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Abstract

For the fabrication of small BaTiO3-based PTCR elements by ceramic powder extrusion, a submicron barium titanate (BaTiO3) powder

was coated with either CeO2 or La2O3 and mixed with a paraffin-based thermoplastic binder. XPS analysis revealed that the powder surfaces

are significantly hydrated and that processing aids are likely to interact with the physisorbed and chemisorbed water rather than directly with

the ceramic powder surfaces. From a series of potential C-18 surfactants for this paraffin-based extrusion system, stearic acid was shown to be

the most effective dispersant and was consequently used to prepare extrusion feedstocks. Under equivalent extrusion conditions, 50 vol.%

CeO2-coated BaTiO3 feedstocks always exhibited poorer extrudability than their La2O3-coated BaTiO3 counterparts. Furthermore, the La-

doped material invariably sintered to a higher final density than the Ce-doped material. These processability differences can largely be

explained by a lower affinity of the stearic acid surfactant for the CeO2-coated titanate powder.
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1. Introduction

Barium titanate (BaTiO3) is a technologically important

ceramic in the area of electronics, being used extensively in

the manufacture of capacitors, piezoelectric transducers and

actuators, and positive temperature coefficient of resistivity

(PTCR) elements. Further, it is of growing interest for use in

dynamic random access memories and optoelectronics. The

majority of components for these applications are formed by

consolidating powders into the desired bulk geometries by a

variety of shaping methods, including pressing, tape casting,

extrusion and injection moulding. As is generally the case in

ceramic powder processing, successful consolidation of

BaTiO3 powders into homogeneous bodies of high green

density requires the powders to be deagglomerated and

dispersed in a suitable fluid medium (solvent and/or binder)
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during the forming process, and this in turn requires the use

of surfactants/dispersants to form a chemical bridge between

the ceramic powder surface and the fluid binder phase.

Binder systems for BaTiO3 processing may be either

aqueous-based (e.g. for slip casting [1], extrusion [2], tape

casting [3–5]) or organic solvent-based (e.g. for pressure

filtration [6], tape casting [3,7,8]). Here, the former are

complicated by the effect of BaCO3 dissolution on the

electrostatic stabilisation of the powder particles [1,5,9,10],

and the latter by health and environmental concerns over the

use of organic solvents.

These and other issues had to be considered by the

authors of the current work while developing the extrusion

process for the fabrication of lanthanoid-doped BaTiO3

filaments for PTCR applications [11]. PTCR thermistors

based on barium titanate (BaTiO3 doped with, e.g. Y, Sc, La,

the range 0.1–0.6 mol%) exhibit unique resistance versus

temperature behaviour which is characterized by relatively
ved.
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low electrical resistivity (10–100 V cm) when the material is

in its low-temperature tetragonal ferroelectric state, and a

resistance 3–7 orders of magnitude higher when it is heated

into its high-temperature cubic paraelectric state [12] either

by internal (I2R) heating, or by an external heat source. For

pure BaTiO3, this transition temperature (Tc) between the

two states is 130 8C. When the body temperature of the

thermistor is returned to a level below Tc, the material

returns to its low-resistance state. Because the switching

process, which can be repeated many thousands of times by

the same piece of ceramic, depends on heating a mass of

material, the physical size of a thermistor is instrumental in

determining the rate of its response to internal and external

heating. Reducing the thermal mass of the thermistor

reduces its response time and hence dramatically improves

its ability to react to rapid transients in heat or power. The

authors have fabricated very small, free-standing PTCR

thermistors with such rapid-response capability by extrusion

(fibres 0.25 and 0.125 mm diameter, 2 mm long), and the

small minimum dimensions of the filaments demanded

particular care to be taken when dispersing BaTiO3 powder

in the binder phase needed to enable forming: The small die

diameters to be used in the microextrusion process

(�300 mm) dictated that the feed-powder have a primary

particle size distribution in the submicron range, and that the

powder be dispersed in the binder in a totally deagglom-

erated state. Furthermore, the binder phase/powder combi-

nation ideally needed to be pseudoplastic with a yield point

in order for the system to flow easily during extrusion and for

the extrudate to maintain its shape after the forming process.

