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Synthesis and characterization of PbTiO, and
Ca and Mn modified PbTiO, fibres produced
by extrusion of diol based gels

S. CHEWASATN, S. J. MILNE*
Division of Ceramics, School of Materials, The University, Leeds, LS29JT, UK

Lead titanate precursor gels were prepared using a diol sol-gel system. Water and nitric acid
were added to the sols and their effect on the extrusion characteristics of the gels established.
After examining the microstructure of the fired fibres obtained from sols containing different

water and acid ratios, the merits of incorporating excess lead and/or adding manganese or
calcium salts to the sols were also considered. It proved possible to produce unmodified
PbTiO, fibres that were crack-free having a diameter of ca. 2560 pym and grain size of ca.

0.3 um with a density of ca. 7.1 gcm 3. However, the best fibres were achieved from gels
containing 2 mol % of added calcium nitrate. These fibres had a density ca. 7.4 gcm ™3 and a

grain size of ca. 0.3 pm.

1. Introduction
Several types of piezoceramic—polymer composites
have been developed for potential applications such as
sonar and medical diagnostics. The properties of the
composite depend not only on the type and volume
fraction of the component phases but also on the
manner in which the components are interconnected.
A variety of different connectivities are possible. For
example, the piezoceramic may exist as discrete par-
ticles evenly distributed in the polymer matrix or in
the form of rods or fibres which can be aligned to
produce anisotropic properties. The latter structures
are referred to as 1-3 composites [1], the numbers
signifying that the ceramic phase extends in one di-
mension and the polymer in three dimensions. In
practice the ceramic will clearly have some two-
dimensional character but the aim is to fabricate a
structure in which the ceramic is continuous in the
direction perpendicular to the electroded faces and is
surrounded by a continuous layer of polymer.
Unfortunately, the geometry of 1-3 composites
leads to a number of manufacturing difficulties. 1-3
composites were originally made by combining large
PZT particles several mm in size with a polymer [2].
Because the particle size was approximately equal to
the thickness of the resulting composite sample, the
composites approached the connectivity of a 1-3
structure. Subsequently, ceramic rods with diameters
of 0.25 mm or more were used. They were fabricated
by extruding a mixture of PZT particles, polyvinyl
alcohol and water [3]. The extruded rods were furnace
fired at 1300 °C for 30 min and then re-fired in a hot
isostatic press at 1300 °C under a pressure of 20 MPa.
The minimum diameter of the rods was ca. 0.25 mm
and composites of up to 50 vol% of PZT rods
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0.44-0.84 mm in diameter could be prepared by mech-
anically aligning the fibres and embedding them in an
epoxy polymer.

More recently the benefits of adding a sintering flux
to the PZT paste prior to extrusion have been demon-
strated. It is thus possible to lower the sintering
temperature to < 1000 °C leading to reduced prob-
lems of lead loss by volatilization. The diameter of the
fired fibres was ca. 0.4 mm and they were used to

produce composites containing up to 50 vol % PZT

[4].

Although these relatively thick fibres are easy to
handle and to fabricate into aligned composites, a
motre homogeneous piezoelectric response across the
surface of the composite would be achieved by using
smaller diameter fibres and smaller distances between
the fibres. There is also evidence that the hydrostatic
piezoelectric coefficient (d,,) and the voltage coefficient
(g,) increase with decreasing fibre diameter [4].

Extrusion or drawing of filaments from a polymeric
gel, rather than a paste, is a promising means of
producing smaller diameter fibres. In the past this
research group has demonstrated the merits of ex-
truding lead titanate (PT) precursor gels produced by
a methoxyethanol based sol-gel route [5]. However,
Phillips and Milne [6] have subsequently demon-
strated an improved sol—gel route for PT and PZT gel
synthesis that, in the field of thin film manufacture,
has led to major processing improvements [7, 8]. The
route is also attractive for fibre production [9]. The
new route uses diols as the gel forming solvent. Pre-
sented here is a detailed account of the properties of
PT and modified PT fibres produced by the new route,
and the merits of using the fibres in 1-3 composite
manufacture are discussed.
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2. Experimental procedure

