing of ceramics in BaD-TiD2 system 

In order to elucidate, understand and control the useful and 

undesirable effects of impurities, there is a need to develop protocols 

for the synthesis of high purity, single phase, homogeneous and 

sinteractive BaO-TiOz powders. Several laboratories are currently pursuing 

research in wet chemical processes for the synthesis of high purity, 

submicron, homogeneous and stoichiometric BaTi03 and other poly titanate 

powders. Low temperature, wet chemical routes offer an exciting 

possibility for the synthesis of high purity, homogeneous, ultrafine and 

multicomponent powders from which miniaturized electronic components with 

tailored and predictable properties could be prepared. In response to 

these needs, a number of processes for BaO-TiOz powders have been reported 

in the literature in recent years. The salient features of many of these 

techniques for the synthesis of gels, powders and thin films are reviewed 

in the next chapter. 
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3.1 Low temperature processing of ceramic materials 

Due to the increased demands on the quality of electroceramic materials, 

development of novel synthesis protocols has been an area of active 

current research. Low temperature processing refers to processes where the 

intended product ( e.g. usually as a powder) is obtained at temperatures 

significantly lower than that encountered in conventional "oxide-mix" 

process. Co-precipitation, hydrothermal, colloidal gels, 

sol-gel, sol-precipitation, evaporative decomposition of solutions (EDS), 

metallorganic decomposition (MOD) etc. are some examples of low 

temperature processes. Since the work presented here relates to the 

sol-gel and sol-precipitation routes in particular, we shall first briefly 

review the basic concepts related to sol-gel and sol-precipitation 

processing of ceramics. This will be followed by a review of the salient 

features of a number of low temperature, wet chemical processes 

for BaO-TiOz gels, powders and thin films. The processes are classified 

according to the starting materials which include alkoxides, citrates, 

chlorides, hydroxides and oxalates of barium and titanium and combinations 

thereof. 

3.2 Sol-gel processing 

The use of sol-gel technology in the preparation of ceramic materials (as 

powders, glasses and thin coatings) has increased at a fantastic rate over 
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the past several years. The characteristics imparted to the 

sol-gel derived powders (e.g. high reactivity, extreme purity, 

ultrahomogeneity) make them especially suitable for a number of 

applications where traditional ceramic processes are not adequate. A good 

survey over the state-of-the-art can be provided by the Materials Resea~ch 

Society Symposium proceedings [16-18] and Conferences on Ultrastructure 

Processing [19,20]. Some excellent review articles have also appeared in 

the recent literature [21-25]. 

Basically the sol-gel process means the formation of an (at least 

in the first step) amorphous network, in opposition to crystallization 

from solutions. We shall frequently refer to these processes collectively 

as "sol-gel processing" in general, although the latter process will be 

referred to as " sol-precipitation" whenever such a distinction is useful 

(see section 3.2.3). The most obvious feature of the sol-gel process is 

the transition from a sol into i.L gel. A sol represents a suspension or 

disper~ion of discrete colloidal particles (1 nm to 1 ~m), while a gel 

represents a colloidal or polymeric solid containing a fluid component, 

which has an inte~nal network structure such that both the liquid and 

solid component are highly dispersed [22]. 

3.2.1 Methods for gel preparation 

There are two distinctly different methods available for producing powders 

or glasses through the sol-gel processes, one relying on the use of 

polymerization of partially hydrolyzed metal alkoxides and other reagents, 

the other relying on the use of colloidal particles. The later approach 
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has been discussed in detail elsewhere [26]. 

Polymeric oxide gels are made almost exclusively from metal 

alkoxides. These compounds have a formula M(OR)n where M is a metal ion 

and R is an alkyl group [27]. With controlled addition of water, metal 

alkoxides can (i) hydrolyze either to from very fine particles or (ii) 

hydrolyze and polycondense to form polymeric gels. The hydrolytic 

decomposition is suited for the preparation of high purity, ultrafine 

powders. The formation of gels is usually more suited for preparation of 

monolithic glasses. 

The hydrolysis reaction may be represented as 

M(OR)n + x H20 - - - -> M(OH)x (OR)n-x + x R-OH 

Hydrolysis is followed by condensation to form M-O-M (or M1-O-M2) bonds 

either by the two reactions: 

(a) dehydration: 

-M-OH + OH-M -----> M-O-M + H20 

(b) dealcoholation 

- M-OH + RO-M ----> M-O-M + R-OH 

By suitable adjustment of the ratio of water to alkoxide and the catalyst 

concentration, monolithic gels can be prepared. For multicomponent 

systems, care must be taken to avoid the compositional segregation due to 

the differential reactivities of different metal alkoxides. This is 

usually done by pre-hydrolyzing the slow reacting alkoxide, use of 

acetates or inorganic reagents or as will be shown later, by molecular 

modification of alkoxides. 
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3.2.2 Conversion of gels to ceramics 

Once a gel is formed, it must be dried to remove the solvent phase as well 

as the products of the hydrolysis-polycondensation reactions. If 

monolithic gels and glasses are desired, the drying is usually slow to 

minimize the cracking due to internal stresses associated with the volume 

changes on drying, and capillary forces in the gel pores. During th-e 

initial stages of drying the gel network is flexible and hence the ~hange 

in volume of the gel is equal to the volume of the liquid evaporated. As 

drying proceeds, the gel network becomes more restricted and the removal 

of liquid leads to formation of liquid-air interfaces and development of 

capillaxy stresses. The capillary pressure ~P, developed in a cylindrical 

capillary of radius r, partially filled with a wetting angle 0, can be 

expressed 

~p = 2'Ylv CosO /r 

where 'fly is the surface tension of the liquid-vapor interface. The 

development of cracks in a drying gel can be understood with reference to 

Figure 7 [22]. When evaporation leads to the formation of menisci, 

different pore radii cause unequal capillary pressures to generate 

differential stresses ul < u2' If the stress difference locally exceeds the 

strength of the gel network, a crack will result. The tendency of cracking 

thus is determined by both the pore size and pore size distribution [27]. 

If the dried gel is to be in the powder form relatively rapid drying rates 

can be used. 



(b) 
~ crack 

Figure 7. Origin of drying stresses leading to cracking of 
gels (22]. 
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Once a gel has been desiccated, the next step involves heat 

treatment to obtain an inorganic material, free of any residual organics. 

Several different reactions may occur during calcination of gels (i) 

further advancement of condensation processes; (ii) evaporation of 

residual solvent and other products of hydrolysis-polycondensation 

reactions; (iii) decomposition/crystallization of salts (iv) 

pyrolysis/oxidation of residual organics and (iv) densification. If a 

monolithic glass is desired as a product, the firing schedule must be 

carefully designed so that the water, solvent, gases and other organic 

products are removed prior to pore closure. Even if the final form of the 

fired gel is to be a powder, it is necessary to pay attention to the 

firing schedule since very fine particles of carbonaceous materials can 

be entrapped. The chemically adsorbed water on the gel surface can also 

be entrapped if the pore closure occurs prior to its removal. The non

removal of such species can degrade the sinterability as well as other 

properties (e.g. optical, electrical etc.) of the final ceramic or glass. 

3.2.3 Sol-precipitation technique 

In the presence of appropriate catalysts and excess water, it is usually 

possible to hydrolytically decompose the alkoxides to obtain ultrafine, 

multicomponent powders. Since a fine powder is precipitated from a sol, 

we shall refer to such alkoxide- based process as the sol-precipitation 

technique. This process may result in formation of crystalline or 

amorphous powders. Crystallization of amorphous precursor powders can be 

achieved by a calcination treatment at higher temperature. This mayor may 
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not occur through formation of intermediate phases. Ozaki [28] has 

enlisted several e1ectroceramic powders synthesized using the sol

precipitation technique (Table II). 

3.2.4 Applications of sol-gel and sol-precipitation techniques 

There is a broad range of areas where the gel techniques can have a 

considerable impact on the science and engineering of ceramic materials 

[22]. Some of these areas are novel glasses, fibers, po1ycrysta11ine 

ceramics and thin coatings. Table III, contains an i11ust)~:itive but not 

exhaustive, list of some of the glasses and coatings that have been 

produced using the gel technology [22]. A number of e1ectroceramic powders 

prepared by sol-precipitation technique are enlisted in Table II. Since 

the sol-gel processing uses relatively expensive starting materials 

(typically a1koxides) the applications would be increasing rapidly 

especially where the purity, homogeneity and need to lower process 

temperature are very critical. 

3.3 Chemical processing of BaO-Ti02 materials 

In the following sections the application of the sol-gel, sol-

precipitation and other wet chemical routes for preparation of BaTi03 gels 

and powders is first discussed followed by a review of the chemical 

processing of BaTi03 thin films and poly titanate powders. 

3.3.1 Emerging processes for synthesis of BaTi03 gels and powders 
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Table II. Some electroceramic powders prepared using 
sol-precipitation route [28]. 

, .£R1.STALLINE 

BaTi03 • SrTi03 • BaZr03 • Ba(Ti t_xZrx)03 • Sr(Ti t-xZry')03. 

(Ba t-xSrx)Ti03 • MnFez04 • ZnF~i04 • (l1nt_xZnx)FeZ04 • 
ZnZGe04 • PbW04 . 

HYDROXIDE OR HYDRATED OXIDE 

BaSn03 • SrSn03 ~ PbSn03 • CaSn03 • MgSn03 • SrGe03 • 

PbGe03 ;' 'SrIeOJ 

A..'10RPHOUS 

Synthesized without intermediate 

SrZrOJ • Pb(Til-xZrx)OJ , Pbl-xLax(ZryTil_y)t_x/403 • 

Sr(Zn l/3Nb Z/3)03 , Ba( Zn l/JNbZ/3)03 • Sr( Zn l/3TaZ/J)03 • 

Ba(Znt/JTaZ/J)OJ • Sr(Fe t/zSb l/Z)03 • Ba(Fet/ZSbt/Z)OJ • 

Sr(Co l/JSbZ/3)03 • Ba(Cut/JSbZ/J)OJ • Sr(Nil/JSbZ/J)OJ, 

NiFez04 , CoFez04 , CuFeZ04 • HgFez04 • (Nit_xZ:lx)Fe204 • 

(Col-xZnx)FeZ04 • BaFelZOt9 • SrFetZOt9 • PbFelZOt9 • 
"-

RJFeSOtZ (R";Sm,Gd,Y,Eu,Tb) ,"TbJA1S01Z ' RJGdJO,:.: (R=Sm,Gd, 

Y,Er) , RFe03 (R=Sm,Y,La,Nd,Gd,Tb) , LaAI03 ' NdAtOJ 
R4A1 Z09 (R=Sm,Eu,Gd,Tb) 

Synthesized with intermediate 

sr(tlgl/3Nb Z/3)03 ' Ba(Hg 1/JNb Z/J)03 ' Sr(~lgl/JTa2/3)03 , 
Ba(l1g l / 3TaZ/3)OJ 

35 



TABLE III: Some ceramic systems in which glasses and 
coatings have been produced using sol-gel technology [22]. 

GLASSES: 

Binary : 

36 

SiOz. SiOz-Alz03 • SiOz-AlzOa, SiOz-Bz03 , SiOz-CaO, SiOz-FezOa, SiOz-LazOa• 
SiOz-NazO. SiOZ-PZ05 , SiOz-

SrO, SiOz-TiOz, SiOz-SrOz ' 

Ternary: 

Glasses with more than 3 components: 

Oxynitride glasses with base glass composition: 

COATINGS : 

AlzOa• CeOz. HfOz• InzOa.LazOa• NdzOa• PbO. Sbz04• SiOz. SnOZ.TaZ05 • ThOz• 
TiOz• YzOo. ZrOz ' 
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3.3.1.1 A1koxide Derived Powders 

The pioneering process developed by Mazdiyasni and co-workers 

[29-31] utilized simultaneous hydrolytic decomposition of titanium 

ethoxide (derived from titanium isopropoxide) and barium isopropoxide. 

The technique resulted in formation of ultrafine and high purity 

crystalline powders of BaTi03 • A calcination treatment (between 500-7000 C) 

was necessary to remove the residual carbon and the formation of BaC03 was 

avoided since the entire process was conducted under an inert atmosphere. 

The overall reaction for the formation of BaTi03 can be written as follows 

One of the merits of this technique is the relative ease and 

uniformity with which dopants such as La,Nd,Sc,Nb etc. are introduced at 

the solution stage. Thus, the technique has be successfully used to obtain 

doped and multicomponent BaTi03 based powders. The oven dried powders 

obtained using this technique were crystalline [28]. One of the salient 

features of this process is the high purity end product. The problems 

associated with this process are; (i) the high cost of alkoxide reagents 

and (ii) the problem of premature hydrolysis of extremely moisture 

sensitive barium precu~sor. Controlled utilization of the surface 

activity associated with these powders can also be difficult due to the 

formation of agglomerates. 
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3.3.1.2 A1koxide derived BaTi03 Gels [32-371 

The rate of hydrolysis of the Ba and Ti alkoxides can be reduced 

considerably at very low temperatures [33] and/or alkoxides concentrations 

to obtain monolithic gels [ 33,36]. Amorphous gel powders have also been 

obtained [35,37] from alkoxide precursors. These amorphous gels can be 

converted to crystalline BaTi03 by heat treatment at higher 

temperature (> 400-650DC). The mechanism of BaTi03 formation has not been 

report£.u. 

3.3.1.3 BaTi03 powders from double a1koxide single crystals 

Kirby [32] recently reported synthesis of double alkoxide single crystals 

of the apparent composition BaTi(OC3H7)6 from a barium rich double 

isopropoxide solution. Larger (10 x 4.5 x 4 mm) crystals were obtained by 

seeding the virgin solutions immediately after preparation with smaller 

crystals from other attempts (Figure 8). The precise structure and 

composition of the single crystals are not known but highly crystalline 

BaTi03 powders were obtained by calcination at 800DC. Although novel, the 

large scale application of this approach must await further extensive 

developmental work. 

3.3.1.4 Use of barium hydroxide [38-451 

Flaschen [38] originally reported a sol-precipitation process based on 

the use of barium hydroxide and titanium isopropoxide for the formation 

of BaTi03 powders (Figure 9). Several publications and patents have 

appeared in the literature based on this process [38-45]. The process 

relies on the stabilization of a titanium complex under alkaline 
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Figure 8. Ba-Ti double alkoxide single crystal [32]. 
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Figure 9 Synthesis of BaTio3 powders using barium hydroxide and titanium 
isopropoxide [40]. ~ 
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conditions and its neutralization by Ba2+ : 

Ba2+ + Ti(OH)6-2 -------> BaTi03 + 3 H20 

The mechanism suggested by Kiss et al.[39] is the nucleophilic attack by 

H20 and OH- on Ti(OR)4' The presence of OH- ion is critical for the 

formation of the titanium complex. The acid-base reaction described above 

can not occur in neutral solutions, hydrous titania is obtained as a 

result. The particle size of BaTi03 , was controlled by additions of water 

soluble or water miscible organic solvents such as isopropanol, acetone, 

dioxane or tetrahydrofuran to the barium containing alkaline water, prior 

to the addition of titanium isopropoxide [39]. 

Under strongly alkaline conditions (pH > 10) cubic crystalline 

powder of BaTi03 is obtained at low « 100DC) temperatures which 

transforms into the thermodynamically stable tetragonal structure after 

a heat treatment at higher temperatures ( > BOODC) and subsequent cooling 

through the Curie temperature. It is preferable to conduct the process 

under inert atmosphere to minimize the formation of BaC03 • The technique 

also requires optimization and control of several parameters such as the 

pH, temperature, intensity of agitation and the rate of addition of the 

titanium precursor to obtain BaTi03 with consistent particle size and 

stoichiometry. The process can also be used to prepare doped BaTi03 

powders. 

3.3.1.5 Oxalate process [46-551 

One of the best processes to obtain BaTi03 powders with precise 

stoichiometry, in large quantities is the use of Oxalate process. The 
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starting materials (TiC14 and BaClz) are reacted with water and oxallc acid 

(HzCz04 ) to precipitate a double oxalate ( BaTiO(Cz04)z.4HzO). Yamamu~a et 

al. [46] have reported the formation of tetragonal BaTi03 using Ba(N03 )z 

and TiO(N03 )z as starting materials. Thermal decomposition of the oxalate 

is conducted to obtain fine, stoichiometric powders. A typical TGA trace 

of the decomposition of the double oxalate precursor (Figure 10) 

shows approximately a 50 wt.% loss during calcination. 

The reactions and intermediates that lead to formation of 

crystalline BaTi03 reported by Bind et al. [48] are summarized in 

Table IV. Note that the double oxalate does not convert to BaTi03 directly. 

Very fine particles of BaC03 and BaTizOs formed initially react with each 

other to form the final product. In this respect, the mechanism of BaTi03 

formation is similar to the conventional processing where the metastable 

phase is predominantly BazTi04 (Table I) instead of BaTizOs (Table IV). 