Finally, the binder was not to phase-separate from the

powder under pressure and shear during extrusion.

The work performed by the authors to develop the binder

system for the extrusion process is described in the current

paper. A simple paraffin wax-based thermoplastic binder

system of the type used for low-pressure injection moulding

of SiC [13,14], Al2O3 [15,16] and ZrO2 [17] was chosen to

enable processing of extrudable feedstocks. The use of a

thermoplastic binder permitted the problems encountered

with aqueous and organic solvents mentioned above to be

largely avoided, and the inherent low viscosity of the low-

molecular-weight paraffin wax promised to yield low-

viscosity feedstocks which would minimise abrasive wear of

the processing equipment (mixer, extruder) and therefore

undesired contamination of the BaTiO3 ceramic composi-

tion. This latter point was very important as ppm

concentrations of metallic elements (e.g. Fe, Mn) can have

a significant effect on the PTCR behaviour of lanthanoid-

doped BaTiO3 materials [12].

The nominal PTCR compositions used throughout the

work were Ba0.9975Ce0.0025TiO3 and Ba0.9985La0.0015TiO3.

Lanthanoid-doped barium titanate exhibits appreciable

electronic conductivity at room temperature in only a very

narrow dopant concentration range, and the cerium and

lanthanum concentrations used here coincide with the

maxima in the plots of room-temperature conductivity
versus dopant level for the two systems sintered in air.

Because doped submicrometre BaTiO3 powders suitable for

the extrusion of filaments with diameters below 300 mm

were not commercially available, a fine BaTiO3 powder had

to first be doped accordingly.

The specific aim of the work reported here was to select a

suitable surfactant from a series of 18-carbon (C-18)

dispersant molecules and then to produce extrudable

feedstocks of the lanthanoid-coated powders.
2. Experimental procedure

2.1. Coated powder preparation

BaTiO3 powder (Ticon F, Ferro Electronic Materials,

Niagara Falls NY, USA; d50 = 0.5 mm, d90 = 0.8 mm;

SSA � 6.6 m2/g) was coated with the dopants by dispersing

the powder in an aqueous solution of the corresponding nitrate

(Ce(NO3)3�6H2O or La(NO3)3�6H2O; >99.9%, Sigma–

Aldrich), evaporating off the water, calcining under static

air to yield the dopant oxide, and grinding the resulting

powder. A sintering aid 4Al2O3–9SiO2–3TiO2 (AST [18];

1 mol% based on BaTiO3) was subsequently added to the

coated powders by dispersing them in an aqueous suspension

of nanometre-sized powders of Al2O3 (‘‘high purity’’, BDH/

Merck), SiO2 (99.8%, Sigma–Aldrich) andTiO2 (99.9%,Alfa

Aesar) and drying and grinding again. These procedures

resulted in only slight coarsening/agglomeration of the

powders (CeO2-coated: d50 = 0.6 mm, d90 = 2.3 mm; La2O3-

coated: d50 = 0.5 mm, d90 = 2.0 mm) [11].

The powder surfaces were characterised at room

temperature (RT) and 400 8C using X-ray photoelectron

spectroscopy (XPS; ESCA 3 Mk.II, VG Scientific Ltd., East

Grinstead, West Sussex, UK). Samples were measured and

data analysed as described in detail elsewhere [19].

Measurements were performed with Mg Ka radiation

(1253.6 eV) at �10�8 Pa and binding energies (BE)

referenced to the C 1s line of graphite at 284.5 eV. For

quantitative analysis of spectra, the peak backgrounds were

removed by the linear tangent method [20].