The processing scheme for preparing PbTiO; fibres is
presented in Fig. 1. Lead acetate trihydrate,
Pb(CH,COO0),.3H,0, titanium diisopropoxide bis-
acetylacetonate, Ti(OC;H,),(CH,;COCHCOCH,),,
abbreviated TIAA, and propanediol, HO(CH,),OH,
obtained from Aldrich Chemical Co., were used to
prepare precursor solutions according to the proced-
ure originally reported by Philips et al. [7,8]. The
assayed Pb(CH,COO),.3H,0 reagent was dissolved
in propanediol in 1:5 molar ratio of Pb to diol and
refluxed for 1 h. This solution was then cooled to 80 °C
prior to adding TIAA in an equimolar ratio of Pb to
Ti. The second reflux was carried out for 4 h with one
distillation at ca. 80—85°C. The resulting solution,
which was the PT stock solution, was yellow with a
density of ca. 1.2 gcm ™2 and a concentration of ca.
1.0 M.

Other solutions were prepared by mixing the stock
solution with water, 2-propanol, (CH;), CHOH and
nitric acid in various ratios as listed in Table I. One
series of sols had a constant molar ratio of Pb,
Ti/C;H,OH/HNO; of 1/0.5/0.01 but various ratios
of added water were used. Sols containing added

Lead acetate trihydrate
in propanediol

Reflux for 1 h
Cool to 80°C

Add stoichiometric
quantity of titanium
diisopropoxide
bisacetylacetonate

Reflux for 4 h
Distil off liquid by-products

l_ PT precursor solution

Concentrate at 80°C with
continuous stirring
Age at 80°C

l Extrudable gels J

Extrude through
~500 um orifice

{' Gel fibres

Heat treatment

PT ceramic fibres
~ 250 um diameter

Figure 1 Flow diagram for the preparation of PbTiO, fibres by the
diol gel extrusion process.

3622

water, Table I, are labelled W sols. One sol was further
modified with increasing additions of nitric acid,
taking care to maintain a constant water ratio,
Table 1. This series is labelled C.

Where appropriate, additives, such as manganese
acetate, excess lead acetate and/or calcium nitrate,
were dissolved in the sols to allow the preparation of
chemically modified PT fibres, Table II.

The sols were concentrated at 80 °C with continu-
ous stirring to form viscous liquids and then heat
treated (aged) at 80 °C in an oven to form gels for fibre
extrusion experiments. The gels were piston extruded
through a 0.5 mm diameter orifice; a floor standing
Instron instrument was used to control the extrusion
rate.

The thermal decomposition characteristics of the
gel fibres were identified using differential thermal
analysis (DTA) and thermogravimetric analysis
(TGA). The gel fibres, of which three samples, SO, W1
and C20 were studied, were pre-dried at 120°C for 3
days and then analysed using a heating rate of
5°Cmin~'. To determine crystallization behaviour,
the dried gel fibres were heat treated for 1 h at temper-
atures from 300 to 750 °C, applying a heating rate of
5°Cmin~"! and a cooling rate of 3°C min~*. X-ray
diffraction patterns were recorded using a Phillips
APD 1700 diffractometer. The microstructures of fired

TABLE I Compositions of precursor solutions and ageing condi-
tions for fibre formation.

Sample Reagent Ageing
molar ratio H,0: temperature
C;H,OH:HNO, (°O)

(per mol of Pb, Ti)

Minimum ageing
time for forming
gel fibres, t, (days)

Stock - 80 21
W1 1:0.5:0.01 80 19
w2 2:0.5:001 80 31
w4 4:0.5:0.01 80 55
W20  20:0.5:0.01 80 76
CO1  1:05:0.01 80 19
CO2  1:05:0.02 80 15
CO3  1:05:0.03 80 11
C20 1:0.5:0.20 80 4

TABLE Il Compositions of precursor solutions and ageing
conditions for modified PT fibre formation.