Similar observations have been reported by Hennings and Mayr [61] for 

the Citrate process (to be discussed later). Gallagher and Schrey [49] 

and Balek and Kaisersberger [50] have also confirmed the formation of 

very active BaC03 and TiOz ~sing thermal analysis. Shaikh and Vest [83,84] 

also have similar conclusions for formation of BaTi03 using the 

n.etallorganic decomposition (MOD) process. The oxalate process typically 

results in fine, cubic BaTi03 pOwders that Oil additional heat treatment 

form soft agglomerates of the tetragonal phase (Figure 11, Courtesy Jim 

Wilson, Ferro Corporation). This process is commercial and the powders 

prepared using oxalates are used in thermistor and capacitors industry. 
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Figure 10. Typical TGA trace for mixed Ba-Ti oxalate [47]. 



Table IV. Intermediates and reactions in Oxalate process. 

Synthesis of Mixed Oxalat~ 

TiC14 + HzO ------> TiOClz + 2 HCl 

BaClz + TiOClz + 2 HZCZ04 + 4 HzO -----> BaTiO (Cz04)z.4HzO 
+ 4 HCl 

Thermal Decomposition of Mixed Oxalate 

300 to 350 DC BaTiO(Cz04)z -------> 0.5 BaTizOs *+ 0.5 BaC03 
+ 2 CO + 1.5 COz 

600 to 700 DC 0.5 BaTizOs + 0.5 BaC03 ----> BaTi03 + O.SCOz 

44 



Figure 11. Morphology of Oxalate derived powders (1200°C, 2h) 
Courtesy Jim Wilson, Ferro Corporation. 
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3.3.1.6 Citrate process [56-611 

The citrate process, also known as the Pechini [56] or the Liquid Mix (LM) 

process [57], is similar to the oxalate process. Mulder [58] used 

tetrabutyl titanate with citric acid and ethylene glycol to obtain an 

aqueous solution. During this step, the hydrated titania is redissolved 

by the citric acid. Barium carbonate dissolved in formic acid and water 

is then added to the titanium precursor. After adjusting the pH, a 1:1 

mixed crystalline citrate ( BaTi(C6H607)3.4H20 ) can then be precipitated. 

Salez et al. [59,60] have optimized the process conditions such as the 

concentrations of citric acid, ethylene glycol and the molar ratio 

( Ba + Ti) to (citric acid + ethylene glycol). Heat treatment of this 

mixed citrate precursor then results in formation of BaTi03 through 

solid state reactions (Table V) between intermediate species [61]. It 

is interesting to note that irresp~ctive of the Ba/Ti ratio in the 

solution but depending on the pH, a citrate salt with Ba/Ti ratio of 1:1 

at pH < 2.6, or 2:1 at pH> 3.2 is obtained [61]. 

The liquid- mix process has been applied to synthesis of over 100 

different oxides including a number of titanates, zirconates and niobates 

[57]. Some of the advantages of this process are, (i) good control over 

the product stoichiometry, (ii) low temperature synthesis (typically 

< 800°C) and (iii) ease of introducing dopants. The high weight losses 

during calcination, and agglomeration during calcination treatments are 

some of the demerits associated with this process. 



Table V: Intermediates Formtion of In Citrate Process 
For BaTi03 Powders [68] 
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(BaTi) aconitate 

(BaTi)itaconate 

itaconic anhydride 

-------> 2H20 + SC02 

500°C) 

-------> BaTi03 ,C02 
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3.3.1.7 Hydrothermal synthesis [62-711 

In their early work Christensen [62] and Kaneko [63] showed that BaTi03 

could be prepared from barium hydroxide solutions and oxide, esters or 

oxide gels of titanium, when temperatures from 380 to 500°C and pressures 

from 300 to 500 atmospheres were applied. Recent work of Kutty and co

workers [64-66] demonstrated the synthesis of ultrafine BaTi03 powders at 

tempera tures as low as 85°C. Pressures were close to the water vapor 

pressure at the temperature of synthesis (15-65 atm). Freshly 

prepared and steric stabilized (using PVA surfactant) reactive titania 

gels free of anionic contaminants were used with Ba(OH)2 to obtain BaTi03 

powders with acicular crystals. Although ultrafine powders are obtained 

using tbe hydrothermal route, the stoichiometry is affected by the type 

and amount of solvent and can be difficult to control. According to the 

study by Maurice and Buchanan [70], the agglomeration characteristics of 

the hydrothermally prepared powders can result in lower green 

densities (44 %) but higher shrinkage and fired density (98 % for 

Ba/Ti=0.987). 

The problem of nonstoichiometric BaTi03 product has been recently 

addressed in a patent by Abe et al. [71]. In a modification of the 

hydrothermal process discussed earlier, an attempt has been made to avoid 

loss of residual solubilized Ba2+ , by adding a barium insolubilizing 

compound such as CO2, Na2C03 , sodium laurate etc. This however, will not 

result in stoichiometric BaTi03 , although the analysis may show Ba/Ti 

=1.0. The chemical analysis of the thus prepared powders would refer to 
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the total Ba from nonstoichiometric BaTi03 as well as that from the 

insolubilized product (e.g. BaC03). Additional washing and drying steps 

(after the nonstoichiometric hydro~hermal product is originally obtained) 

will add to the process cost. The powders prepared using this approach are 

fine (0.1 ~m) and appear to be relatively unagglomerated [71]. There have 

been some attempts to make these powders commercially available [72]. 

3.3.1.8. Freeze Drying [73-751 

Ali and M1ine [73] reported a novel BaTi03 synthesis route based on 

calcination of freeze dried catechol complex ( Ba[Ti(C6H402)3] .4H20 ). The 

catechol complex reagent, an aromatic diol C6H4 (OH)2' is initially reacted 

with TiC14 to obtain a titanium complex which in turn reacts with BaC03 

to form water soluble mixed catechol complex. This catechol complex is 

separated by freeze drying and is subsequently decor.\posed at higher 

temperatures to obtain BaTi03 • A f10wsheet of this process (Figure 12) 

shows the important steps. 

The mechanism of the evolution of BaTi03 is not clear. Metastable 

phases may be responsible for the formation of BaTi03 • This technique 

utilizes novel chemistry and has the potential for the preparation of 

mixed and doped titanate powders and clearly deserves further research 

efforts. The catechol process has also been applied successfully to 

other alkaline earth titanates [74]. 

3.3.2 Thin Films [76-861 

Thin solid barium titanate films are of interest for piezoelectric 

components, barri~T layers for deposition of high Tc superconducting 
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thin films and electro-optic applications. Secondly, thinner dielectric 

layers offer high volumetric efficiency with respect to the capacitance. 

Vacuum evaporation, e1ectrodeposition, rf sputtering and other techniques 

have been reported for preparation of thin dielectric BaTi03 layers [76-

78,86]. These techniques need sophisticated instrwnentation and may also 

pose geometrical and area constraints. In rf sputtering, the BaTi03 

reduction of the target can make stoichiomertry control difficult [86]. 

These techniques are also limited in terms of their ability for large 

scale production. 

Wet chemical techniques have the advantages of use of relatively 

inexpensive and easier to handle reagents and simple equipment. Larger 

areas with complicated geometries can be coated successfully. The 

possibility of dielectric breakdown, decreased mechanical strength as well 

as difficulties in preparing multilayered structures may be the limiting 

factors. 

Fukushima et a1. [79] used barium naptha1ate and a titanium a1koxide 

as source materials. A butanol solution of these precursors was spread on 

a silica glass or quartz substrate. After evaporation of solvent a 

calcination treatment was employed to remove the organics. BaTi03 films 

showing interference colors were obtained by calcination above 400°C. Films 

up to 1 micron thickness were prepared with electrical resistivity 

of 109 ohm-cm. 

Yanovskaya et al. [80] and Dosch [81] reported a1koxide based 

synthesis of BaTi03 films. Si wafers, Ni and Ti substrates, obtained by RF 
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and DC sputteri~g onto Si wafers, were also used [81]. Barium hydroxide 

and titanium isopropoxide were used as the starting materials. Hydrolysis 

of the precursors resulted in formation of crystalline BaTi03 in the range 

450-500oC. The current-voltage characteristics of the these films have also 

been described. 

Vest and Singaram [82] have used a metallo-organic decomposition 

(MOD) process to prepare thin films and powders of BaTi03 • Titanium 

dimethoxy dineodeconate and barium neodeconate were synthesized from 

titanium methoxide and barium chloride respectively. These precursors 

decomposed to BaC03 and Ti02 and reacted to form BaTi03 • The MOD process 

is different from the sol-gel process in that a gel is never formed. 

Kinetics and mechanism of BaTi03 formation using the MOD process have been 

discussed by Shaikh and Vest [83,84]. 

3.3.3. Synthesis of po1ytitanates [6.7.13-15. 87-971: 

Relatively limited literature exists on the low temperature syr.thesis of 

po1ytitanates. Suwa et al. [87] investigated the synthesis of various 

phases ( e.g.BaTi40g , Ba2Tig020 etc.) in the BaO-Ti02 system. The synthesis 

was based on the technique used by Mazdiyasni and co-workers [29-31] 

namely the use of barium a1koxide (derived from Ba metal) and a titanium 

a1koxide. Their efforts led to synthesis of single phase BaTis011 • Note 

that this compound can not be obtained in a single phase form using 

conventional "oxide-mix" process. Ritter et al. [6] and Kikuchi and Saito 

[88] attempted synthesis of various phases in the BaO-Ti02 system using 
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BaO derived a1koxide precursor and titanium isopropoxide. The attempts to 

synthesize BaTi40g and BaZTigOZO phases always resulted in mu1tiphase 

materials. 

Hirano and co-workers [89] have patented an a1koxide based 

processes BaZTigOZO type ceramics for high frequency applications. 

Hydrothermal synthesis of po1ytitanates has also been attempted [15]. The 

approach is similar to hydrothermal synthesis of BaTi03 discussed earlier. 

Po1ytitanates with Ba:Ti > 1:5 were found to be unstable under 

hydrothermal conditions. Rutile and BaTi40g were obtained at 1200°C when 

the starting stoichiometry was 1:4. 

There are published studies relating to the synthesis of doped and 

mixed po1ytitanates using the conventional techniques [13,14]. O'Bryan et 

al. [90,91] and other researchers [92,94] have conducted systematic 

studies on the conventional synthesis, crystal structure and electrical 

properties of undoped polytitanates. Importance of homogeneous 

composition in sintering behavior of BaZTigOZO (probably better achievable 

by wet chemical techniques) has been discussed by Jakola et al. [95]. 

Application of sol-gel and other wet chemical processes for the synthesis 

of these materials is an exciting area that clearly deserves additional 

research efforts. This approach would be promising particularly for the 

synthesis of single phase BaTi40g and BaZTig020 without repetitive 

calcination and grinding treatments that are currently employed in the 

conventional processing. 
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The experimental procedure consisted of developing novel synthesis 

protocols for low temperature, wet chemical synthesis of high purity, 

ultrafine and stoichiometric BaTi03 and BaTi409 powders. Characterization 

of the process chemistry and pathways that lead to formation of 

crystalline ceramic powders were also investigated. In the following 

sections we shall present the details of the experimental procedures that 

were developed and used for synthesis and characterization of BaTi03 and 

BaT140 9 powders. 

4.2 Synthesis of amorphous BaTi03 gels 

A concentrated (::::; 1M) solution of barium aceta tel was obtained by 

dissolving it in distilled deionized water. In a separate container, 

titanium isopropoxide l was dissolved using dry isopropano12 , to obtain a 

10 % v/v sol containing appropriate amount of glacial acetic acid3
• The 

barium acetate solution was added slowly to the titanium precursor, 

maintained at ::::; 75°C. The mixture was continuously stirred throughout the 

additions. In some experiments where the additions of titanium precursor 

, Alfa Products, Danvers, MA 

2 Malinckrodt Inc., Paris, KY 

3 J.T.Baker Chemical Co., Phillipsburgh, NJ 
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were relatively rapid, a white precipitate formed and redissolved on 

continued stirring. Typically, after ~10 minutes, a transparent mixed sol 

containing Ba and Ti was obtained. On continued application of heat, 

turbidity developed in the liquid, indicating the onset of gelation. The 

liquid was then poured into a glass petri dish. Gelation was normally 

complete within ~ 30 minutes. 

In many experiments, 0.0300 moles (7.6659 g) of barium acetate 

disso1yed in 30 m1. (1.666 moles) of carbon dioxide-free deionized water, 

0.0300 moles of titanium (IV) isopropoxide dissolved in 90.0 m1. of dry 

isopropanol, containing 30 m1. (0.524 moles) glacial acetic acid were 

used. Thus, the molar ratio of Ac/Ti was 17.46. Gels were also prepared 

with Ac/Ti molar ratio of 8.73. Larger quantities of gel samples were also 

prepared by increasing the amounts of reagents used in proper proportions. 

The cast gels were initially dried slowly in air for ~ 7 days at 

room temperature. Following this, an oven4 drying ( 110eC, ~ 2-3 days) 

treatment was also employed. During drying, the gels underwent 

considerable shrinkage and small pieces (few mm in dimensions) with a 

glassy appearence were obtained. Hi1d grinding of the gels using a mortar 

and pestle resulted in formation of very fine, bright white BaTi03 gel 

powders. Different samples of gel powders were heated, in a platinum 

crucible, in an electrically heated furnace 5 to a desired temperature. The 

heating rate was normally 10eC/min. This calcination treatment leads to 

4 Hodel OV 18-A, Blue H, Blue Island, IL 60406 

5 Type 54352, Lindberg, Watertown, WI 53094 
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formation of high purity BaTi03 powders. The as-prepared and heat treated 

samples were analyzed by various analytical techniques. 

4.3 Sol-precipitation synthesis of crystalline BaTi03 powders: 

Titanium (IV) isopropoxide was reacted with excess glacial acetic acid 

acid (Ac/Ti z 10). Initial addition of small amounts of water formed a 

white precipitate. Continued addition of degassed water and stirring, 

caused the titanium precursor to dissolve and form a clear liquid. Barium 

acetate was added to this clear liquid to obtain a clear sol containing 

Ba and Ti in a ratio of 1: 1. All these steps were conducted at room 

temperature and under an inert atmosphere. Separately, a concentrated 

( pH > 13.0) sodium hydroxide solution was prepared using degassed water. 

The mixed Ba-Ti precursor was then slowly added to the intensely agitated 

NaOH solution maintained at a temperature in the range 85-100oC. This 

resulted in formation of crystalline BaTi03 powders (in contrast with the 

amorphous gels obtained under acidic conditions). After aging, the powders 

were dried in an oven (110°C) and washed with distilled degassed water to 

avoid sodium in the final ceramic. 

In most experiments, 0.0276 moles (8.2 ml.) titanium (IV) 

isopropoxide was mixed with 0.262 moles (15.0 ml.) glacial acetic acid 

( AC/Ti z 9.5). After adding 0.344 moles (6.2 ml.) degassed water, 

7.062 g barium acetate was added slowly. Separately a concentrated sodium 

hydroxide solution of initial pH 13.5 was prepared and was heated 

separately to 85°C. Gradual additions of the mixed precursors resulted in 

formation of white BaTi03 powders. The precipitate was aged for z 2 h, at 
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the desired reaction temperature. It was beneficial to first filter and 

dry and then wash the precipitate in order to obtain stoichiometric 

BaTi03 • 

After washing the powders were subjected to a calcination treatment in 

the temperature range 900-1000DC to control particle size, crystal 

structure and removal of adsorbed water and organics. The as prepared and 

calcined powders were characterized using various microanalytical 

techniques. 

The initial steps in sol-precipitation synthesis procedure are 

quite similar to sol-gel synthesis of BaTi03 described in the earlier 

section. An important difference in these protocols, however is the 

alkaline conditions employed in the sol-precipitation process that leads 

to formation of crystalline BaTi03 powders directly rather than the 

formation of crystalline BaTi03 by heat treatment of the originally 

amorphous gels in the sol-gel process. These processes are compared 

in the schematic sketch shown in Figures 13 and 14. 

4.4 Synthesis of BaTi~g powders 

BaTi40g powders were synthesized using alkoxides of Ba and Ti. In a typical 

experiment, 0.01 mole Ba (1.373 g) metal was added to a 3 necked flask 

containing 250 mi. isopropanol and 0.04 moles of titanium isopropoxide. 