2.2. Surfactant screening

Sedimentation experiments with suspensions of powder

in molten paraffin wax (purum, Tm = 50–52 8C, Sigma–

Aldrich) were performed to test the dispersing effectiveness

of four C-18 organic surfactants (see Table 1): stearic acid

(Ph Helv, Sigma–Aldrich), octadecylamine (tech., Sigma–

Aldrich), oleic acid (tech., Sigma–Aldrich) and oleylamine

(tech., Sigma–Aldrich). All possess a hydrophobic carbon

chain (saturated or unsaturated) and a hydrophilic polar

(carboxyl or amine) head group. These short-chained

dispersants were chosen based on their proven ability to

aid the dispersion of inorganic powders in organic media

[21]. They have been shown to enable high powder loadings
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Table 1

Surfactant species for BaTiO3–paraffin mixtures

Name Formula

Stearic acid CH3(CH2)16COOH

Octadecylamine CH3(CH2)17NH2

Oleic acid CH3(CH2)7CH CH(CH2)7COOH

Oleylamine CH3(CH2)7CH CH(CH2)8NH2

Fig. 1. O 1s XPS spectra for CeO2-coated BaTiO3 collected in the as-

prepared state at RT, at 400 8C, after cooling to RT in the sample chamber,

and after cooling to RTwhile exposed to atmosphere. This series measured

for La2O3-coated powder exhibits the same trends.
without generating excessively-thick adsorbed layers on the

powder particles which can ultimately reduce the ceramic

packing density [6].

Powder (10 vol.%) was dispersed in a given wax/

surfactant mixture at 80 8C by simultaneous stirring and

ultrasonic agitation. The processing temperature of 80 8C
was chosen to be 10 8C above the highest melting

temperature of the organic substances in use, i.e. that of

stearic acid with Tm = 70 8C. The suspension was deaired

under vacuum, poured into a preheated test tube, and then

placed in an oven at 80 8C. Sediment height and elapsed time

were recorded over a period of days. Two surfactant

concentrations were tested, namely 1.2 wt.% w.r.t. paraffin

(1.6 wt.% w.r.t. BaTiO3) and 30 wt.% w.r.t. paraffin

(28 wt.% w.r.t. BaTiO3). The former approximates mono-

layer coverage based on the area occupied by an adsorbed

stearic acid molecule (0.2 nm2) [22] and the specific surface

area of the powder, and the latter is a representative value

(based on experience) for the concentration of surfactant in

the binder phase in concentrated thermoplastic extrusion

feedstocks.

2.3. Feedstock preparation and extrusion

The powder premixes were blended at 80 8Cwith paraffin

wax binder and surfactant and subsequently extruded at

55 8C through circular cross-section dies (Ø = 60–300 mm),

as described in detail elsewhere [11,23]. While solids

loadings up to 60 vol.% were achieved, the current study

was performed with solids loadings of 50 vol.%. Uncontrol-

lable slip-stick behaviour of the more highly-loaded

feedstocks prevented the rheological analyses described

immediately below from being reliably performed.

The rheology of the feedstocks at 55 and 80 8C was

analyzed in the shear-rate range 1–10 s�1 using rotational

rheometry (CSL2500 Carri-Med, TA Instruments, New

Castle DE, USA) with a plate/plate geometry (1 cm

diameter, 500 mm gap). Capillary rheometry (ACER

Capillary Extrusion Rheometer, Rheometric Scientific,

Piscataway NJ, USA) at the same temperatures was used

to investigate flow behaviour in excess of 100 s�1. Dies of

0.5 mm diameter with L/D ratios 10:1, 40:1, 100:1 and 200:1

were used and the Weissenberg–Rabinowitsch shear-rate

and Bagley entry-pressure corrections were applied to the

data [24].

Extrudates were debound under static air (1.5 8C/min to

400 8C, 5 8C/min to 700 8C, 1 h dwell). The pore-size

distributions of presintered (1200 8C) samples were deter-
mined using mercury intrusion porosimetry (MIP; Model

140/440, CE Instruments Ltd., Wigan, UK).