Sample Reagent molar Ageing Minimum
ratio H,0:C;H,OH - temperature ageing time
:HNO, (per mol of (°C) for forming
Pb, Ti) gel fibres,
t. (days)
PT + 3mol% 1:0.75:0.01 80 17
Pb
PT +4mol% 1:0.75:0.01 80 15
Mn
Pb, _,Ca, TiO; - 80 19
(x = 0.02)
PT+2mol% 1:2:2 80 26
Ca

(H,0:C;H,0OH:
CH,;COOH)




fibres were studied using scanning electron micro-
scopy (Hitachi S-700).

The optimum ageing and firing schedule for conver-
ting gel fibres to PbTiO; fibres of maximum density
was determined for W1 fibres. Various dwell temper-
atures, between 600 and 800°C, were studied for
heating rates of 3, 5 or 10°C min~!. Samples were
held at the set temperature for 30 min. For practical
purposes, the dried extruded fibres were broken into
ca. 10 cm lengths prior to firing. Fibre densities were
then determined using water displacement pycno-
metry.

Composites were prepared by manually aligning the
fibres in a glass tube and then impregnating them with
an epoxy resin (Dow Chemicals product D.E.R. 353).

3. Results

All sol compositions listed in Table I increased in
viscosity with time and eventually transformed to gels.
It was found that further ageing at 80 °C was required
in order to improve the extrusion characteristics of the
gels. When gels were extruded without this ageing step
a liquid phase separated from the gel during extrusion
and it was not possible to produce coherent fibres. The
minimum ageing time for the production of continu-
ous extruded gel fibres is referred to as .. In sols to
which water had been added to the base mixture the
value of ¢, increased with increasing water ratio, from
19 days for W1 to 76 days for W20, Table I. In
contrast, adding increased levels of nitric acid led to a
sharp reduction in ¢, Table 1. For the highest HNO;
concentration studied, sample C20, ¢, was equal to 4
days.

As would be expected, raising the ageing temper-
ature from 80 to 100 °C accelerated the ageing process.
For example, ¢, for W2 was reduced from 31 days to 6
days by using this higher ageing temperature.

It was subsequently found that ageing the gels for
2-3 weeks beyond ¢, at room temperature enabled
longer fibres, > 30 cm, to be produced, Fig. 2. With-
out this step extruded fibres were 5-10 cm long. Fibres
were pliable and easy to handle but melted if fired
directly after extrusion. However, this thermoplastic
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Figure 2 Extruded gel fibres (unmodified) dried at room temper-
ature.

behaviour disappeared after the extruded fibres were
further aged at room temperature for ca. 3 days. This
procedure was subsequently adopted for all gel types.

The thermal decomposition characteristics of ex-
amples of SO, W1 and C20 extruded gel fibres that had
been pre-dried at 120 °C are shown in Figs 3 and 4. In
general, two broad weight loss steps were observed in
all gels as they were heated to ca. 475°C, at which
point a smaller but sharp weight loss occurred (Fig. 3).
The latter was completed by 520 °C, signifying final
conversion to ceramic PbTiO,. The fractional weight
loss of the SO stock gels below 450 °C was significantly
greater than for W1 and C20, whilst between
475-520°C the percentage weight loss in the SO
sample was around half of that occurring in each of
the other two samples, Fig. 3. The overall total weight
loss in SO samples was ca. 26% as opposed to ca. 21%
for W1 and C20.

The corresponding DTA traces of each of the three
sample types, again pre-dried at 120°C, each dis-
played two distinct exotherms at ca. 490 °C and 520 °C
in addition to broad low temperature effects, Fig. 4.
However, the relative intensity of the former two
peaks in the SO gels was the reverse of those in the W1
and C20 samples. The ca. 490 °C peak in each sample
actually had an onset temperature of ca. 470 °C, corre-
lating to the onset temperature for the final TGA
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Figure 3 TGA data for SO, W1 and C20 samples.
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Figure 4 DTA data for SO, W1 and C20 samples.

3623



-
(o]
-

750 °C

211

700 °C

650 °C

f

450 °C
400 °C

|

(a)

750 °C

i

700 °C

650 °C

?