To avoid premature hydro1:J'sis of the a1koxide precursors and reaction with 
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LOW TEMPERArURE SYNTHESIS OF BaTi03 POWDERS 
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+ 
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Figure 13. Synthesis of sol-precipitated BaTi03 powders. 
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Preparation of Amorphous BaTi03 Gels 
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Titanyl Acylate 
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Barium Acetate 
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Figure 14. Preparation of amorphous BaTi03 gels. 
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atmospheric gases such as CO2 , all transfer and mixing operations6 were 

carr.ied out under dry nitrogen or argon gas atmosphere. The barium 

alkoxide was formed in-situ, due to the reaction of metallic Ba with 

isopropanol. 

The mixture of alkoxid(;s was refluxed under Ar for 24 h. At the end of 

this period, the alkoxide mixture was hydrolytically decomposed using 1.62 

ml.water (C02 free). This resulted in formation of a white precipitate of 

BaTi40g precursor powders. The precipitate was aged under reflux 

conditions for an additional 24 h, under Ar atmosphere. The solvent was 

then evaporated and the precursor powders were recovered (Figure 15). 

Similar to the BaTi03 gel powders, these powders were oven dried and heat 

treated in an electric furnace at different temperatures in the range 700-

l2000 C. The as prepared and heat treated powders were also similarly 

characterized using various microanalytical techniques. 

4.5 Characterization 

The as prepared and heat treated gels and BaO-Ti02 powders were analyzed 

using different microanalytical techniques. In the following sections a 

brief description of the procedures used is presented. 

6 weighing and handling in dry box, Vacuum/Atmospheres 
Company, Hawthorne,CA 
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Figure 15. Alkoxide synthesis of BaTi40g powders. 
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4.5.1 Scanning electron microscopy (SEM) and energy dispers ive X-ray 

analysis (EDXA) 

The as-prepared and heat treated powder particles were dispersed in 

a suitable medium (usually isopropanol) and sonicated7 for ~ 3 minutes to 

break up any loose aggregates. A small portion of the dispersion was then 

transferred onto a clean aluminum stub. To avoid charging of the samples 

under the electron beam, the samples were coated using evaporated carbon 

or sputtered Au/Pd. The samples were then inspected using an ISI8 Super 

IlIA SEM. The EDX spectra were obtained on the carbon coated samples using 

a Tracor Northern (TN)9 X-ray analysis system. 

4.5.2 Transmission electron microscopy (TEM) 

Due to its ability to provide high resolution, TEM was used to study the 

structure of particles and agglomerates. The powder particles were 

dispersed in isopropanol. A small volume of the dispersion was transferred 

onto carbon coated copper grids10 • The samples were then inspected using 

a JEOL transmission electron microscope. 11 

7 Sonicator, Bandelin Sonorex RK 106, Bandelin Electronics, 
Berlin 45, W.Germany. 

8 International Scientific Systems, Inc., 3255-6C Scott Blvd.Santa 
Clara, CA 

9 Model TN 5500, Tracor Northern Co, West Beltline Highway, 
Middleton, WI 53562 

10 SFI No. 3520 C, Structure Probe Inc, West Chester, Fa 19381 

11 JEOL Model JEM-2000 FX 
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4.5.3 Auger Electron Spectroscopy (ARS) 

Since some of the precursors used can easily react with atmospheric 

carbon dioxide, surface of the powder particles was examined using Auger 

Electron Spectroscopy (AES) 12. The powder samples were mounted on a 

platinum foil. A silver epoxy was used to prevent charging of the samples. 

The beam voltage was 5 KV and the beam current was 25 nA. Survey spectra 

collected from surface of samples before and after Ar ion sputtering were 

processed to obtain derivative spectra. 

4.5.4 X-ray diffraction (XRD) 

The powdered samples with different thermal treatments were inspected 

using a General Electric X-ray diffractometer13 • The samples were mounted 

on clean glass slides using a double sticky tape and placed into the 

diffractometer sample holder. Monochromatic CuKal radiation was used with 

a Ni filter and a scanning rate of 2°/min. The source beam slit was 3° and 

the detector slit was 0.1°. For some representative samples, to determine 

the exact peak locations, single crystal silicon powder was used as an 

internal standard. 

4.5.5 Thermal analysis 

12 Model PHI 590 Scanning Auger Micoprobe, Perkin Elmer Corporation, 
1161 C. San Antonio Rd., Mountain View, CA 94043 

13 General Electric Corp. ,X -Ray Department, Milwaukee, WI 
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As prepared and heat treated powders were analyzed using a DuPont thermal 

analysis system14 • Some samples were also analyzed using a DTA system 15. 

Typically, a small amount (~ 10 mg) of the powder samples were introduced 

in the sample chamber. Platinum cups were used to avoid the possibility 

of sample contamination. The samples were typically heated at 10c e/min to 

the desired temperatures. The thermal analysis data were then used to 

analyze different transformations occurring in the samples as a result of 

the heat treatment. 

4.5.6 Chemical Analysis 

The Ba/Ti ratio and the impurities have a significant influence on the 

microstructure, densification and electrical properties of barium 

titanates. Samples of barium titanate powders were sent for analysis to 

two independent commercial 1aboratories16 • To facilitate dissolution, the 

samples were fluxed. After dissolution in hot sulfuric acid the Ba was 

analyzed by the sulfate method. Titanium in the samples was analyzed using 

Atomic Absorption (AA) method. Semiquantitative analysis of minor 

impurities in the samples were conducted using emission spectroscopic 

analysis. 

14 TGA Model 951, Dupont deNemors, Wilmington, Delaware 

15 Innovative Thermal System, Almond, New York 14804 

16 Schwarzkopf Microanalytical Laboratory, Woodside, NY 113377 and 
Oremet Titanium, Albany, Oregon 
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Since carbon is a potential constltuent of most sol-gel derived 

products, samples were also analyzed for total and carbonate carbon17 . The 

carbon in these samples was analyzed from amount of the carbon dioxide 

evolved during extended combustion in tin capsules. The combustion was 

carried out at an initial temperature of ~1000oC. Due to the exothermic 

oxidation of tin the temperature rises to ~ 1500 DC. The carbonate carbon 

was analyzed as : 

Ccerbonete = Ctotel - Cecid treRted 

where the Cecid treeted refers to the total carbon content of the sample that 

was treated with hot phosphoric acid to decompose and remove the 

carbonates. 

4.5.7 Raman Spectroscopy 

With a view to enhance the understanding of the evolution of different 

metastable and stable phases Raman Spectroscopy was used. The procedure 

for Raman spectroscopic analysis will be included elsewhere [133]. 

4.5.8 Sintering. microstructure and electrical properties 

The heat treated powders were pressed (~ 40,000 PSI) in a hardened 

stainless steel die into discs (10-12 rom dia. ,2-3 rom thick) and fired in 

air at 1350°C for 2h. To avoid contamination, all samples were set on a 

zirconia setter or inside a platinum crucible. After sintering, the as 

fired surfaces were examined using SEM for microstructural 

characterization. Sample densities were determined using the usual 

17Desert Ana1ytics, Tucson, AZ 85717 
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immersion technique18 • For determination of electrical properties, the 

disk surfaces were ground lightly and a conductive silver paste was 

applied to the flat surfaces. The dielectric constant (K) and dielectric 

loss ( tan S) of the electroded sintered samples were then measured 

using a Hewlett-Packard Impedance analyzer ( Model 4l92A ) at a frequency 

18 Density Measurement Kit Model ME-33340, Mettler Instruments AG, 
Greifensee, Switzerland 

19 Measurements by G.H. Harshe, Pennsylvania State University, State 
College, PA 16802 
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Sinterability, microstructure and electrical properties of BaTi03 are 

extremely sensitive to the Ba/Ti ratio. Impurities contained in the 

starting materials have deleterious and unpredictable effects on the 

electrical characteristics and mechanical properties of the electronic 

components prepared. The choice of precursors in sol-gel processing of 

BaO-TiOz has received much attention in previous work reported in the 

literature. Ritter et al. [6] used an inexpensive but nominal (93%) 

purity BaO as a source of Ba for the synthesis of BaTi03 and other 

polytitanates and reported the formation of an intermediate compound 

(CzHsO)zBazO during synthesis. It is likely that such complex processes 

would make it difficult to pr0~uce stoichiometric powders. 

Flaschen [38] proposed a technique based on the use of Ba(OH)2 and 

titanium isopropoxide to prepare BaTi03 powders. This process is promising 

since it does not involve use of barium alkoxide, an extremely moisture 

sensitive materials that is difficult to handle. 

Mazdiyasni [29-31] used high purity Ba metal and titanium alkoxide 

as the starting materials. With reference to the purity of products and 

ease of dopant introduction this process seems to be more appropriate than 

the other alkoxide based syntheses. However, the process relies on the use 
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of extremely moisture sensitive barium alkoxide. Preliminary experiments 

performed in the preRent work showed that barium and titanium alkoxides 

are very hydrolyzable even by atmospheric moisture. Furthermore, insoluble 

BaC03 forms easily if the barium precursor is contacted with atmospheric 

COz ' The high moisture sensitivity and cost of the starting have been 

demerits associated with this process. High purity, ultrafine BaTi03 

powders can still be obtained using this technique if the reactions are 

carried out under a controlled inert atmosphere. 

The relative merits and problems associated with these processes are 

summarized in Table VI. Note that most alkoxide processes for BaTi03 

powders reported in the literature use moisture and air sensitive 

precursors that are difficult to handle. One goal of this work was to 

identify and use moisture insensitive, easier to handle and inexpensive 

Ba and Ti precursors for BaTi03 • Inorganic water soluble compounds of Ba 

(e.g. Baelz , Ba(N03 )z) were considered but not investigated due to 

potential problem of crystallization of these reagents and contamination 

of the final electroceramic by the residual anionic species. A review of 

the literature showed that barium propionate [98] has been used 

for BaTi03 ; however, use of barium acetate along wlth titani1lm alkoxirle 

to synthesize BaTi03 gels and powders was not reported in the literature. 

5.1.2 Molecular modification of titanium alkoxide precursor 

Initial attempts to prepare BaTi03 gels and powders were similar to the 

work of Tredway [99] who prepared gels and glasses in the BaO-A1203 -Si02 
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system. In this study tetra ethyl ortho silicate (TEOS), aluminum sec

butoxide (ASB) and barium acetate were used for the synthesis of gels. 

Figure 16 shows the schematic of the synthesis of gels prepared by Tredway 

and Risbud [100]. In this study, barium was conveniently introduced as 

barium acetate. Presence of acetic acid was necessary to maintain a 

certain pH and solubilize barium acetate. 

Our initial attempts to synhesize BaTi03 gels and powders also 

involved the use of barium acetate without acetic acid. It is known that 

titanium alkoxides usually undergo rapid hydrolysis with water to form 

hydrous titania (Ti02 ). Therefore, the formation of titania during attempts 

to prepare BaTi03 gels, in the absence of acetic acid, was expected and 

observed. 

Based on these initial attempts, it was decided to use acetic acid 

during gelation. As discussed in the procedure, (section 4.2) amorphous 

BaTi03 gels were successfully obtained in the presence of acetic acid, 

although reasons for formation of gels were not completely clear. 

Continued studies led us to believe that acetic acid may actually be 

reacting with titanium (IV) isopropoxide. This was based on the observed 

exothermic nature of the reaction between titanium isopropoxide and acetic 

acid and a slight yellow tinge imparted to the liquid by the reaction 

product, in the absence isopropanaol [101]. 

Doeuff et al. [102] have recently characterized the reaction between 

titanium alkoxide and acetic acid in relation to the synthesis of Ti02 

gels. Based on this it is clear that acetic acid reacts with titanium 
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Figure 16. Synthesis of BaO-Si02 -A1203 gels [100]. 
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alko}ddes to form a titanyl acyl ate type precursor (some researchers have 

referred to this as titanium acetate). The reaction can be represented as: 

Ti(OR)4 + x HOAc ----> Ti(OR)x (OAc)y + x ROH (1) 

The extent of alkoxy-acetate groups exchanged depends on the Ac/Ti ratio. 

If the Ac/Ti ratio is high (z 8-10) the replacement is believed to be 

complete and a polymeric titanyl acylate is formed. Figure 17 shows the 

infrared spectra of titanium butoxide, glacial acetic acid and titanyl 

acylate [102]. The spectrum for titanyl acylate lacks all the infrared 

features of Ti-OR bonds. This and other features of this spectrum clearly 

show that acetic acid molecularly modifies titanium butoxide. We believe 

similar reactions occur when titanium (IV) isopropoxide is added to the 

isopropanol containing acetic acid. 

The titanium acylate precursor on addition of excess water 

(containing barium acetate) dissolved to form a clear stoichiometric sol. 

This is probably due to the formation of a hydroxy titanyl acylate which 

is soluble in water. The observations of the present work can be used to 

propose the following reactions: 

Ti(OR)x (OAc)y + z H-OH ----> Ti(OAc)y (OH)z + zR-OH (2) 

Ti(OR)x(OAc)y + p H-OH ----> Ti(OR)x_p(OAc)y(OH)p + p R-OH (3) 

Ti(OR)x(OAc)y + p H-OH ----> Ti (OR)x(OAc)y_p(OH)p + p H-OAc (4) 

Ti(OAc)y + z H-OH -----> Ti(OAc)y_z (OH)z + z H-OAc (5) 

At present there is insufficient information available in the literature 

about the exact nature of the reactants and products associated with these 

reactions. It would be useful to conduct systematic structural 
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investigations to determine the nature of interaction of water with 

titanyl acylate type precursors. Recently, Sanchez and co-workers have 

reported structural investigations of similar reactions using NMR 

techniques [103]. 

Livage and Henry have [104] used simple arguments based on the 

changes in the electronegativity to predict that reactions which involve 

formation of alcohol ( reactions 2 and 3) are more favorable as compared 

to the reactions involving liberation of acetic acid (reactions 4 and 5). 

According to these arguments the hydrolysis of alkoxy groups is likely to 

occur more readily than the hydrolysis of the acetate groups bonded to the 

Ti. 

Based on similar arguments it has been shown that similar molecular 

modification of TEOS is less likely [104]. A recent study by Hudson et al. 

[105] showed that acetylacetonate reaction with titanium alkoxides causes 

a change in coordination of Ti from 4 to 6. It is well known that titanium 

ion prefers 6 fold co-ordination. Changes in co-ordination, 

electronegativity etc. are probably the driving forces for molecular 

modification of titanium alkoxides. 

The important implication of these observations from a processing 

v~.ewpoint is that such materials as TiOz , BaTi03 can be synthesized from 

alkoxides without premature precipitation of hydrous titania. These 

modified alkoxides are water soluble as opposed to being moisture 

sensitive. Polycondensataion of species mentioned in reactions 1-5 leads 

to successful formation of amorphous BaTi03 gels. As will be discussed 
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later, the hydrolyzed titanyl acylate precursor undergoes further 

modification under very alkaline conditions and can be used to directly 

precipitate crystalline BaTi03 powders from the mixed sol. 

During the course of this study, we and other researchers have 

presented and discussed use of molecularly modified titanium alkoxide 

precursors for synthesis of gels and powders of BaTi03 [106-116]. 

5.2 Synthesis and characterization of amorphous BaTi03 gels and powders 

5.2.1 Morphology of BaTiO~ 

The stoichiometric sol of hydrolyzed titanyl acy1ate and barium acetate 

was cast into gels in petri dishes. Figure 18 shows an optical micrograph 

of a BaTi03 gel. On drying in air (~ 2S0C) and an oven (~ 100°C), small, 

transparent pieces of gels with a glassy appearance were obtained ( Figure 

19). The shrinkage is due to evaporation of solvent and other products 

of hydrolysis-condensation reactions. Since the final product was intended 

to be in the form of a powder, no drying agents were used to maintain the 

monolithic character of the gels. The oven dried gels could be converted 

to white, fine gel powders by mild grinding using a mortar and pestle. 

5.2.2 Conversion of amorphous gels to crystalline BaTi03 powders 

As described earlier (3.2.2) organometallic precursor derived gels can be 

converted to inorganic ceramics by a proper heat treatment. Gel powders 

were initially analyzed using thermal analysis techniques to understand 

the transformations and thermal stability, so that proper heat treatment 

schedules could be developed and used to prepare BaTi03 powders. 



Figure 18. BaTi03 gels derived using barium acetate and 
modified titanium a1koxide. 
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DTA analysis of gel powders showed a glass transition at ~ 300°C 

followed by exotherms (~ 500°C) resulting from pyrolysis of organics. An 

exotherm at ~ 675°C was also observed and is attributed to the 

crystallization of BaTi03 from amorphous gels. 