2.4. General analyses

At the various stages of processing described above,

samples were characterised using scanning electron micro-

scopy (SEM), X-ray diffraction (XRD), thermal gravimetric

analysis (TGA) and thermal mechanical analysis (TMA).
3. Results and discussion

3.1. Powder characteristics

The hydrophilic nature of BaTiO3 is well documented

[8,25–27], and the presence of physisorbed water was

confirmed on the lanthanoid-coated powders by the XPS

analysis. As shown in Fig. 1 for the CeO2–BaTiO3 case, the

O 1s peak exhibits a high binding energy shoulder which is

largely removed by heating to 400 8C and which reappears

after exposure to atmosphere. This behaviour is identical to

that observed in the XPS analysis of the as-received powder

[19], and the conclusions for the current analysis are the

same as previously: The main peak centred on 529.5 eV is

attributed to oxygen in the BaTiO3 lattice and the small high-

BE shoulder which appears upon cooling in the sample

chamber under vacuum is due to oxidised hydrocarbons

stemming from the oil in the diffusion pump drawing the

vacuum on the sample chamber. Since carbon dioxide can be

discounted as contributing to the O 1s peak [19], the
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Fig. 2. O:Ba molar ratio of coated and uncoated powders calculated from

the O 1s and Ba 3d5/2 XPS peaks measured in the as-prepared state at RT, at

400 8C, and after cooling to RT while exposed to atmosphere.

Fig. 3. Weight-loss characteristics of CeO2- and La2O3-coated extrusion

powders and uncoated BaTiO3 control powder (5 8C/min, 50 cm3/min air).
observed desorbable high-BE shoulder can only be due to

adsorbed molecular water at 533.1 eV [20].

Similar behaviour of the O 1s peak was observed for the

La-coated and uncoated BaTiO3 powder.1 The results are

summarized in Fig. 2 in terms of the O:Ba molar ratio (Since

the Ba content remained constant for a given powder under

all conditions, the O:Ba ratio reflects the change in the area

of the O 1s peak due to the desorption/adsorption of oxygen-

bearing species, i.e. H2O.)
2 As can be seen, the method was

insufficiently sensitive to detect quantitative differences in

adsorbate concentrations between the powders. However, of

note is that even at 400 8C under UHV, the measured O:Ba

ratios of the coated powders and the uncoated control

powder still clearly exceeded the 3:1 ratio expected for

BaTiO3. This is probably due to chemisorbed –OH groups,

the chemical nature of the adsorbate bond to the surface

being confirmed by the need to extensively sputter the

samples at 400 8C in order to obtain the 3:1 O:Ba ratio

expected for BaTiO3. This indicates, as previously with the

as-delivered BaTiO3 powder [19], that the surfaces of the

lanthanoid-coated powder particles will in all likelihood be

fully hydrated during processing and that dispersants and
1 In order to provide a realistic comparison with the coated powders, the

as-delivered base BaTiO3 powder (analysed in [19]) was subjected to the

same aqueous preparation procedures described earlier for coating the

powders, but without addition of a dopant nitrate. All subsequent references

to the control powder in the text refer to this preconditioned, uncoated

powder.
2 Quantitative analysis calculations were performed with area atomic

sensitivity factors of 7.9 and 0.66 for Ba 3d5/2 and O 1s, respectively [20].
binders will interact with the adsorbed water rather than

directly with the ceramic surface.

As shown in Fig. 3, the coated powders experience a

small, but distinct, weight loss in several stages up to

1100 8C, as does the control BaTiO3 powder. In conjunction

with the conclusions drawn above for the XPS analysis, the

initial weight loss around 100 8C is attributed to the loss of

physisorbed water. The weight-loss above 400 8C is

attributed to the decomposition of BaCO3 which was shown

by XRD to be present in all three powders prior to the TGA

measurement and absent thereafter (see Fig. 4). This

conclusion is in line with published literature regarding

BaCO3 decomposition in BaTiO3 systems which also shows

the carbonate decomposing in the range 500–900 8C
[28,29].