450 °C
400 °C

|

(b}

—

U‘ A ,{ }\ 750 °C

wso °C

450 °C

o

400 °C

e T S S
20 30 40 50 60

20 (deg)
{c)

Figure 5 X-ray diffraction results as a function of firing temper-
atures for: (a) SO gels; (b) W1 gels; (c) C20 gels (- = pyrochlore
phase).

weight loss that signified final elimination/combus-
tion of organics. The lower intensity of this DTA
exotherm in SO compared to that of W1 and C20
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traces is consistent with the smaller final weight loss in
TGA data, Fig. 3. The final DTA peak at ca. 520°C in
each sample is attributed to crystallization to PbTiO,.

X-ray diffraction patterns of the SO, W1 and C20
gels that had been heat-treated at temperatures from
300 to 750°C for 1 h were mutually similar, as shown
in Fig. 5. The onset of crystallization to tetragonal
PbTiO, and a small proportion of a pyrochlore phase
was first detected in gels fired at 450°C. The pyro-
chlore phase persisted in samples heat treated up to
650°C, although it had almost disappeared at this
temperature in the SO sample, Fig. Sa. Heating all
samples at 700 °C resulted in tetragonal single phase
materials and sharply defined X-ray patterns, Fig. 5.

As stated earlier, W1 fibres were subjected to vari-
ous heat treatments in order to evaluate a satisfactory
firing schedule for the conversion of the gel fibres to
coherent ceramic fibres. It was found that these cri-
teria were best satisfied using a heating rate of
5°C min~! and holding the fibres at 750 °C for 30 min
followed by cooling at 3°C min~'. Higher firing tem-
peratures and/or longer firing times were not pursued
because of likely PbO volatilization. Thereafter this
schedule was adopted for all gel types. After firing, the
fibres visually retained the physical integrity of the
extruded gels, but stresses during firing caused the
fibres to buckle, Fig. 6.

Fired fibres prepared from the stock, SO, sols exhib-
ited severe surface cracking and disruption to the fibre
structure, Fig. 7a. There was also a high incidence of
surface porosity and microcracks in an otherwise
dense surface skin, Fig. 7b. The as-fired surface and
transverse sections both revealed a reasonably dense
microstructure with a grain size of ca. 0.3 um, Fig. 7c
and d. Various additions of water, acid and isopro-
panol were studied with the aim of improving the
structure of the fibres. However, none of the W series
of sols, Table 1, led to any reduction in fibre cracking;
in fact there was a noticeable incidence of internal
cracking that disclosed a ripple-like structure in trans-
verse sections, Fig. 8. The degree of cracking intensi-
fied with increasing water additions. The grain size
was similar to that of fibres derived from SO gels,
ca. 0.3 pm, again with no difference between the sur-

Figure 6 PbTiO; fibres heat treated to 750 °C for 30 min.



Figure 7 SEM micrographs of PbTiO; fibres prepared from SO stock gels showing: (a) extent of fibre cracking; (b) surface pitting and

microcracking; (c) microstructure; (d) transverse section.

Figure 8 Transverse section of PbTiO, fibres made from W1 gels.

face and internal grain size. Except where stated, all
subsequent gel types studied also led to this grain size.

Increasing the amount of acid in the gel-precursors
gradually reduced the incidence of surface cracking in
the ceramic fibres. Of the various C sols studied, C20
with the highest acid concentration, Table I, resulted
in predominantly crack-free PbTiO, fibres, Fig. 9.
These were ca. 250 um in diameter with a measured

density of ca. 7.1 g cm ~3. Transverse sections (in Fig,
9c) were similar to Fig. 7d.

In a separate series of experiments the merits, or
otherwise, of adding manganese, calcium and excess
lead, either singly or in combination, to the sols were
examined, Table IL.

The structure of fired fibres extruded from W1 gels
containing 3 mol % of excess Pb is shown in Fig. 10.
Surface cracking was apparent, but on a much finer
scale than in equivalent unmodified W1 samples,
Fig. 10a. There was also a rather different surface
topography in the excess lead fibres, possibly resulting
from lead migration to the surface. Cross—sections
appeared to be dense and of reasonably uniform
microstructure, Fig. 10b.