A representative TGA trace of an air and oven dried BaTi03 gel is 

presented in Figure 20. The gel powders show a relatively small ( 5-7 %) 

initial weight loss at ~ 80-100 °e resulting from the evaporation of 

alcohol and water. The first major weight loss ( ~ 15-17 %) that occurs 

in the temperature range 2Bu-330oe is probably due to the onset of 

pyrolysis of the organic compounds, such as excess acetic acid, isopropyl 

alcohol (added as solvent and formed during polycondensation reactions), 

and isopropyl acetate. Volatilization of some species during gelation also 

contributes to the weight loss. On heating to 720°C, the gel undergoes an 

additional weight loss, which can be attributed to decomposition of BaC03 

and other residual organics. No major weight loss was detected using TGA 

on further heating to ~ 900°C. The overall weight loss resulting from these 

processes was typically 40 (± 2) %. For the purpose of comparison, TGA 

data for citrate precursors used in Pechini process are presented in 

Figure 21, respectively. The high weight loss (typically ~ 70- 80%) 

during calcination is one of the drawbacks of the Pechini process [57). 

Precursor weight losses for oxalate process and the prresent gel route are 

similar (Figure 10). 

5.2.3 Heat treatment of gel powders 
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The structural evolution of crystalline BaTi03 from amorphous gels and 

optimization of the gel calcination treatment, were investigated by 

analysis of gel powders calcined at different temperatures. 

Different gel powder samples were heat treated at the desired 

temperature for 24 h in air, and then cooled slowly in the furnace.The XRD 

patterns of the dried and heat treated gel powders are shown in Figure 22. 

Dried gel powders were X-ray amorphous, in contrast with the crystalline 

powders obtained using the alkoxide method proposed by Mazdiyasni [29-31]. 

The amorphous nature of the gel powders is consistent with the 

polycondensation reactions of the molecularly modified titanium precursor 

( 5.1). 

Examination of gel powders heat treated at 450 and 520°C showed a 

weak and broad X-ray diffraction peak that could not be attributed to 

BaTi03 • The same peak, however, was not observed for samples heat treated 

at higher temperatures. This peak at 20=24.2°, is attributed to barium 

carbonate. Chaput and Boilot [116] have also reported similar observations 

during sol-gel processing of BaTi03 • 

Based on the XRD patterns of samples heat treated at higher 

temperature, it is clear that crystallization of BaTi03 begins at 

temperatures as low as ~ 500-5500 C. Gel powders heat treated at 

temperatures below l200°C appeared to be cubic. For the sake of clarity. 

it must be mentioned that all XRD patterns were collected at room 

temperature (~ 25°C). However. when the samples are cooled through the 

Curie temperature (~ 130°C). a cubic to tetragonal transformation should 
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Figure 22. Evolution of crystalline BaTi03 from amorphous gels. 
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occur (Figure 2). For samples heat treated below 1200 °e the cubic form of 

barium titanate was retained metastably. The reason for this behavior is 

not entirely clear, but unavoidable presence of the hydroxyl (OH-) 

ions in sol-gel synthesis may cause such an effect. It is not uncommon to 

observe gels heat treated at temperatures much above 1000e to retain the 

hydroxyl ions. Similar phenomena are also known to occur for commercially 

available oxalate [117] and hydrothermally prepared [66] powders. 

It is usually difficult to distinguish between the cubic and 

teragonal crystal forms of h~Ti03 using XRD. However, splitting of the 

diffraction line at 20 =45.4 0, corresponding to (200) planes for the 

BaTi03 gel powders heat treated at 1200 °e suggests stabilization of 

thermodynamically stable tetragonal structure. It must be emphasized that 

the cubic-teragonal transition does not occur at 12000 e. 

5.2.4 Mechanisms for evolution of crystalline BaTi03 from amorphous gels. 

X-ray diffraction data showed that the crystallization of BaTi03 from 

amorphous gels begins at '" 550 °e. Since the as prepared gels are 

amorphous, it is important to understand whether the BaTi03 crystals 

nucleate from an inorganic amorphous material or from reactions between 

metastable crystalline/amorphous solids. To elucidate the mechanism of 

crystallization of BaTi03, associated with this gel route we analyzed 

heat treated gel samples for carbon content ( carbonate and total), 

As can be seen from Table VII, the gel sample dried in air (# 1) at 25°C, 

followed by calcination at 300 °e for 2h, shows a total carbon content of 

4.33 % of uhich only 0.72 % is the carbonate carbon, Therefore, at 
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temperatures below 300° C, small amounts of carbonate are formed. Another 

sample (# 2, Table VII) on additional heat treatment shows a decrease in 

the total carbon (from 4.33 to 2.73 %) but an increase in the relative 

carbonate carbon content (from 16.6 to 72.9 %). This indicates increased 

formation of BaC03 in the range 400-5000 C as shown by our XRD analysis 

results. On increasing the calcination temperature to temperatures 

~ 1000 DC, the carbon content decreases due to decomposition of barium 

carbonate. These data suggest that at least some fraction of BaTi03 is 

ultimately formed as a result of solid state reactions similar to 

reactions between BaC03 and Ti02 • The possibility of other mechanisms 

involving nucleation of barium titanate crystals from an amorphous 

inorganic solid (obtained during the calcination treatment) must also 

be considered. Based on the thermal and structural analysis of the gels 

it appears that crystalline BaTi03 can evolve from the amorphous gels 

possibly by (i) crystallization of an inorganic amorphous solid obtained 

during course of calcination and; (ii) reaction between BaC03 and titania 

rich regions of the gels. It is important to know these mechanisms since 

they have pronounced effects on the homogeneity of the ceramic powder 

produced. To examine some of these possibilities, gel samples were also 

analyzed using Raman Spectroscopy. 

5.2.5 Chemical composition and stoichiometry of gel derived BaTi03 powders 

It is well recognized that stoichiometry is an important factor for the 

de~sification, microstructure and electrical properties of barium 

titanates. Undesirable impurities adversely affect the electrical 



TABLE VII. CARBONATE AND TOTAL CARBON CONTENTS «j 

OF BaTi03 POWDERS. 

Sample Total Carbon Carbonate Carbon Relative 

Heat Treatment (TC) wt. % (CC) wt.% Carbonate 

SOL-GEL PROCESS 

1. Gel 207 
300°C, 2h. 4.33 0.72 16.6 % 

2. Gel 206 
300°C, 2h then 2.73 1. 99 72.9 % 
500°C, 24 h. 

3. Gel 107 0.15 na na 
700°C, 24 h 

4. Gel 201 0.50 na na 
700°C, 24 h 

5. Gel 210 0.29 0.27 93.1 % 
700°C, 24 h 

6. Gel 210 0.038 nd nd 
1000oC, 24 h 

SOL-PRECIPITATION 

7. B, HOoC, 0.60 0.51 85.0 % 
24 h. 

8. B, 950°C 0.043 nd nd 
24 h 

note : (1) Relative Carbonate Content = ( CC / TC»'( 100 % (2) na : not 
analyzed, nd: not detected (3) @ : carbon analysis using extended 
combustion technique by Desert Ana1ytics, Tucson, AZ 85717 
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properties of BaTiOa and lead to greater susceptibility to failure by 

mechanical defects in the dielectric layers. In view of thi.s, barium 

titanate powders obtained by calcination of gel powders at 700°C were 

analyzed for Ba, Ti and impurity contents. 

The results of the analysis of Ba and Ti contents of two 

representative but different batch samples are presented and compared to 

the calculated values in Table VIII. Note that the Ba and Ti contents of 

the powders synthesized using this technique are very close to the 

expected values. The Ba/Ti ratio, an important determinant of the 

variation of the dielectric properties usually varies between 0.977 to 

1.03 [4]. Based on the bulk analysis of these powders the Ba/Ti ratio for 

both samples is 0.99. Microprobe measurements were also made to check the 

homogeneity of the powders. No significant variations in the Ba/Ti ratio 

were observed. In this respect the homogeneity of these powders seems to 

be much better than that of barium titanate powders prepared by 

conventional processing [47]. 

A comparison of the impurity analyses of commercial electronic 

grade BaTiOa powders (prepared using conventional and Oxalate processes) 

and those derived from barium acetate and barium a1koxide [29-31] 

precursors is presented in Table IX. The purity of the acetate derived 

barium titanate powders is comparable to the powders prepared using barium 

isopropoxide [29-31] and is better than the powders usually acceptable for 

MLC manufac~ure. 
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Table VIII: Analysis of Ba and Ti conents of gel derived 
BaTi03 powders. 

Calculated Sample 102 Sample 103 

Barium " 58.88 58.79+ 58.88+ 

Titanium " 20.54 20.68+ 20.72+ 

Oxygen " 20.58 Not analyzed Not analyzed 

Ba/Ti 1.00 0.99 0.99 

~ Wt. %, + error ± 0.3% 
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5.2.6 Morphology of acetate derived BaTi03 powders 

SEM micrographs of BaTi03 powders obtained by calcination of gels at 

100UoC, showed that they consisted of fine (z l~m) particles (Figure 23). 

Some agglomerates of relatively larger (z 4-5 ~m) size were also observed. 

This particle size is finer than that obtained by conventional processing 

and is obtained with minimal grinding. The formation of agglomerates 

probably occurs during calcination of gel powders due to their high 

surface activity and exothermic reactions during calcination (section 

5.4). Heat treatment at different temperatures is used to prepare powders 

with a different crystal structure, surface areas and residual carbonate 

content. 

5.2.7 Microstructure and electrical properties: 

Gel powders calcined at low temperatures ( ~ 700°C ) contained small 

amounts of barium carbonate ( Table VII) formed during the calcination of 

the gels. Due to the decomposition of these small amounts of residual 

carbonate carbon, these gel powders could be sintered to relatively lower 

densities (z 70 %). The resultant sintered bodies exhibited 

a " blistered microstructure" (Figure 24). Enomoto and Yamaji [53] have 

observed similar phenomenon for oxalate derived powders calcined in CO2 

atmosphere. The maximum dielectric constant of these ceramic bodies was 

z 6000 (Figure 25 a). On increasing the calcination temperature to 

1000°C, the carbon content of the powders decreased to z 0.04 % 

(Table VII) and relatively dense (z 85-90 %) bodies were obtained after 

sintering at 1350 °c with a Curie temperature and a maximum dielectric 



Table IX: Impurity Analyses of BaTi03 Powders 

Impuri ty+ Alkoxides Acetate Gel Oxalate 

Sil i ca <0.02 < 0.02 ; 0.01 

Alumina <0.002 < 0.02 0.01 

SrO <0.003 <0.012 :' 0.02 

NazO <0.001 <0.013 na 

CaO <0.014 < 0.014 na 

+ weight percent, na: not analyzed 

Oxide-Mix 

0.12 

. 0.12 

1.00 

0.13 

na 

OJ 
~ 
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Figure 23. Morphology of calcined gel powders, lOOOoC, 24h. 
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constant of ". 130°C and 11,000 respectively. (Figure 25 b). These 

properties are comparable to those of BaTi03 obtained by other processes 

(Figure 26). 

The samples derived from gels calcined at higher temperatures show 

a sharp transition in the dielectric constant at "" 130°C. The Curie 

temperature of the BaTi03 also reflects its purity and homogeneity (for 

doped titanates). For pure BaTi03 the Curie temperature is ". 130°C. Thus, 

it appears that the samples prepared using this technique are fairly 

homogenous and free of any significant impurities. 

5.3 Synthesis and processing of sol-precipitated crystalline BaTi03 

powders 

5.3.1 Formation of crystalline BaTi03 

As shown in Figure 14, crystalline BaTi03 powders could be obtained by 

addition of the mixed hydrolyzed titanyl acylate- barium acetate precursor 

to a concentrated (pH >13.0) sodium hydroxide solution. In these 

experiments we used reagent concentrations reported by Wilson et al. [112] 

so that a direct comparison could be made in analyzing two independent 

results. The similarity between the sol-gel and sol-precipitation 

synthesis protocols is emphasized in Figures 13 and 14. While both 

processes employ identical starting materials, an amorphous gel is formed 

in the sol-gel process. In contrast to this, in the sol-precipitation 

route, the stoichiometric mixed sol is added to alkaline solution to 

directly obtain a crystalline BaTi03 product. 



Figure 24. Relatively porous BaTi03 ceramic obtained from 
gel powders calcined at low temperatures. 
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Figure 25. Temperature dependance of dielectric constant of sintered 
ceramics from powders : calcined at (a) 700 °e, 24 hand 
(b) 1000oe, 24 h. 
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The as prepared acetate gel powders were X-ray amorphous which is 

characteristic of the sol-gel powders (Figure 22). XRD pattern of the 

as precipitated powders showed diffraction lines characteristic of 

crystalline BaTi03 (Figure 27). Knowledge regarding the mechanism of BaTi03 

formation by sol-precipitation process is limited by the lack of 

fundamental structural work on the hydrolyzed titanyl acylate precursor. 

Under strongly alkaline conditions the hydrolyzed titanyl acylate type 

precursor may form a stabilized complex of Ti that can react with Ba+2 

according to the following reaction : 

Ti(OR)x(OAc)y(OH)z + OH- -------> [Ti(OH)6]2- (unbalanced) 

Ba+2 + [ Ti(OH)6 ]-2 -------> BaTi03 + 3 H20 

The latter reaction was originally reported by Flaschen [38]. There is no 

direct evidence for its occurence. Possibility of hydrothermal reaction 

of Ba+2, with possibly amorphous titanium hydroxide must also be carefully 

considered. In some of our experiments we substituted barium acetate by 

equivalent amounts of barium hydroxide. Crystalline BaTi03 powders were 

obtained under similar conditions. Aging and reaction temperature also 

affect the crystallinity and composition of the precipitate. In general, 

our experiments showed that longer aging times and higher (~ 85-l000 C) 

reaction temperatures enhance crystallinity of the product. Choice of 

appropriate titanium precursor is crucial for the formation of crystalline 

powders. Wilson et al. [112] have shown that when TiC14 is used instead 

of titanium isopropoxide, all other processing remaining similar, 

significant loss of barium occurred and a titania rich non-BaTi03 were 
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Heat Treated, 1000 °C. 4hr. BaTi03 

As Precipitated. BaTi03 
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Figure 2.7. XRD patterns for: as-prepared and calcined BaTi03 powders 
prepared by the sol-precipitation technique. 

\0 
0'1 



97 

obtained. This was probably Jue to lack of molecular modification of the 

TiC14 precursor i.e. it appears that even in presence of acetic acid the 

following reaction may not occur to an appreciable extent: 

Ti(Cl)4 + x HOAc --->Ti(OAc)x(OR)4_x + 4 Hel 

5.3.2 Heat treatment of as prepared powders 

TGA analysis of these powders showed a weight loss of 4-7 % (Figure 28 ). 

Some initial weight loss occurs due to evaporation of water. Weight loss 

at higher temperature occurs due to pyrolysis of organics and probably due 

to decomposition of BaC03 • The overall weight loss on calcination of these 

powders is considerably lower than that for the gel derived powders 

(Figure 20) since the BaTi03 is formed directly. This weight loss is 

similar to that for alkoxide derived powders [29-31]. 

The attempts to obtain high density ceramics from the as prepared 

powders were not very succesful, probably due to the presence of 

agglomerates and residual barium carbonate. Based on the TGA data, powder 

morphology and carbon analysis (Table VII) powders (section 5.3.2),it was 

decided to calcine the powders in the range 950-1000° C to eliminate the 

residual carbon and change the powder morphology. XRD pattern of the 

calcined powders shows strong reflections characteristic of BaTi03 with no 

evidence of presence of BaC03 (Figure 27). For samples heat treated at 

higher temperatures (~ 950-10000 C), based on the reflection at 20=45.4° 

there appears to be evidence for the cubic to tetragonal trans it ion. 

Unambiguous distinction between the two crystalline forms using XRD is 

difficult due to line broadening effects. As mentioned earlier, it is 
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Figure 29. Low magnification electron micrographs of as-prepared 
sol-precipitated BaTi03 powders. 
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Figure 29. Low magnification electron micrographs of as-prepared 
sol-precipitated BaTi03 powders. 



'. 

Figure 30. TEM micrograph of sol-precipitated powder showi.ng 
the primary particles. 
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possible to control the agglomerate structure, carbon content and crystal 

structure of Ba'l'i03 powders by controlling the calcination treatment. 

Future research efforts must be directed toward optimization of 

calcination temperature and time to take advantage of the surface activity 

of the as precipitated powders. 

5.3.3 Morphology of Sol-precipitated powders 

The as precipitated powders were crystalline and ultrafine. Figure 

29 shows relatively low magnification SEM and TEM micrographs of the as 

prepared powders. High magnification TEM micrographs of these powders 

clearly showed the structure of primary particles (Figure 30). The powders 

consisted of very fine (10-20 nm) primary particles. This fine particle 

size imparts a tremendous surface activity to the powder particles. If 

this surface activity can be ~ou:rolled, these powders can be sintered at 

much lower temperatures (~ 11000C). The implications of this, in relation 

to the reductions in MLC manufacturing costs, were discussed in Chapter 

2. 