The initial 0.1–0.2 wt.% loss around 100 8C due to

physisorbed water agrees closely with the published
Fig. 4. X-ray diffraction patterns of lanthanoid-coated powders and the

uncoated control powder. As with the calcined control powder (shown), the

carbonate was removed from the coated powders by calcining at 1100 8C.
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Fig. 5. Sedimentation behaviour of BaTiO3–paraffin mixtures prepared with different C-18 surfactants (80 8C, 10 vol.% solids).
literature [30] and corresponds to a theoretical surface

concentration of 5–10 molecules/nm2. With a single H2O

molecule occupying on order of 0.4 nm2, this indicates that

the powder surfaces are covered by significantly more than a

monolayer of water. The data shows that the CeO2-coated

powder has the lowest and the raw BaTiO3 powder the

highest moisture content, suggesting that water interacts less

strongly with the CeO2-coated surface than the La2O3-

coated powder surfaces and that both lanthanoid coatings

inhibit water adsorption.

3.2. Surfactant screening

The results of the sedimentation experiments with pure

BaTiO3 powder are shown in Fig. 5. Without surfactant, the

powder settled to its equilibrium height within 15 min and

the sediment consisted of loosely-packed powder spherules

0.2–0.5 mm in diameter. The slower settling rates and higher

sediment densities in the presence of the surfactants at both

concentrations indicate that they all, to varying extents,

disperse and stabilise the powder. However, sharp interfaces

between the sediments and their respective supernatants and

a complete lack of cloudiness in the supernatants indicated

that all the suspensions were to some degree flocculated. The

differences in settling rates are attributed to varying degrees

of flocculation in the mixtures, with greater flocculation

leading to larger secondary particles and faster settling rates

[31,32].

Fatty acids with backbones up to 18 carbon atoms long

have frequently been associated with the flocculation of

ceramic powders in conjunction with organic solvents

[6,16,17,21,33–36]. While �10 nm separation between

micrometre-sized particles is considered a minimum to

stabilize a suspension by virtue of steric interactions
between opposing adsorbed surfactant layers, C-18 car-

boxylic acids, for instance, separate neighbouring particles

by only �4 nm and thus cannot completely overcome the

van der Waals forces between particles and prevent entry

into the primary attractive potential well between them [34].

Indeed, it has been theorised that such short molecules do

not in fact provide any kind of steric potential barrier and

only function by keeping the particles further separated and

by shielding the van der Waals forces [34]. However, no

evidence to support the complete absence of a steric

mechanism is given and consequently this is still considered

below.

Steric stabilization depends in part on the conformation

of the surfactant tails in solution with their solvent and hence

on the solubilities of the components with one another. In

this situation, Hildebrand–Hansen solubility parameters

provide a convenient gauge with which to predict solubilities

between liquids, i.e. liquids with similar parameters will

generally be soluble in one another while those with

dissimilar values will be insoluble [37]. The dispersive

solubility parameters (dd) describing the cohesive effects

stemming from dispersive interactions between the surfac-

tant carbon chains (dd,stearic acid = 16.4 MPa1/2 and dd,oleic

acid = 14.3 MPa1/2) closely bracket that of the solvent oil

(dd,paraffin oil = 14.5 MPa1/2), and hence their solubilities are

expected to be equal and both types of surfactant tail will be

well extended into solution. Similar data is not available for

the amine surfactants, but the different polar head group is

not expected to change the dispersive component of these

species. On this basis, solubility differences leading to

changes in tail conformations are discounted as causing the

observed differences in stabilisation.

At 1.6 wt.% C-18 corresponding to theoretical monolayer

coverage of the powder by stearic acid, differences in the
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Fig. 6. Sedimentation behaviour of coated and uncoated control powders in

paraffin suspensions prepared with stearic acid (80 8C, 10 vol.% solids,

28 wt.% stearic acid w.r.t. BaTiO3).

Fig. 7. Mixing-torque evolution upon cooling of feedstocks with coated

powders at 50 vol.% solids loading.
sedimentation behaviour between the surfactants cannot be

distinguished except for a slightly better stability imparted

by the oleic acid. Considering that the estimated surface area

occupied per oleic acid molecule (0.4 nm2) [6] is twice that

of a stearic acid molecule (0.2 nm2) [22], the 1.6 wt.% oleic

acid concentration nominally corresponds to twice mono-

layer coverage and thus this suspension must have a higher

free surfactant concentration than the stearic acid system.

While steric repulsion is proportional to the volume fraction

of chains in the adsorbed layer [38] and thus any steric

effects will be reduced for the oleic acid case, the free oleic

acid component appears be functioning as a depletion

stabiliser and shows, as postulated previously, that disper-

sion stability is a function of both the free [35,39,40] and the

surface [6,33] concentration of the surfactant. While the

same molecular footprint and concentration considerations

apply to the two amine surfactants, different concentration

equilibria appear to be operating whose combined effects

balance out to generate apparently equal stability.

At 28 wt.% C-18, where the surfactant/binder (i.e.

paraffin) ratio approximates that found in highly-loaded

extrusion pastes, the suspensions with stearic acid and

octadecylamine exhibit the best stability. McNulty et al.

[39] have postulated that surfactant adsorption to a solid

surface increases as the concentration of the surfactant in

the solvent (or binder) approaches the solubility limit.

Comparing the melting temperatures of the surfactants

with saturated carbon bonds (Tm,stearic acid = 70 8C,
Tm,octadecylamine = 51 8C) to those with a C C bond in

their carbon chain (Tm,oleic acid = 6 8C, Tm,oleylamine =

25 8C), the former two surfactants must be significantly

closer to their solubility limit at the sedimentation

temperature of 80 8C than their unsaturated counterparts.

Therefore, the driving force for adsorption will be greater

for stearic acid and octadecylamine, and consequently the

surface concentration should be higher and the stabilisa-

tion effect better, and this is indeed what the sedimenta-

tion data shows. The better stabilisation imparted by

stearic acid relative to octadecylamine is attributed to the

greater dipole moment of the COOH group relative to the

–NH2 group leading to better adsorption on the water-

saturated (i.e. polar) BaTiO3 powder surface.

Based on these sedimentation results, stearic acid was

chosen as the surface active species to be used in the

remainder of this work. A sedimentation experiment with

stearic acid was performed to evaluate the behaviour of

coated powders (CeO2–BaTiO3; La2O3–BaTiO3) in paraffin

suspensions. Fig. 6 shows that the settling velocity of both

coated powders is significantly faster than for the uncoated

powder, and that the Ce-coated powder settles faster than its

La-coated counterpart. The slight particle coarsening and

agglomeration observed as a consequence of the coating

procedure and noted earlier is not expected to have such a

marked effect on the settling rate, thus the loss of stability is

attributed to the presence of the dopant coatings reducing

adsorption of the surfactant. In this light, it appears that the
stearic acid adsorbs less effectively on CeO2-coated powder,

causing its suspension in paraffin to be slightly less stable

than the La2O3-coated powder.

The parallel trends of water adsorption (XPS analysis)

and stearic acid adsorption apparent from the above data

provides further evidence that the surfactant interacts with

the adsorbed water layers rather than directly with the

ceramic surface.
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Fig. 8. Rheological behaviour of 50 vol.% feedstocks with coated powders: (a) shear stress as a function of shear rate and (b) viscosity as a function of shear

rate.