Figure 31 shows an SEM micrograph of a sol-precipitated sample 

calcined at 950°C,for 24 h. The particle size of calcined powder particles 

to the size of agglomerates of as precipitated powders (~1-3 ~m). Note 

that the calcined sol-precipitated powder particles are denser than the 

gel powder particles calcined at similar temperatures (Figure 23). This 

is due to the higher surface activity associated with the sol-precipitated 

powders. 



Figure 31. Morphology of sol-precipitated powders after 
calcination (950°C, 24 h). 

103 



104 

In our experiments, formation of small amounts of BaC03 could not 

be suppressed completely, probably since filtration was carried out in 

air. In order to examine the surface of the powders for possible carbon 

contamination, the as prepared powders were analyzed using Auger 

spectroscopy. Figure 32 (a) shows the Auger derivative spectra for 

unsputtered samples. It is clear that the carbon conatamination observed 

is due to adsorbed atmospheric carbon (rather than BaC03 ) which exists 

only essentially on the surface of the powder particles. On removing this 

surface carbon by argon ion sputtering, clean spectra showing Auger 

lines characteristic of Ba and Ti were observed (Figure 32 b,c,d,e). 

Therefore it appears that BaC03 probabaly exists as fine isolated 

particles, rather than on the surface of BaTi03 particles. 

BaC03 formation necessitates a calcination treatment which also 

decreases the surface activity of the oven dried powders. Therefore it 

might be useful to suppress the BaC03 formation by minimizing the contact 

of powders with CO2 , It should, however, be remembered that heat treatment 

is also necessary to obtain BaTi03 with a tetragonal crystal structure 

[112] and control the size of agglomerate. In the latter case, techniques 

to deagglomerate the heat treated powders would become necessary. 

5.3.4 Microstructure and dielectric properties: 

The sol-precipitated powders calcined in the temperature range 950-1000°C, 

were compacted and sintered in air at l350°C for 2 h ( at peak 

temperature) to obtain dense ceramic bodies (90-96 %) without any 
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sintering additives. Figure 33 shows the microstructure of the as fir.ed 

surface showing predominance of relatively large grains (10-25 ~m) with 

some small grains (1-5 ~m). The relatively large grain size is a 

characteristic of undoped BaTi03 ceramics. The room temperature dielectric 

constant (K) and the dielectric loss (tan 0) of these samples were ~ 1000 

and 0.01, respectively. These properties are commensurate with the 

observed microstructure. The potential of the present processing 

technique to produce doped titanates ( e.g. Nb, Nd) with finer grain size 

and higher dielectric constant appears worthy of pursuit. 

The sintered samples were also examined using EDXA for possible 

contamination during compaction and sintering. Figure 34 shows a SEM 

micrograph of the sintered sample. EDX spectra were collected in the spot 

mode from regions A (g~ain boundary), and B (g~ain to the left) and grain 

C (grain to the left) (Figure 35). The characteristic lines of Ba and Ti 

were readily identified. Besides a weak signal from the Si X-ray detector, 

no other lines were observed indicating absence of any detectable 

impurities either at the grain bounary region or within the grains. The 

major X-ray lines of Ba and Ti show a severe overlap and hence an 

estimation of the Ba/Ti ratio was not attempted. From these data, it 

appears that no significant levels of impurities are introduced during 

caomaction and sintering operations. 



Figure 33. Microstructure of dense BaTi03 ceramic obtained 
using sol-precipitated powders ( 200X). 
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Figure 34. Region of ~ sintered samples used for EDX analysis. 



( 

l 

I 

I 
I 
! 
I 
I 
I 
I 
I , 
I 

I 
I 
I 
I 
I 
! 
I 

I 

\ 
j 
! 
I 
I 
! 

I 
! 
i 

, ,. 
; 

113 

Figure 35. EDXA spectrum for sintered BaTi03 sample obtained from 
sol-precipitated powders (grain boundary region). 
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Figure 35. EDXA spectrum for sintered BaTi03 sample obtained from 
sol-precipitated powders (grain on left). 
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Figure 35. EDXA spectrum for sintered BaTi03 sample obtained from 
sol-precipitated powders (grain on right). 
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5.4 Atomistic pathways to crystalline BaTiO~ 

Distinct mechanisms appear to exist for the formation of crystalline BaTi03 

in gels and powders derived by different techniques. In turn, these 

differences have important effects on the microstructure evolution in the 

fired ceramic. These issues are relevant to manufacture of multilayer 

ceramic capacitors with high volumetric efficiency. The experimental 

observations· of the present research coupled with the data reported in 

the literature can be used to propose, compare and discuss various 

mechanisms for the formation of crystalline BaTi03 • 

In the sol-gel derived BaTiOa, at least a fraction of the crystalline 

phase is formed due to solid state reactions similar to those between 

ultrafine particles of BaCOa and TiOz implying that atomic scale mixing of 

constituents is unlikely in every region of the system. The note of 

caution implicit in this observation is especially timely, since it is 

a popular current belief that sol-gel processing results in extremely 

homogeneous ceramics. During sol-gel processing of ceramics and glasses, 

possible segregation during drying of gels, the mechanism of 

crystallization from gels and formation of metastable 

amorphous/crystalline intermediates must also be considered carefully, 

since heterogeneities at a submicron level have important consequences for 

the quality of components produced. 

Other mechanisms of formation of crystalline BaTiOa from the 

acetate gels may include crystallization of BaTiOa from an amorphous but 

inorganic solid obtained during the course of the calcination treatment. 
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The crystallization temperature for chemically prepared amorphous 

BaTi03 is ~ 550°C. This crystallization may be either the result 

of crystallization by structural rearrangement of the amorphous gels 

and/or reactions between BaC03 and the titania rich regions of the gels. 

The possibility of obtaining crystalline BaTi03 directly from an 

amorphous gel (free of organics) exists but can not be confirmed 

experimentally due to the possibly simultaneous existence of the two 

mechanisms. A precedent report of pure BaTi03 glass formation by quenching 

BaTi03 powders (heated using an oxyacetylene flame) is contained in the 

work of Ulrich [119]. We are currently using molecular dynamics based 

computer simulations to study the structure and properties of amorphous 

and crystalline BaTi03 , (Chapter 6) [120]. Recently, Mackenzie [121] has 

also discussed the non-Zachariasen behavior of BaTi03 and W03 in relation 

to the synthesis of chemically derived amorphous oxides. 

It appears that one of the mechanisms described for the present 

sol-gel route is somewhat similar to the Citrate or Oxalate processes, in 

which very fine particles of barium carbonate and titanium oxide react to 

form crystalline BaTi03 • Although atomic scale mixing is not expected in 

the every region of the system, BaTi03 formation occurs at temperatures 

much lower than those required in the conventional" oxide - mix" 

process, probably due to the decreased diffusion distances and the 

high reactivity of the finely divided solids. Since the XRD patterns of 

the gels heat treated at different temperatures do not exhibit all 

reflections characteristic of fully crystalline TiOz, BaC03 or other 
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titanate phases, the intermediates involved in the gel route are probably 

different and in smaller quantities than those observed in either the 

conventional or the oxalate processes. 

In sol-precipitation, hydrolyzed titanyl acylate precursor obtained 

under acidic conditions undergoes further modification to form a titanium 

complex. Reaction between Baz+ and this complex leads to the formation of 

crystalline BaTiOa• This and/or hydrothermal type of reactions (during 

aging) seem to be the mechanism that ultimately governs formation of 

crystalline BaTiOa obtained using molecularly modified alkoxide or the 

technique developed by Flaschen [38]. Thus, in principle, atomic scale 

mixing of constituents (and therefore a uniform Ba/Ti ratio) can be 

expected using this route. However, XRD analysis of the oven dried powders 

revealed the presence of small amounts of BaCOa (Figure 27). Although the 

reactions were conducted under an inert ( Nz or Ar ) atmosphere and 

degassed water was used, formation of BaCOa could not be totally suppressed 

Reaction with COz from air during washing and drying is probably 

responsible for the formation of small amount of BaCOa in the oven dried 

powders. 

It is possible to suppress carbonate formation by conducting all 

operations under an inert atmosphere as suggested in the approach taken 

by Mazdiyasni and co-workers for the preparation of high purity BaTi03 

powders using metal alkoxides [29-31]. The sol-precipitated powders 

were found to contain 0.6 % total carbon, the majority of which was 

carbonate carbon (# 7, Table VII). However, on calcination at 950°C, the 
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carbon < 0.04 % (# 8, Table VII). Although better homogeneity can be 

expected in the powders prepared using this technique, complete atomic 

scale mixing of constituents can be achieved only if the BaC03 formation 

is completely avoided. As compared to these wet chemical processes, 

greater variations in the Ba/Ti ratio are known to occur in BaTi03 powders 

using the" oxide-mix" process, primarily due to the relatively larger 

particle size of the starting materials and the dependence on solid state 

reactions [20]. A graphic overview of the possible reaction pathways 

during formation of crystalline BaTi03 is shown in Figure 36. 

5.5 Sol-gel processing of BaTi~9 powders 

5.5.1 Powder morphology 

Oven dried precursor BaTi40g powders were found to cO',lsist of spherical 

particles ~ 0.1-0.3 pm in size (Figure 37 a). The calcined crystalline 

BaTi40g powders show unagglomerated "dog-bone" shaped particles derived 

from two or more (originally spherical) primary particles (Figure 37 b). 

5.5.2 Thermal analysis 

The TGA analysis of the air dried precursor powders showed an initial 

weight loss (~ 8-10 %) at ~lOOoC due to evaporation of residual isopropanol 

and water (Figure 38). The weight loss continued to occur upto ~ 450°C and 

can be attributed to the pyrolysis of the residual organics. The overall 

weight loss was ~ 18-20 %. These results suggested that it may be 

desirable to introduce a calcination step prior to sintering. 



Figure 37 (a). Morphology of as prepared BaTi40 g precursor 
powders. 
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Figure 37 (b). Morphology of calcined (llOO°C, 3h) BaTi40 g 
powders. 
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5.5.3 Crystallization of BaTi40g from amorphous powders. 

The XRD analysis of the air dried powders revealed the amorphous nature 

of the precursor. This may be due to the Ti-O-Ti and Ti-O- Ba bridges 

formed during hydrolysis and polycondensation reactions. Heat treatment 

at low temperatures (700-800° C) resulted in formation of a BaTis011 

phase (Figure 39). XRD data of precursor heat treated at 900°C showed 

decomposition of BaTisOu and evolution of Ba4Ti13030 phase. At higher 

temperatures ( >1100 °C) the only phase identifiable using XRD was BaTi40g • 

As was mentioned earlier attempts to synthesize this compound in its 

single phase form by Suwa et a1.[87] and Ritter et a1.[6] were 

unsuccessful. To check the single phase nature of the precursor powders 

prepared using the present technique, we also compared the XRD spectra of 

a sample prepared1 using the following procedure [3]: 

1. Mix and grind 1 mole BaC03 and 4 moles Ti02 in acetone. 

2. Calcine in a Pt crucible at 10500 C for 24 h. 

3. Regrind in acetone 

4. Reca1cine at 13000 C for 20 h. 

5. Regrind in acetone 

6. Reca1cine at 13500 C for 18 h. 

7. Regrind to a fine powder 

This heat treatment schedule can produce what is believed to be single 

phase BaTi40g • Comparison of XRD data of a1koxy derived and samples 

Sample supplied by Kevin Kirby, Hughes Research Labs., 
Mailbu, CA. 
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prepared by Kirby, confirmed the single phase nature of alkoxy derived 

powders heat treated at high temperatures ( >1100 DC). 

Raman spectroscopy was found to be a very useful technique due to 

its higher sensitivity to the presence of other poly titanate phases as 

well as homogeneity of the samples. .Tavadpour and Eror [122] have 

reported Raman spectra of different polytitanates prepared using the 

Liquid Mix process [57]. 

Raman spectra of BaTi40g precursor powder confirmed its amorphous 

nature (Figure 40 a). Raman spectrum of a sample heat treated at 

BOOoC, 24 h, showed broad peaks at z 540 and 700 cm-1 , characteristic of 

BaTis011 ( Figure 40 b). This was consistent with the results of XRD 

analysis (Figure 39). Samples heat treated at 900°C showed presence of 

BaTi40g , in additon to the 4:13 and 1:5 phases (Figure 40 c). Note that 

for these samples, XRD analysis did not give any indications of the 

presence of the 1:4 phase (Figure 39). Raman spectra of samples heat 

treated at higher temperatures ( >1100°C) showed the presence of single 

phase BaTi40g only (Figure 40 d and e) and relatively free of any spectral 

noise, as compared to the spectra for samples prepared by conventional 

processing (Figure 40 f). This is a reflection on the better homogeneity 

of the chemically prepared samples. 

The sequence of phase evolution 1. e. (BaTisOu , Ba4 Ti13020 and BaTi40g ) 

is probably determined by the activation energies and stability of 

different species competing for crystallization from amorphous precursors. 

Wu and Wang [123 have suggested a similar phase development sequence for 
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a composition equivalent to BaZTigOzo • 

5.5.4 Sintering. microstructure and electrical properti@~ 

The BaTi409 powders obtained by calcination of amorphous precursor powders 

were pressed and sintered at l275°C to form dense (z 95 %) ceramics. The 

polished and thermally etched samples examined using SEM showe1 a uniform 

grain size of z 4-5 pm. The dielectric constant of sintered ceramics at 

different frequencies was similar to the values reported in the literature 

(Figure 41). The room temperature dielectric loss decreased very sharply 

at higher frequencies (Figure 42). 

Notice the absence of feroelectric behavior of BaTi409 • For this 

compound, titanium lies in distorted octahedra which share edges and 

corners in three dimensions. The titanium ions are not at the center of 

these octahedra so that polarized octahedra are obtained as a result, but 

the overall structure is centric one and ferroelectric behavior is not 

observed [124]. 
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CHAPTER SIX 

STRUCTURAL INVESTIGATIONS OF AMORPHOUS BaTi03 USING MOLECULAR 

DYNAMICS SIHULATIONS. 

6.1 Introduction 

136 

The work discussed in previous chapters was primarily concerned 

with development of synthesis and processing of technologically important 

materials in the BaO-Ti02 system. As mentioned earlier (chapters 1, 2) 

barium titanate (BaTi03 ) is widely known not only as a ceramic dielectric 

but also as an important nonlinear opt:i.ca1 material due to a large 

electro-optic coefficient [125]. Amorphous materials (e.g. Ti02 doped 

sodium silicate glasses) exhibit relatively high nonlinear refractive 

indices (nz'" 1-10# 10-19 m2jW) and low absorption coefficients and are 

considered to be promising materials for use in ultrafast all-optical 

switching [126]. While experimentation continues to be the major source 

for obtaining information regarding the structure and properties of these 

and other materials, recent advances in development of atomistic 

computational procedures such as molecular dynamics (MD) may prove 

valuable in circumstances in which either the appropriate experiments are 

difficult to perform or where theoretical insights may help explain some 

experimental observations. 

As a case in point, BaTi03 can be prepared experimentally in the form 

of powders, single crystals, amorphous gels and glasses with increasing 

degree of difficulty. BaTi03 single crystals of sufficient size and optical 

quality are difficult to grow. As was described and discussed in previous 

chapters, amorphous BaTi03 gels and glasses have been successfully 



137 

prepared. Experimental work in all the above efforts on BaTi03 often gives 

results that can not be interpreted unamhiguous1y. Similarly in Ti02 

containing glasses, experimental work gives indications of various 

titanium ion coordinations in the structure. Tetrahedral titanium 

coordination has been suggested in glasses with a high nonlinear 

refractive index [126] as well as ultra low expansivity (ULE) glasses 

[127]. In sputtered amorphous films titanium ion can also have 4 or 6 fold 

coordination depending on the type and concentrations of other cations in 

the materials [128]. 

With a view to gaining a better fundamental understanding of the 

structure-property relationships for BaTi03 and titania containing 

glasses, simulations of the structure of crystalline and amorphous forms 

of BaTi03 were performed using MO computer techniques. The results of the 

MO simulations for BaTi03 and Ti02 yield a structural picture of an 

important class of nonlinear optical (NLO) materials. The salient features 

of the MO technique used and a discussion of the results of simulations 

of amorphous and crystalline BaTi03 are presented below. 

6.2 Molecular Dynamics Simulations: 

Molecular dynamics (MO) simulations represent a powerful tool for 

deriving the local structure - properties relations for a variety of 

amorphous and crystalline materials. MO essentially consists of solving 

the classical equations of motion of an assembly of particles interacting 

through realistic interatomic potentials. The solution of these equations 

provides important quantitative information regarding the structure and 

properties of materials. 

The time resolution of MO technique is on the order of 10-15 s which 



138 

makes it particularly attractive for a study of optical properties in the 

IR region. A very realistic MD formalism allowing for the simulation of 

ionic systems in periodic cells with fluctuating shape and volume was used 

[129,130]. This algorithm is particularly well suited for studying phase 

transitions where volume fluctuations play an important role ( e.g. glass 

transition) , 

In the constant stress MD formulation, three variable vectors e1' ez 

and e3 form a 3 x 3 matrix H, to describe the planar boundaries of the 

simulation cell. The volume of the simulation cell is given by w =e1.(ez 

x e3)' The position r i in a fixed Cartesian coordinate system may be 

expressed in a variable coordinate system as Si = H-1 rio The edges of the 

simulation cell are driven by the imbalance between an externally applied 

stress u and the internal stress vector. The Hamiltonian governing the 

equations of motion of the system under a constant stress u is written as 

H = (~ miv/) + (¢IJ(rij )) + ~ W Tr(H· I H') + Tr {udwe 

Where H' stands for dH/dt. HI and Tr H are the trace and transpose of the 

matrix H respectively. The total energy is the sum of the kinetic and 

potential energies of the set of particles, the kinetic energy of the 

borders of the simulation cell to which is artificially assigned a mass 

W, and the elastic energy, for which we is the volume of the reference 

system used to me~sure a small strain f. Average quantities calculated 

along the trajectories of the above Hamiltonian are independent of W, 

while the dynamical properties are not. 

For computational convenience, it is usu~lly assumed in MD that the 

interaction between the ions in the system is central pair-wise additive. 

A Born-Mayer-Huggin type potential was used: 
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+ bij exp [(O"ij - r) /p] C -6 
- ijr 

where r is the interionic distance, qi is the ionic charge ( -2, + 2 and 

+4 for oxygen, barium and titanimn, respectively) for specie i and Cij is 

a coefficient in the short-range Van der Walls attraction term. The 

exponentially decaying repulsive term is composed of O"ij ;the sum of ionic 

radii, bij a hardness parameter and p which is a constant. The potential 

parameters we used (Table X), have been used by Lewis and Catlow [10] in 

their defect energy calculations for BaTi03 • 

We shall present results of MD simulations based on the potential 

model for BaTi03 (Table X), with an MD algorithm, allowing for changes in 

shape and volume of the simulation cell, under periodic boundary 

conditions. We have used an extension of the constant stress molecular 

dynamics formalism of Parinello and Rahman [129] to simulate assemblies 

of particles interacting through long range Coulombic potentials [130]. 

The simulation of ions involves the summation of the Coulombic energy 

potential and forces between all pairs. In order to expedite the 

convergence of the potential swnmation series, Ewald summation method was 

incorporated in the MD algorithm. Figure 43 shows the flowcharts for 

the MD simulations. The computer programs used for MD simulation, 

calculation of radial distribution function and coordination number are 

included in Appendix C. 

All simulations in this study have been performed under following 

set of conditions: the MD algorithm time step was 1.073 X 10-14 s and the 

pressure P = 1 atm. The total number of ions in the MD cell was 135, 

consisting of 27 Ba, 27 Ti and 81 Oxygen ions. Single crystal BaTi03 was 

simulated at 298 K. Struc~ure and properties of a pure BaTi03 glass were 



TABLE X. Potential parameters for BaTi03 • 

Ba - 0 

Ti - 0 

0-0 

1214.4 

877.2 

22764.0 

0.3522 

0.3800 

0.3490 

8.0 

9.0 

43.0 
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studied by ultrafast cooling of BaTi03 a liquid, simulated at 5000 K, to 

room temperature. 

6.3 Structure of Crystalline and Amorphous BaTiO~ 

Based on the potential parameters reported in Table X , a barium titanate 

single crystal was simulated at 298 K. The results of the interionic 

distances and volume calculated using the simulation data match very well 

with the experimental data (Table XI). The partial radial distribution 

functions (RDF) of crystalline BaTi03 obtained from the simulation data are 

presented in Figure 44. These data confirm the experimentally observed 

octahedral coordination of Ti with a Ti-O bond distance of 2.01 AD. 

Similarly the Ba-O distance (2.85 AD) and coordlnation number (12) computed 

from the simulations, also exhibit: an excellent agreement with the 

experimentally observed structure of BaTi03 • 

Figure 45, shows the radial distribution function of the pure BaTi03 

liquid. Barium Titanate glass was obtained by rapidly quenching this 

liquid to room temperature. The broadening of the peaks observed in the 

RDF is characteristic of liquids. The bond distance of 1.8 AD for Ti-O in 

the liquid suggests a tetrahedral titanium lon coordination. The 

calculated coordination number for Ti in liquid BaTi03 was also 

predominantly 4. 

The radial distribution function data of pure BaTi03 glass are 

presented in Figure 46. The inter ionic distances and other properties of 

BaTi03 glass are presented in Table XI. Analysis of the simulation data for 

pure BaTi03 glass revealed strikingly different distance and coordination 

number for Ba-O and Ti-O, as compared to the crystalline structure. The 

Ti-O distance of 1.8 AD, implies that the Ti in these simulate glasses 
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Figure 43. Flowchart for 'molecuLar dynamics simulation technique. 
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TABLE XI. Interionic distances for BaTi03 obtained using 
molecular dynamics simulations. 

INTERATOMIC DISTANCE (Ao) 

ION-PAIR EXPERIMENTAL SIMULATED SIMULATED GLASS 
CRYSTAL CRYSTAL 

Ti - 0 2.01 2.00 1. 80 

Ba - 0 2.85 2.85 2.30 

Ba - Ti 3.49 3.49 3.50 

0-0 2.85 2.85 2.85 

Ti Coordination 6 6 4 

Ba Coordination 12 12 8 
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remains as in liquid, predominantly in a four fold coordination. 

This observation is important since the local oxygen environment 

about the Ti cation can affect its optical properties. Similarly the 

change of Ti-O distance from 2.01 (octahedral) to 1.8 AO has also been 

believed to be responsible for the ultra low expansivity of the titania

silica glasses. These glasses usually contain titania as a minor 

constituent and therefore the preparation of an amorphous material 

containing 90 Ti02 -10 Si02 using the sol-gel process is particularly 

noteworthy [132]. In these glasses as well as in sputtered films Ti has 

also been believed to be in tetrahedral coordination in [128]. In 

compounds such as Ba2Ti04 , an intermediate phase occurring in the 

conventional synthesis of BaTi03 [110], TiC14 , have also been known to show 

Ti in 4 fold coordination. 

A note of caution about the interpretation of the MD simulation 

results is appropriate at this juncture. The simulation results predict 

structure of amorphous materials obtained under conditions of 

formation ( e.g. cooling rate ~ 1014 CIs, no impurities etc.) that are 

practically unattainable by experimental techniques. This is both an 

advantage and a problem, since although one can generate and study novel 

material structures using computer simulations, car~ has to be exercised 

in interpretation and correlation of the simulation results to the 

experimental observations on real materials. These materials are somewhat 

complex and the effects of 0ther cations on the coordination of titanium, 

the possibility of phase separation on a very fine scale during processing 

must also be carefully considered and evaluated. 
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CHAPTER SEVEN 

CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

The conclusions from this work can be summarized as follows: 

1. Titany1 acy1ate, obtained by molecular modification of titanium 

isopropoxide, and barium acetate were used under acidic conditions to 

prepare amorphous BaTi03 gels. On calcination at higher temperatures 

(~ 700 -1000 °C) the gels yielded high purity (99.9 %), 

stoichiometric( Ba/Ti = 0.99), single phase u1trafine (1-3pm) BaTi03 

powders. The Curie temperature and dielectric constant of the sintered 

ceramics were found to be ~ 130°C and 11,000, respectively. 

2. In the sol-precipitation process, u1trafine (~ 10 nm) crystalline 

BaTi03 powders were directly precipitated from a titany1 acylate-barium 

acetate sol at low temperatures « 100°C). Powders obtained after 

calcination at 950°C, were sintered to dense (92-96 %) ceramics, with a 

room temperature dielectric constant and loss tangent of ~ 1000 and 

0.01, respectively. 

3. Amorphous precursors obtained by hydrolytic decom?osition of barium 

and titanium a1koxides were heat treated (11000 C) to obtain 

fine (~1-3 pm), high purity single phase BaTi40g powders. The powders 

were sintered to dense ceramics ( 95 %) with good dielectric properties. 
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4. Evolution of crystalline phases was found to occur via different 

atomistic pathways. Crystallization of a glassy inorganic solid and 

reaction of BaC03 with titania rich regions may be the mechanisms for 

evolution of crystalline BaTi03 in the gel route. Reaction of Baz+ with 

a titanium complex resulted in direct formation of crystalline BaTi03 • 

5. Molecular dynamics simulation results showed a Ti-O distance 

of 2.0 AO corresponding to a 6 fold titanium ion coordination for 

single crystal BaTi03 • Pure BaTi03 glass obtained by quenching simulated 

liquid showed a Ti-O distance of 1.8 AO that suggests a 4 fold titanium 

ion coordination. 

7.2 Future work 

This work primarily focused on development of novel, low temperature 

synthesis protocols in the BaO-TiOz system. A systematic study to 

optimize process parameters for the sol-precipitation techniques for 

BaTi03 and BaTi40g powders will be useful in the future. It might be 

also interesting to use the molecularly modified a1koxide precursors for 

the synthesis of other poly titanate materials. A detailed evaluation of 

the dielectric properties such as temperature and frequency coefficients 

of dielectric constant and loss tangent in the GHz frequency range, is 

also needed. 

The ~1Ork reported here also opens up a number of other 

opportunities for future research. The titany1 acy1ate type precursor 

can probably be used for synthesis of other important dielectric and 

microwave ceramic mat~ria1s. Since the techniques developed and used 

here involve water soluble organometallic precursors, future research 
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can be directed toward preparation of thin coatings 'of dielectric and 

microwave ceramics. 

Characterization of amorphous gels and crystalline materials using 

Raman spectroscopy was found to be particularly useful in this study. 

Raman spectroscopy proved to be more sensitive ( as compared to the XRD) 

to the presence of other crystalline phases as well as to the 

homogeneity of the materials. Further research efforts d~rected toward 

structural characterization and evolution of BaO-TiOz crystalline phases 

from amorphous precursors [133], should be fruitful. 

The mechanism of BaTi03 formation in the sol-precipitation route 

should also be carefully considered. Possibility of a hydrothermal type 

reaction during aging of the precipitate must also be examined. This, 

for example, is believed to be the case for crystalline SrTi03 powders 

using Flaschen's process [134]. The structure of as-prepared powders 

appears to be cubic. Recently Payne et al. [135] have reported that such 

particles can have a twinned tetragonal structure. It would be 

interesting to use electron diffraction techniques so as to determine 

whether the particles are cubic, pseudocubic or tetrgonal in the as 

precipitated form. 

Molecular dynamics simulation is a powerful technique to 

understand structure-property relations in amorphous and crystalline 

materials. Continued research in this area should address calculation 

of dipole moment, polarization and linear and nonlinear refractive 

indices of materials for nonlinear optics [136]. 
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APPENDIX B 

MOLECULAR DYNAMICS SIMULATION PROGRAM 

implicit double precision (a-h,o-z) 

character *1 char 
double precision ke 
real*8 ar 
dimension s(500,3,3),r(500,3),ar(500) 
common a(27,3),ia(500,3),h(3,3,3), 

&ah(3,3),hinv(3,3),sum(3),v(500,3),rr(500,3), 
&crr(500,3),f(500,3),sd(500,3),vv(3,3),hd(3,3),g(3,3), 
&gd(3,3),ginv(3,3),ggd(3,3),pi(3,3),nt(500,2),sac(3),xac(3), 
&hdd(3,3),nl(60000,2),ch(3,3),cp(3,3),bh(3,3),bp(3,3), 
&aveh(3,3),stress(3,3),sigm(3,3),clOOh(3,3),hv(3,3),strain(3,3) 

dimension cg(800,3) 
common scoor(500,3),frec(500,3) 
common pirec(3,3) 
dimension q(lO),amass(lO),apar(lO,lO),rau(lO,lO),ni(lO) 
dimension cij(lO,lO),alfa(3,3),ipar(500) 
dimension cxyz(500,3),axyz(500,3) 
dimension fixboun(3,3) 

c Open input/output saved files 
open(unit=3,file='batio.sdl',status='old') 
open(unit=4,file='batio.dat',status='old') 
open(unit=15,file='mol.dl',status='old') 
open(unit=16,file='mol.d2' ,status='old') 
open(unit=17,file='mol.d3',status='old') 
open(unit=18,file='mol.d4' ,status='old') 
open(unit=19,file='mol.d5',status='old') 
open(unit=20,file='mol.d6',status='old') 
open(unit=9,file='batio.parl',status='old') 
open(unit=lO,file='rdf.dat' ,status='old') 

c read parameters 
do 77 i=1,3 
do 77 j~' ,3 
stress(t,j)=O.O 
fixboun(i,j)=l. 
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77 continue. 

c fixboun(l, 1),=1. 
c fixboun(2,2)=1. 
c fixboun(3,3)=1. 

read (3,*) nd 
read (3,*) n,t,nstep,nave,njump,nstart 
read (3,*) temp,press,w 
read (3,*) nde1ta,nend,na1fa 
read (3,*) «stress(i,j),j=l,nd),i=l,nd) 
read(3,*)q(1),q(2),q(3),q(4),q(5),q(6),q(7),q(8),q(9),q(10) 
read(3,*)amass(1),amass(2),amass(3), 

&amass(4),amass(5),amass(6),amass(7),amass(8), 
&amass(9),amass(10) 
read(3,*)ni(1),ni(2),ni(3),ni(4),ni(5),ni(6),ni(7),ni(8),ni(9) 

&-,ni(10) 
read(3, ~()np1 
read(3, ~':)anksi, rij 1 
read (3, ~ ... ) kmax, kmax2 

nn1=ni(1) 
nn2=nn1+ni(2) 
nn3=nn2+ni(3) 
nn4=nn3+ni(4) 
nn5=nn4+ni(5) 
nn6=nn5+ni(6) 
nn7=nn6+ni(7) 
nn8=nn7+ni(8) 
nn9=nn8+ni(9) 
nn10=nn9+ni(10) 

do 3000 i=l,n 
if(i.1e.nn1)ipar(i)=1 
if«i.gt.nn1).and.(i.1e.nn2»ipar(i)=2 
if«i.gt.nn2).and.(i.le.nn3»ipar(i)=3 
if«i.gt.nn3).and.(i.1e.nn4»ipar(i)=4 
if«i.gt.nn4).and.(i.1e.nn5»ipar(i)=5 
if«i.gt.nn5).and.(i.1e.nn6»ipar(i)=6 
if«i.gt.nn6).and.(i.1e.nn7»ipar(i)=7 
if«i.gt.nn7).and.(i.1e.nn8»ipar(i)=8 
if«i.gt.nn8).and.(i.1e.nn9»ipar(i)=9 
if«i.gt.nn9).and.(i.1e.nn10»ipar(i)=10 

3000 continue 

do 1500 i=1,10 
do 1500 j=1,10 
apar(i,j)=O.O 
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rau(i,j)=l. 
cij(i,j)=O.O 

1500 continue 
do 575 i=1,10 
do 575 j=i,10 
read(9,*)apar(i,j),rau(i,j),cij(i,j) 

575 continue 

c initit.1ization 
do 4555 i=l,800 
do 4555 j=l,3 
cg(i,j)=O.O 

4555 continue 
no=O 
do 1 i=1,3 
do 1 j=l,3 
do 1 k=1,3 
no=no+1 
a(no,l)=k-2 
a(no,2)=j-2 
a(no,3)=i-2 

1 continue 

do 6000 i=l,nd 
do 6000 j=l,nd 
alfa(i,j)=O. 