3 While the difference between the distributions is very small, it was

reproducible for two pairs of feedstocks prepared separately and for both the

debound and presintered states (Tmax = 750 and 1200 8C, respectively).
3.3. Powder-polymer extrusion feedstocks

On the basis of the differences observed in the dispersion

state at low solids loading (10 vol.%; Fig. 6) and the

adsorbed water concentration between the two lanthanoid-

coated powders, differences in the rheological behaviour at

higher loadings for use in extrusion (50 vol.%) were not

unexpected. The torque-temperature cooling curves in Fig. 7

which were recorded at the conclusion of feedstock mixing

reveal that while the viscosity of the La2O3-containing paste

increases monotonically while cooling from 80 to 55 8C, the
viscosity of the CeO2-doped mix exhibits a marked increase

upon cooling through 70 8C so that it ultimately has a higher

viscosity than the La2O3-doped formulation. This reversal of

the relative viscosity magnitude is also apparent in the

rheological analysis of the feedstocks, as shown in Fig. 8.

This behaviour may be explained, as above, by less

stearic acid being adsorbed on the CeO2-coated than to the

La2O3-coated powders. While at 80 8C the separation of the

CeO2-coated particles will be impaired, the larger con-

centration of surfactant molecules in solution will act to

lower the viscosity of the binder [33,41] and possibly

contribute to particle separation via the depletion stabilisa-

tion mechanism. Upon cooling through the solidification

temperature of stearic acid at 70 8C, the free stearic acid

molecules will aggregate, thereby effectively removing

plasticiser from the binder and increasing its viscosity.

Additionally, the depletion stabilisation mechanism, if it is

indeed acting, will be less effective, which, together with the

lower surfactant surface concentration, results in more

interparticle contact than in the La2O3–BaTiO3 system and

leads to the viscosity trend reversals shown in Figs. 7 and 8.

Liu previously noted [17] that the behaviour of a surfactant

upon changing the temperature in the vicinity of its melting

point may have a profound effect on the rheological

properties of a suspension, and the current data clearly

confirms this hypothesis.
Fig. 8 also shows that the BaTiO3/paraffin/stearic acid

system possesses a yield point and is shear thinning. This

behaviour enabled the generally successful extrusion of both

feedstocks at 55 8C, i.e. below the solidification temperature

of the surfactant. Samples of green extrudates obtained with

a 300 mm die are shown in Fig. 9. While La2O3–BaTiO3

fibres of 150 and 100 mm diameter could also be extruded at

this temperature, this was impossible with the CeO2–BaTiO3

system. Extrusion at 80 8C proved generally problematical,

particularly with the CeO2-coated system which frequently

exhibited binder separation from the powders. In general the

extrudability of the CeO2–BaTiO3 system was inferior to

that of its La2O3–BaTiO3 counterpart.

As discussed above for the sedimentation data, the lower

concentration of adsorbed stearic acid on the CeO2-coated

powder relative to the La2O3-coated powder can explain the

observed behaviour. The former system would be less well

dispersed in the binder and this situation would be

exacerbated at 80 8C where thermal activation is likely to

promote desorption of surfactant from the powder. This

conclusion is supported by the appearance of clear binder

droplets at the die exit (i.e. bulk binder separation) during

extrusion of the CeO2–BaTiO3 system at 80 8C which

indicates a loss of the chemical bridge between the binder

and the powder which the stearic acid is supposed to provide.

Poorer dispersion of the CeO2-coated powder in the

binder should result in wider interparticle pore channels

being present in this system than in the La2O3–BaTiO3

system, and this is reflected in the pore size distributions of

the extrudates. Fig. 10 shows that for interparticle pores on

the order of 0.1 mm, the La2O3–BaTiO3 samples possesses

slightly finer pores than their CeO2-coated counterparts.3

The tails toward large pore sizes for the La2O3–BaTiO3
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feedstocks are due to flattened pores (thickness �1–2 mm,

axial dimensions �5–10 mm) containing pure binder which

are visible in the SEM image of the fracture surface of the

green La2O3–BaTiO3 fibre in Fig. 9b. These flakes, which

manifest themselves as ‘‘intraparticle’’ pores once the binder

is burned out, are also present in the green CeO2–BaTiO3

fibres, but at a much lower frequency.