6000 continue 
rde1ta=0.05 
do 3 i=1,n 
do 3 j=1,nd 
ia(i,j)=O 

3 continue 
tempo=temp 
do 888 i888=l,2 
read(4,*)«h(i,j,i888),j=l,nd),i=l,nd) 
do 4 i=l,nd 
do 4 j=1,nd 
ah(i,j)=h(i,j,l) 

4 continue 

c read in particle positions 
do 5 i = 1 , n 
read (4,*) (s(i,j,i888),j=l,nd) 

5 continue 
888 continue 

a1ength1=0.0 
a1ength2=0.0 
a1ength3=0.0 
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do 4445 i=l,nd 
alengthl=alengthl+h(i,1,2)*h(i,1,2) 
alength2=alength2+h(i,2,2)*h(i,2,2) 
alength3=alength3+h(i,3,2)*h(i,3,2) 

4445 continue 
alength=alength3 
if(alength2.gt.alength)alength=alength2 
if(alengthl.gt.alength)alength=alengthl 
alength=dsqrt(alength) 
alengthm=alength3 
if(alength2.1e.alengthm)alengthm=alength2 
if(alengthl.le.alengthm)alengthm=alengthl 
alengthm=dsqrt(alengthm) 
aksi=anksi/alength 
rc=rijl*alengthm 
ri=rc-0.5 

delta=(rc-ri)*(rc-ri)/4.0 
rcO = rc 
riO = ri 
rc=rc~'(rc 

ri=ri~'(ri 

c CALCULATING PARTICLES' POSITIONS IN R-COORDINATE. 

call inverse(nd,ah,hinv) 
omega=O 
do 6 i=l,nd 
omega=omega+ah(i,l)*hinv(l,i) 

6 continue 
do 7 i=l,n 
do 7 j=l,nd 
r(i,j)=O.O 
do 8 k=l,nd 
r(i,j)=r(i,j)+ah(j,k)*s(i,k,l) 

8 continue 
7 continue 

c CALCULATING INITIAL VELOCITIES OF THE PARTICLES 

do 9 i=l,n 
do 10 j=l,nd 
sd(i,j)=(s(i,j,2)-s(i,j,1))/t 

10 continue 
do 1111 k=l, nd 
v(i,j)=O.O 
do 889 l=l,nd 
v( i, k)=v(i, k)+h(k, 1, 2)~'(sd(i, 1) 

889 continue 
1111 continue 
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9 continue 

do 14 i=l,n 
do 14 j=l,nd 
rr(i,j)=r(i,j) 
crr(i, j )=r(i, j) 
r(i,j)=r(i,j)+v(i,j)*t 
cxyz(i,j)=O. 

14 continue 
1count=0 
ctemp=O. 
naver=O 
nlast=ndelta+1 
if(nalfa .le. 2) go to 6001 
go to 6002 

6001 continue 
do 6003 i=l,nd 
do 6003 j=l,nd 
alfa(i,j)=fixboun(i,j) 

6003 continue 
6002 continue 

do 161 i=l,nd 
do 161 j=l,nd 
ch(i,j)=O. 
cp(i,j)=O. 

161 continue 
ctpe=O. 
comega=O. 
cbke=O. 
cwork=O. 
centh=O. 
cpressi=O. 
nlOO=O 

call general(stress,press,nd,ah,sigm,hv,omegaO) 
call update(s,h,l,n,nd,a,rc,nt,nl) 

c loop through time steps 
do 2000 ltt=2,nstep 

c write(*,*)ltt 
c write(*,*)h(l,l,2),h(2,2,2),h(3,3,2) 

n100=n100+1 
ke=O.O 
tpe=O.O 
do 201 i=l,nd 
do 201 j=l,nd 
vv(i,j)=O.O 
pi(i,j)=O.O 
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201 continue 
alengthl=O.O 
alength2=0.O 
alength3=0.0 
do 4444 i=l,nd 
alengthl=alength1+h(i,1,2)*h(i,1,2) 
alength2=a1ength2+h(i,2,2)*h(i,2,2) 
alength3=alength3+h(i,3,2)*h(i,3,2) 

4444 continue 
alength=alength3 
if(a1ength2.gt.alength)a1ength=alength2 
if(alength1.gt.alength)alength=alength1 
alength=dsqrt(a1ength) 
alengthm=a1ength3 
if(a1ength2.1e.a1engthm)a1engthm=a1ength2 
if(a1ength1.1e.a1engthm)a1engthm=a1ength1 
alengthrn=dsqrt(a1engthm) 
aksi=anksi/a1ength 
rc=rij1*a1engthm 
ri=rc-O.S 

rc=rc*rc 
ri=ri*ri 

c calculation of one of the real space part of pot. 

ub=ni(l)''<'q (l)~(q (1) +ni(2 )~(q (2)"(q (2) +ni (3 )"(q (3 )"(q (3) + 
&ni(4)*q(4)*q(4)+ni(S)*q(S)*q(S)+ni(6)*q(6)*q(6)+ 
&ni (7 )*q (7 )*q (7 )+ni(8 )~(q (8 )*q (8) +ni (9 )*q (9 )"(q (9) + 
&ni(10)*q(10)*q(10) 

ub=(1.128379167*aksi*ub)/2 

C CALCULATING COORDINATES OF THE PARTICLES AT TIME STEP n 

do 20 i=l,n 
r(i, l)=h(l, 1, 2)''<'s(i, 1, 2)+h(1, 2, 2)~(s(i, 2, 2)+h(1, 3, 2)"(s (i, 3,2) 
r(i, 2)=h(2 .1.2)'·(s(i.1.2)+h(2. 2 .2)*s(i.2 .2)+h(2, 3, 2)~(s (i. 3.2) 
r(i, 3)=h(3, 1, 2)~(s(i, l,2)+h(3, 2 ,2)*s(i,2 .2)+h(3. 3, 2)'·(s(i. 3,2) 

20 continue 

c CALCULATING MAXIMUM DISPLACEMENT FROM REFERENCE SYSTEM 

do 21 i=l,n 
drsq=O.O 
do 22 j=l,nd 
dr=rr(i,j)-r(i,j) 
drsq=drsq+dr*dr 
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22 continue 
if(drsq .gt. delta) go to 23 

21 continue 
go to 24 

23 continue 
do 210 i=l,n 
do 210 j=l,nd 
if(s(i,j,2) .ge. 0.0) go to 211 
s(i,j,1)=s(i,j,1)+1.0 
s(i,j,2)=s(i,j,2)+1.0 
ia(i,j)=ia(i,j)-l 
go to 210 

211 if(s(i,j,2) .1e. 1.0) go to 210 
s(i,j,1)=s(i,j,1)-1.0 
s(i,j,2)=s(i,j,2)-1.0 
ia(i,j)=ia(i,j)+l 

210 continue 
do 212 i=l,n 
r(i,1)=h(1,1,2)*s(i,1,2)+h(1,2,2)*s(i,2,2)+h(1,3,2)*s(i,3,2) 
r(i, 2)=h(2, 1, 2)~'(s(i, 1, 2)+h(2, 2, 2)*s(i, 2, 2)+h(2, 3, 2)~'<s (i, 3,2) 
r(i,3)=h(3,1,2)*s(i,1,2)+h(3,2,2)*s(i,2,2)+h(3,3,2)*s(i,3,2) 
rr(i,l)=r(i,l) 
rr(i,2)=r(i,2) 
rr(i,3)=r(i,3) 

212 continue 
call update(s,h,2,n,nd,a,rc,nt,n1) 

24 continue 

C CALCULATING DERIVATIVE OF "s" BASED ON FORWARD EULER METHOD 

do 25 i=l,n 
sd(i,1)=(s(i,1,2)-s(i,1,1»/t 
sd(i,2)=(s(i,2,2)-s(i,2,1»/t 
sd(i,3)=(s(i,3,2)-s(i,3,1»/t 
f(i,l)=O. 
f(i,2)=0. 
f(i,3)=0. 
v(i, l)=h(l, 1, 2)~\'sd(i, l)+h(l, 2 ,2)*sd(i, 2)+h(1, 3, 2»'(sd(i. 3) 
v(i, 2)=h(2, 1, 2)*sd(i, 1)+h(2, 2, 2)*sd( i, 2)+h(2, 3, 2)~'(sd( i, 3) 
v(i, 3 )=h(3, 1, 2)>'(sd( i, 1)+h(3, 2, 2)~\'sd(i, 2)+h(3, 3, 2)~'(sd( i. 3) 
ke=ke+amass (ipar( i) )>'«v(i, 1)*v( i, l)+v(i, 2)>'<v( i, 2)+v( i, 3 )~'(v( i, 3» 
do 28 j=l,nd 
do 28 k=l,nd 
vv(j,k)=vv(j,k)+amass(ipar(i»>'<v(i,j)*v(i,k) 

28 continue 
25 continue 

ke=0.5*ke 

C CALCULATING DERIVATIVES OF THE MATRIX H 
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do 29 i=l,nd 
do 29 j=l,nd 
hd(i,j)=(h(i,j,2)-h(i,j,1»/t 

29 continue 

c CALCULATING MATRIX "G" AND ITS DERIVATIVE 

do 30 i=l,nd 
do 30 j=l,nd 
g(i,j)=O.O 
gd(i,j)=O.O 
do 30 k=l,nd 
g(i,j)=g(i,j)+h(k,i,2)*h(k,j,2) 
gd(i,j)=gd(i,j)+hd(k,i)*h(k,j,2)+h(k,i,2)*hd(k,j) 

30 continue 
call inverse(nd,g,ginv) 

C CALCULATING (G_inv)*(dG) 

do 31 i=l,nd 
do 31 j=l,nd 
ah(i,j)=h(i,j,2) 

31 continue 
call inverse(nd,ah,hinv) 
omega=O.O 
do 32 i=l,nd 
omega=omega+ah(i,l)*hinv(l,i) 

32 continue 
do 33 i=l,nd 
do 33 j=l,nd 
ggd(i,j)=O.O 
do 34 k=l,nd 
ggd(i,j)=ggd(i,j)+ginv(i,k)*gd(k,j) 

34 continue 
ggd(i,j)=ggd(i,j)/(omega*omega) 

33 continue 

C CALCULATING INTERATOMIC POTENTIAL 

do 35 i=l,n-l 
jl=nt(i,l) 
j2=nt(i,2) 
if(jl .gt. j2) go to 35 
do 36 j=jl,j2 
nl=nl(j,l) 
n2=nl(j,2) 
sac(1)=s(nl,1,2)+a(n2,1)-s(i,1,2) 
sac(2)=s(nl,2,2)+a(n2,2)-s(i,2,2) 
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sac(3)=s(n1,3,2)+a(n2,3)-s(i,3,2) 
xac(1)=h(1,1,2)*sac(1)+h(1,2,2)*sac(2)+h(1,3,2)*sac(3) 
xac(2)=h(2,1,2)*sac(1)+h(2,2,2)*sac(2)+h(2,3,2)*sac(3) 
xac(3)=h(3,1,2)*sac(1)+h(3,2,2)*sac(2)+h(3,3,2)*sac(3) 
sd2=xac(1)*xac(1)+xac(2)*xac(2)+xac(3)*xac(3) 
if(sd2.gt.ri) goto 36 
sd1=sd2 
charge=q(ipar(i»*q(ipar(n1» 
repa=apar(ipar(i),ipar(n1» 
eta=1./rau(ipar(i),ipar(n1» 
cvw=cij(ipar(i),ipar(n1» 
call poten(charge,cvw,repa,eta,aksi,sd1,pe,fo) 
if(ltt.1e.nave)go to 2345 
ndist=(dsqrt(sd2)/rde1ta)+1.0 
k1m=3 
if«i.1e.np1).and.(n1.1e.np1»k1m=1 
if«i.gt.np1).and.(n1.gt.np1»k1m=2 
cg(ndist,k1m)=cg(ndist,k1m)+omega 

2345 continue 
tpe=tpe+pe 
fe1=-fo''(sac(1) 
fe2=-fo*sac(2) 
fe3=- fo,'(sac (3) 
f(i,1)=f(i,1)+fe1 
f(i,2)=f(i,2)+fe2 
f(i,3)=f(i,3)+fe3 
f(n1,1)=f(n1,1)-fe1 
f(n1,2)=f(n1,2)-fe2 
f(n1,3)=f(n1,3)-fe3 
do 40 k=l,nd 
do 40 l=l,nd 
pi(k,l)=fo*xac(k)*xac(l)+pi(k,1) 

40 continue 
36 continue 
35 continue 

do 42 i=l,nd 
do 43 j=l,nd 
pi(i,j)=(vv(i,j)+pi(i,j»/omega 

43 continue 
pi(i,i)=pi(i,i)-press 

42 continue 

do 1200 i=l,n 
do 1200 j=l,nd 
scoor(i,j)=s(i,j,2) 

1200 continue 

call recspace(ipar,q,n,nd,kmax,kmax2,aksi,omega, 
&scoor,ah,g,frec,urec,pirec) 
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do 1003 i=l,nd 
do 1003 j=l,nd 
pi(i,j)=pi(i,j)+pirec(i,j) 

1003 continue 
c write(*,*)pi(1,1),pi(2,2),pi(3,3) 

tpe=tpe-ub+urec 
pressi=(pi(1,1)+pi(2,2)+pi(3,3)+3*press)/3. 

C CALCULATING NEXT TIME STEP 

do 44 i=l,n 
do 44 j=l,nd 
sdd=(f(i,j)+frec(i,j»/amass(ipar(i» 
do 45 k=l,nd 
sdd=sdd-ggd(j,k)*sd(i,k) 

45 continue 
s dd=s dd*t~(t 
s(i,j,3)=2.0*s(i,j,2)-s(i,j,1)+sdd 

44 continue 
do 46 i=l,nd 
do 46 j=l,nd 
hdd(i,j)=O.O 
do 47 k=l,nd 
hdd( i, j )=hdd(i, j )+pi(i, k)*hinv(j , k) -h(i, k, 2)"(sigm(k, j) 

47 continue 
h( i, j , 3)=2. O~(h( i, j ,2) -h(i, j ,1)+alfa(i, j )~(t,'(t"(hdd(i, j )/w 

46 continue 
temp=2 . O"(ke/ (n~tnd) 
do 461 i=l,nd 
do 461 j=l,nd 
ah(i,j)=O.O 
do 461 k=l,nd 
ah(i,j)=ah(i,j)+hv(k,i)*g(k,j) 

461 continue 
do 462 i=l,nd 
do 463 j=l,nd 
strain(i, j )=0.0 
do 463 k=l,nd 
strain(i,j)=strain(i,j)+ah(i,k)*hv(k,j) 

463 continue 
strain(i,i)=strain(i,i)-1.0 

462 continue 
do 464 i=l,nd 
do 464 j=l,nd 
strain(i,j)=strain(i,j)/2.0 

464 continue 
work=O.O 
do 465 i=l,nd 
do 466 j=l,nd 
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work=work+stress(i,j)*strain(j,i) 
466 continue 
465 continue 

work=work*omegaO 
work=press*(omega-omegaO)+work 
bke=O.O 
do 52 i=l,nd 
do 52 j=l,nd 
bke=bke+hd(i,j)*hd(i,j) 

52 continue 
bke=O. 5~'(w*bke 
te=ke+tpe+bke+work 
do 53 i=l,nd 
do 53 j=l,nd 
c100h(i,j)=c100h(i,j)+h(i,j,2) 

53 continue 
if(n100 .ne. 100) go to 481 
n100=0 
do 4810 i=l,nd 
do 4810 j=l,nd 
aveh(i,j)=c100h(i,j)/100.0 
c100h(i,j)=0.0 

4810 continue 
write(*,*)ltt,omega 
write(*,*)«aveh(i,j),i=l,nd),j=l,nd) 
call genera1(stress,press,nd,aveh,sigm,hv,omegaO) 

,.81 continue 
if(ltt .1e. nave) go to 532 
naver=naver+1 

do 1700 i=l,n 
cxyz(i,1)=cxyz(i,1)+h(1,1,2)*(s(i,1,2)+ia(i,1»+ 

&h(1,2,2)*(s(i,2,2)+ia(i,2»+h(1,3,2)*(s(i,3,2)+ia(i,3» 
cxyz(i,2)=cxyz(i,2)+h(2,1,2)*(s(i,1,2)+ia(i,1»+ 

&h(2,2,2)*(s(i,2,2)+ia(i,2»+h(2,3,2)*(s(i,3,2)+ia(i,3» 
cxyz(i,3)=cxyz(i,3)+h(3,1,2)*(s(i,1,2)+ia(i,1»+ 

&h(3,2,2)*(s(i,2,2)+ia(i,2»+h(3,3,2)*(s(i,3,2)+ia(i,3» 
1700 continue 

cpressi=cpressi+pressi 
ctemp=ctemp+temp 
centh=centh+te 
ctpe=ctpe+tpe 
cwork=cwork+work 
do 531 i=l,nd 
do 531 j=l,nd 
ch(i,j)=ch(i,j)+h(i,j,2) 
cp(i,j)=cp(i,j)+pi(i,j) 

531 continue 
comega=comega+omega 
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cbke=cbke+bke 
532 continue 

do 48 i=l,n 
s(i,1,1)=s(i,1,2) 
s(i,2,1)=s(i,2,2) 
s(i,3,1)=s(i,3,2) 
s(i,1,2)=s(i,1,3) 
s(i,2,2)=s(i,2,3) 
s(i,3,2)=s(i,3,3) 

48 continue 
do 49 i=l,nd 
do 49 j=l,nd 
h(i,j,1)=h(i,j,2) 
h(i,j,2)=h(i,j,3) 

49 continue 
if(ltt .1t. nstart) go to 54 
if(lcount .ne. 0) go to 55 
write(16,*) 1tt,temp,pressi,omega,work,bke,tpe,te 
write(18,*) 1tt, «pi(i,j),i=l,nd),j=l,nd) 

if(ltt .1e. nave) go to 55 

do 1701 i=l,n 
axyz(i,l)=cxyz(i,l)/naver 
axyz(i,2)=cxyz(i,2)/naver 
axyz(i,3)=cxyz(i,3)/naver 