The formation mechanism for these pores is unclear. As

mentioned in the experimental procedure, extrudable

feedstocks with 60 vol.% solids could be prepared with

both powders, and neither of the resulting feedstocks

exhibited these binder flakes. As such it is clear that there is a

connection between the flakes and the ‘‘excess’’ binder in

the 50 vol.% feedstocks. It appears that it is energetically

more favourable for this excess binder to collect into pools

rather than to be uniformly distributed between the powder

particles, especially in the La2O3–BaTiO3 case (For this

system it is interesting to note that this localised phase

separation occurs without the occurrence of the bulk phase

separation observed in the CeO2–BaTiO3 system.) Shearing

motions imposed on the materials during mixing and
Fig. 9. SEM image of fibres (top) and their fracture surfaces (bottom) of (a)

CeO2-coated BaTiO3 and (b) La2O3-coated BaTiO3 (Textrusion = 55 8C).

Fig. 9. (Continued ).
extrusion cause these pools to form as flattened flakes rather

than spherical droplets, a conclusion based on the

observation that the in-plane axes of the flakes are always

oriented parallel to the fibre axis. The connection between
Fig. 10. MIP pore-size distribution of presintered feedstocks (Tmax =

1200 8C).
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Fig. 11. Weight-loss and shrinkage characteristics during heat treatment of

debound 50 vol.% Ce- and La-doped feedstocks (axially-pressed samples,

50 cm3/min air).
the frequency of the flakes and the powder-paraffin/stearic

acid interactions in the two systems remains under

investigation.

3.4. Heat treatments

The greater affinity of the stearic acid/paraffin wax binder

for the La2O3-coated powder than for the CeO2-coated

powder also manifests itself in the TGA and TMA data

shown in Fig. 11. The reduced weight-loss rate relative to the

Ce-bearing system is indicative of a stronger interaction

between the La2O3-coated powder and the binder system.

Furthermore, the better dispersion state and the collapse of

the large intraparticle pores during debinding under the

applied pressure of the TMA probe ultimately results in a

higher packing density and a greater apparent contraction of

the La2O3–BaTiO3 sample relative to the CeO2–BaTiO3

sample. On the basis of this data, the final sintered density of

the La-doped composition should be higher than that of the

Ce-doped material, and this is indeed the case, with the

former reaching 95.8% of theoretical density on average and

the latter only 93.6% (determined by image analysis of

polished fibre cross-sections). The different shapes of the

TMA characteristics above the BaTiO3-AST eutectic

temperature at 1240 8C indicate that the dopants also affect

the sintering process in these materials, and this effect is still

under investigation.
4. Summary

With a view to fabricating fibres of lanthanoid-doped

PTCR BaTiO3 by extrusion, a submicron BaTiO3 powder

was coated with either cerium oxide or lanthanum oxide.

XPS and thermal analysis revealed that the powder particle

surfaces are hydrated with layers of physisorbed molecular

water and chemisorbed hydroxyl groups and that the CeO2-
coated powder absorbs less H2O than its La2O3-coated

counterpart. Screening of four potential 18-carbon car-

boxylic acid and amine surfactants by sedimentation

experiments in molten paraffin wax revealed stearic acid

to be the most effectively adsorbed species on BaTiO3 with

the greatest stabilising effect. Sedimentation experiments

with coated BaTiO3 powders in molten paraffin/stearic acid

revealed La2O3-coated powder to be better stabilised than

CeO2-coated powder, leading to the conclusion that the

surface adsorption concentration of stearic acid is greater in

the La2O3-doped system.

The coated powders were subsequently mixed with

sintering aids and compounded with the paraffin/stearic acid

binder at a solids loading of 50 vol.%. The resulting

feedstocks exhibited a yield point and shear thinning

behaviour, and while both were successfully extruded, the

CeO2–BaTiO3 system exhibited generally inferior extrud-

ability compared to its La2O3–BaTiO3 counterpart. This

behaviour and the differing microstructures observed at

various stages of heat treatment could be attributed to the

higher adsorption concentration of stearic acid molecules on

the La2O3-coated surface.
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