1701 continue 
apressi=cpressi/naver 
atemp=ctemp/naver 
aenth=centh/naver 
atpe=ctpe/naver 
awork=cwork/naver 
aomega=comega/naver 
abke=cbke/naver 
do 534 i=l,nd 
do 534 j=l,nd 
bh(i,j)=ch(i,j)/naver 
bp(i,j)=cp(i,j)/naver 

534 continue 

write(*, "/()ltt 

write(15,*) 1tt,atemp,apressi,aomega,awork,abke,atpe,aenth 
write(17,*) ltt,«bh(i,j),i=l,nd),j=l,nd) 
write(19,*) 1tt,«bp(1,j),i=1,nd),j=1,nd) 

55 continue 
1count=lcount+1 
if(lcount .eq. njump) lcount=O 

54 continue 
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if(ltt .ge. nend) go to 56 
if(ltt .1e. n1ast) go to 56 
sca1e=dsqrt(tempo/temp) 
do 57 i=l,n 
s(i,l,2)=s(i,l,l)+sca1e*(s(i,l,2)-s(i,l,l» 
s(i,2,2)=s(i,2,l)+sca1e*(s(i,2,2)-s(i,2,l» 
s(i,3,2)=s(i,3,l)+sca1e*(s(i,3,2)-s(i,3,l» 

57 continue 
do 571 i=l,nd 
do 571 j=l,nd 
if(a1fa(i,j).eq.0.)go to 571 
h(i,j,2)=h(i,j,l)+sca1e*(h(i,j,2)-h(i,j,l» 

571 continue 
n1ast=n1ast+ndelta 

56 continue 
if(nalfa .eq. (ltt+l» go to 6004 
go to 6005 

6004 continue 
do 6006 i=l,nd 
do 6006 j=l,nd 
alfa(i,j)=fixboun(i,j) 

6006 continue 
6005 continue 
2000 continue 

write(20,*)«h(i,j,l),j=l,nd),i=l,nd) 
do B80 i880=l,n 
write(20,*)(s(i880,j,l),j=l,nd) 

880 continue 
write(20,*)«h(i,j,2),j=l,nd),i=l,nd) 
do B81 i881=l,n 
write(20,*)(s(i881,j,2),j=l,nd) 

881 continue 
c write(*,*)«bh(i,j),j=l,nd),i=l,nd) 

do 4556 i=l,800 
do 4556 j=l,3 
cg(i,j)=cg(i,j)/(nstep-nave) 

4556 continue 
do 4557 i=l,800 
write(10,*)cg(i,l),cg(i,2),cg(i,3) 

4557 continue 
do 4558 i=l,n 
write(10,*)axyz(i,l),axyz(i,2),axyz(i,3) 

4558 continue 
stop 
end 

subroutine inverse(n,a,b) 
double precision a,b 
dimension a(3,3),b(3,3) 

167 



goto (10,20,30) n 
10 b(l,l)=1.0 

return 
20 b(l,l)=a(2,2) 

b(l,2)=-a(l,2) 
b(2,l)=-a(2,l) 
b(2,2)=a(l,l) 
return 

30 b(l,l)=a(2,2)*a(3,3)-a(3,2)*a(2,3) 
b(l,2)=a(3,2)*a(l,3)-a(l,2)*a(3,3) 
b(l,3)=a(l,2)*a(2,3)-a(2,2)*a(l,3) 
b(2,l)=a(3,l)*a(2,3)-a(2,l)*a(3,3) 
b(2,2)=a(l,l)*a(3,3)-a(3,l)*a(l,3) 
b(2,3)=a(2,l)*a(l,3)-a(l,l)*a(2,3) 
b(3,l)=a(2,l)*a(3,2)-a(3,l)*a(2,2) 
b(3,2)=a(3,l)*a(l,2)-a(l,l)*a(3,2) 
b(3,3)=a(l,l)*a(2,2)-a(2,l)*a(l,2) 
return 
end 

subroutine update (s,h,l,n,nd,a,rc,nt,nl) 
implicit double precision (a-h,o-z) 
dimension s(500,3,3),h(3,3,3),r(500,3),nl(60000,2),nt(500,2), 

&a(27,3),rm(3) 
dimension ima(8,2),ip(3) 
data ima/l,2,4,5,lO,ll,13,14,10,ll,13,14,19,20,22,23/ 
ip(3)=0 

11=0 
if(nd.eq.3)neigh=8 
if(nd.eq.2)neigh=4 
if(nd.eq.1)neigh=2 
do 10 i=l,n-1 
nt(i,l)=11+1 
do 20 j=l,nd 
r(i,j)=O.O 
do 21 k=l,nd 
r(i,j)=r(i,j)+h(j ,k,l»'<s(i,k,l) 

21 continue 
ip(j)=O 
if(s(i,j,l).gt.0.5)ip(j)=1 

20 continue 
m=O 
if(ip(2).eq.1)m=1 
do 30 j=i+1,n 
do 40 kk=l,neigh 
k=ima(kk,ip(3)+1)+ip(1)+2*ip(2)+m 
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169 

rm(1)=h(1,1,1)*(s(j,1,1)+a(k,1»+h(1,2,1)*(s(j,2,1)+a(k,2»+ 
&h(1,3,1)*(s(j,3,1)+a(k,3» 
rm(2)=h(2,1,1)*(s(j,1,1)+a(k,1»+h(2,2,1)*(s(j,2,1)+a(k,2»+ 

&h(2,3,1)*(s(j,3,1)+a(k,3» 
rm(3)=h(3,1,1)*(s(j,1,1)+a(k,1»+h(3,2,1)*(s(j,2,1)+a(k,2»+ 

&h(3,3,1)*(s(j,3,1)+a(k,3» 
dist=(r(i,1)-rm(1»*(r(i,1)-rm(1»+(r(i,2)-rm(2»*(r(i,2)-rm(2»+ 

&(r(i,3)-rm(3»*(r(i,3)-rm(3» 
if (dist .gt. rc) go to 40 
11=11+1 
if(ll .gt. 60000) go to 100 
nl(l1,l)=j 
nl(11,2)=k 

40 continue 
30 continue 

nt(i,2)=11 
10 continue 

return 
100 write(15,110) 
110 format(lx,'Neighnour table OVERFLOWN',/,lx,'Increase the number 

&3000 in dimension statements in main program and subroutine 
&updating and also in subroutine updating statement if(ll. 
&gt. 60000) go to 100 to an appropriate number.') 

stop 
end 

subroutine poten(zz,c,aaa,eta,aksi,r2,p,f) 
implicit double precision (a-h,o-z) 
a=aaa 
d=O.O 
r2=1./r2 
rl=dsqrt(r2) 
rrl=l./rl 
r6=r2*r2~'(r2 

r8=r6~'(r2 

reta=rrli(eta 
if(reta.ge.88.)go to 1000 
p=dexp(-reta) 
p=p~'(a 

go to 1001 
1000 p=O.O 
1001 continue 

f=(p~'(eta)~'(rl 

cr6=c*r6 
dr8=d~'(r8 

p=p-cr6-dr8 
f=f-r2*(6*cr6+8*dr8) 

c real space part of long range force and pot. 
rksi=rrli(aksi 



call error(rksi,erfc) 
p=p+(zz/rrl)*erfc 
rksi2=rksi*rksi 
if(rksi2.ge.88.) go to 1002 
expo=dexp(~rksi2) 

go to 1003 
1002 expo=O.O 
1003 continue 

expo=1.128379l67*rksi*expo 
r3=r2*r1 
fion=zz*r3*(erfc+expo) 
f=f+fion 
return 
end 

subroutine error(xx,ercxx) 
implicit double precision (a-h,o-z) 
z=dabs(xx) 
t=1./(1.+0.5*z) 
erfcc=t*dexp(-z*z-1.26551223+t*(1.00002368+t*(.37409196+ 

&t*(.09678418+t*(-.18628806+t*(.27886807+t*(-1.13520398+ 
&t*(1.48851587+t*(-.822l5223+t*.170B7277»»»») 

if(xx.lt.0.)erfcc=2.-erfcc 
ercxx=erfcc 

return 
end 

subroutine recspace(ipar,q,n,nd,kx,kx2,aksi,vol, 
&scoor,hh,gten,ft,uk,pi2) 

implicit double precision (a-h,o-z) 
dimension scoor(500.3),fr(500,3),ft(500,3) 
dimension hh(3,3),hv(3,3),gten(3,3),ginv(3,3),gg(3,3) 
dimension sij(3),akk(3),gk(3) 
integer k(3) 
dimension xk(3) 
dimension pi2i(3,3) 
dimension pi2h(3,3),pi2(3,3) 

dimension bkk(3,3) 
dimension q(10),ipar(500) 

call inverse(nd,hh,hv) 
do 1 il=l,nd 
do 1 j1=l,nd 
hv(il,jl)=hv(il,jl)/vol 

1 continue 
call inverse(nd,gten,ginv) 
detg=O.O 
do 2 i2=l,nd 
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detg=detg+gten(i2,1)*ginv(1,i2) 
2 continue 

do 3 i3=1,nd 
do 3 j3=1,nd 
ginv(i3,j3)=ginv(i3,j3)/detg 
gg(i3,j3)=ginv(j3,i3) 

3 continue 
uk=O.O 
do 4 i4=1,n 
ft(i4,1)=0. 
ft(i4,2)=0. 
ft(i4,3)=0. 

4 continue 
do 21 i21=1,nd 
do 21 j21=1,nd 
pi2(i21,j21)=0.0 

21 continue 
do 7 i7=1,kx+1 
k(1)=i7-1 
do 7 j7=1,kx+1 
k(2)=j7-1 
do 7 17=1,kx+1 
k(3)=17-1 

do 8 i8=1,n1 
akk(i8)=0.0 
do 8 j8=1,nd 
akk(i8)=akk(i8)+hv(j8,i8)*k(j8) 

8 continue 
k2=0 
akapa2=0.0 
do 9 i9=1,nd 
akapa2=akapa2+akk(i9)*akk(i9) 
k2=k2+k(i9)*k(i9) 

9 continue 
if(k2.eq.0.0) go to 7 
if(k2.gt.kx2) go to 7 
akapa2=9.869604401*akapa2 
fact1=aksi*aksi 
ek2=dexp«-akapa2)/fact1) 
sumk=4*akapa2 
akapa=ek2/sumk 
sumcos=O.O 
do 100 ilOO=l,nd 
gk(HOO)=O.O 
do 101 jlOl=l,nd 
gk(ilOO)=gk(ilOO)+ginv( ilOO, j J.Ol)'/<k(j 101) 

101 continue 
gk(ilOO)=gk(ilOO)*6.283l85307 
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100 continue 
do 24 i24=l,nd 
xk(i24)=k(i24)*6.283185307 

24 continue 
do 60 i60=l,nd 
do 60 j60=l,nd 
bkk(i60,j60)=xk(i60)*xk(j60) 

60 continue 
suml=O.O 
sum2=0.0 
do 30 i30=l,n 
sks=xk(1)*scoor(i30,l)+xk(2)*scoor(i30,2)+ 

&xk(3)*scoor(i30,3) 
cosks=q(ipar(i30»*dcos(sks) 
sinks=q(ipar(i30»*dsin(sks) 

32 continue 
surnl=suml+cosks 
surn2=sum2+sinks 

30 continue 
do 11 ill=l, n 
sks=xk(1)*scoor(ill,l)+xk(2)*scoor(ill,2)+ 

&xk(3)*scoor(ill,3) 
qcos=q(ipar(ill»*dcos(sks) 
qsin=q(ipar(ill»*dsin(sks) 
fr(ill,l)=qsin*(suml-qcos)-qcos*(sum2-qsin) 
fr(ill,2)=fr(ill,l) 
fr(ill,3)=fr(ill,l) 

11 continue 
suml=suml*suml 
sum2=sum2*sum2 
sumcos=0.5*(suml+sum2) 
sumcos=sumcos*akapa 
uk=uk+sumcos 
do 201 i20l=l,n 
do 201 l20l=l,nd 
fr(i20l.l20l)=fr(i20l.l20l)*gk(1201) 
ft(i20l,120l)=ft(i20l.l20l)+akapa*fr(i20l.l20l) 

201 continue 
call pi(nd.hh.k.akk.pi2i) 
de' 20 i20=1.nd 
do 20 j20=1.nd 
pi2i(i20.j20)=pi2i(i20.j20)/vol 

20 continue 
do 50 i50=l,nd 
do 50 j50=l,nd 
pi2h(iSO.jSO)=0.0 
do 51 k5l=l,nd 
pi2h(iSO,jSO)=pi2h(iSO,j50)+pi2i(i50,kSl)*hh(jSO.kSl) 

51 continue 
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50 continue 
do 25 i25=1,lld 
pi2h(i25,i25)=pi2h(i25,i25)-4*akapa2 

25 continue 
fact2=2/(4*akapa2) 
fact=factl*fact2 
do 26 i26=1,nd 
do 26 j26=1,nd 
pi2h(i26,j26)=pi2h(i26,j26)*fact 

26 continue, 
do 27 i27=1,nd 
pi2h(i27,i27)=pi2h(i27,i27)+1. 

27 continue 
do 28 i28=1,nd 
do 28 j28=1,nd 
pi2(i28,j28)=pi2(i28,j28)+pi2h(i28,j28)*sumcos 

28 continue 
7 continue 

uk=(uk*12.56637061)/vol 
do 202 i202=1,n 
do 202 1202=1,nd 
ft(i202,1202)=(ft(i202,1202)*12.56637061)/vol 

202 continue 
const=(4*3.141592653)/(voli <vol) 
do 22 i22=1,nd 
do 22 j22=1,nd 
pi2(i22,j22)=pi2(i22,j22)*const 

22 continue 
return 
end 

subroutine reduceg(nd,i,j,g,gred) 
implicit double precision (a-h,o-z) 
dimension g(3,3),gred(3,3) 
dimension g2(2,2),g2v(2,2) 
dimension ik(4),jk(4) 

jj=l 
do 2 i2=1,nd 
do 2 j2=1,nd 
if(i2.eq.i) go to 3 
if(j2.eq.j) go to 3 

gred(i2,j2)=g(i2,j2) 
ik(jj)=i2 
jk(jj)=j2 
jj=jj+l 
go to 2 

3 continue 
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gred(i2,j2)=O.O 
2 continue 

1=1 
do 5 i5=1,nd-l 
do 5 j5=1,nd-l 
g2(i5,j5)=gred(ik(1),jk(1» 
1=1+1 

5 continue 
sig=(-l.)**(i+j) 
g2v(1,1)=sig*g2(2,2) 
g2v(1,2)=-g2(2,1)*sig 
g2v(2,1)=-g2(1,2)*sig 
g2v(2,2)=sig*g2(1,1) 
1=1 
do 4 i4=1,nd-l 
do 4 j4=1,nd-1 
gred(ik(1),jk(1»=g2v(i4,j4) 
1=1+1 

4 continue 
return 
end 

subroutine pi(nd,h,k,akk,dot) 
implicit double precision (a-h,o-z) 
dimension hred(3,3),h(3,3),dot(3,3) 
dimension hk(3),akk(3) 
integer k(3) 

do 1 il=l,nd 
do 1 jl=l,nd 
call reduceg(nd,i1,jl,h,hred) 
do 4 i4=1,nd 
hk(i4)=O.O 
do 5 j5=1,nd 
hk(i4)=hk(i4)+hred(i4,j5)*k(j5) 

5 continue 
hk(i4)=hk(i4)*6.283185307 

4 continue 
dot(il,j1)=O.O 
do 6 i6=1,nd 
dot(i1,j1)=dot(i1,j1)+akk(i6)*hk(i6) 

6 continue 
dot(i1,j1)=dot(i1,j1)*6.283185307 

1 continue 
return 
end 

subroutine genera1(s,p,n,h,si,ho,v) 
implicit double precision (a-h,o-z) 



dimension s(3,3),h(3,3),si(3,3),ho(3,3) 

call inverse(n,h,ho) 
v=O.O 
do 1 i=l,n 
v=v+h(i,l)*hQ(l,i) 

1 continue 
do 2 i=l,n 
do 2 j=l,n 
h(i,j)=O.O 
do 3 k =l,n 
h(i, j )=h(i, j )+ho(i, k)~~s (k, j) 

3 continue 
2 continue 

do 21 i=l,n 
do 21 j=l,n 
ho(i,j)=ho(i,j)/v 
h(i, j )=h(i, j )/v 

21 continue 
do 4 i=l,n 
do 4 j=l,n 
si(i,j)=O.O 
do 5 k=l,n 
si(i,j)=si(i,j)+h(i,k)*ho(j,k) 

5 continue 
si(i,j)=si(i,j)*v 

4 continue 
return 
end 
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