Additions of 4 mol % manganese acetate produced
fibres with a similar surface appearance to those of the
Pb modified fibres, Fig. 11a. Perhaps this is not sur-
prising .since no compensating reduction in the Pb
content was undertaken, and because manganese is
known to substitute on Pb lattice sites, “excess” lead
would be expected to be liberated during firing. Inter-
estingly, the internal structure of the manganese modi-
fied fibres, Fig. 11b, was rippled in a similar manner to
that of the unmodified W1 sols.

When fibres were made from 2 mol% calcium
modified gels in which there was a compensating
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Figure 9 SEM micrographs of the surface structure of PbTiO,
fibres prepared from C20 gels: (a) surface sections; (b) micro-
structure; (c) transverse section.

deficit of Pb in the starting sols, severe fibre cracking
resulted, Fig. 12. Cross-sections and surfaces were of
quite different appearance to any of the other fibre
types studied. No water, propanol or acid were added
to these sols. In cross-section, a dense outer collar
some 40 um in thickness was observed surrounding a
rippled and cracked internal core, Fig. 12b. The sur-
face microstructure was also distinctive, being com-
posed mainly of ca. 0.5 pm dense grains interspersed
with “islands™ of smaller 0.1 um grains, Fig. 12c. The
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Figure 10 SEM micrographs of PbTiO; + 3 mol % Pb modified
fibres: (a) surface and (b) transverse sections.

reasons for these distinctive structures in Ca—PT gels
are not yet understood.

Finally, when 2 mol % of added calcium was intro-
duced (with no Pb compensation) fibres of the highest
quality of all gel formulations used in this study were
produced. There was no surface or internal cracking,
the surfaces were smooth and free from large scale
porosity, Fig. 13. Fibres were ca. 250 pm in diameter
and had a density of ca. 7.4 g cm ™3 theoretical with a
grain size of ca. 0.3 um. It should be noted that these
sols also contained added acetic acid.

Fibres prepared from C20 gels were used to demon-
strate the production of 1-3 piezoceramic—polymer
composite structures. These small diameter (0.25 mm)
fibres were rather fragile and this led to difficulties in
assembling them into composite structures. A max-
imum packing density of ca. 35 vol % fibres could be
achieved by packing the buckled fibres together in a
cylindrical container and impregnating them with an
epoxy resin. The resulting composite structure is
shown in Fig. 14.

4. Discussion and conclusions

All the gels studied could be extruded to produce
continuous fibres after an appropriate ageing period.
The mechanisms of changes in gel structure during
this period are not yet understood. Likewise, the



Figure 11 SEM micrographs of PbTiO; + 4 mol % Mn modified
fibres: (a) surface and (b) transverse sections.

variation in the response of the fibres to heating after
ageing at room temperature requires further analysis.

The greater weight loss in stock gel fibres during
TGA heating experiments compared to systems to
which water, acid and propanol had been added
implies that the added reagents led to an increased
production of volatile organic by-products in the lat-
ter. These were presumably lost by evaporation during
the various heat treatment and ageing steps prior to
TGA runs.

The effect of added water on gel times and ¢, values
indicates that water acted mainly as a diluent. In-
creases in the water ratio merely led to a progressive
decrease in gelation rates. The effect of water on diol
sols is thus in contrast to the behaviour of PbTiO,
precursor sols made by the popular methoxyethanol
based sol-gel route [10, 11], and implies that hydro-
lysis reactions do not play an important role in poly-
mer and gel formation in the new diol sol-gel process.

Under acid-catalysed conditions there was a mar-
ked increase in the rates of gelation relative to those of
stock sols.

Preliminary NMR studies (unpublished) on a more
simple titanium—propanediol sol-gel system indicate
that gelation proceeds by exchange of the isopropoxy
ligands of titanium diisopropoxide bisacetyl acetonate
by diol groups, eventually leading to a repeating

Figure 12 SEM micrographs of fibres produced from Pb, g
Ca, o, TiOj; starting sols; (a) surface sections; (b) transverse section;
(c) microstructure.

[-Ti—O(CH,)O;-Ti—] structure. The present results
for C sols suggest that protonation may play an
important role in this type of exchange and gelation
mechanism(s), although at this stage the possibility
that hydrolysis also occurs in acid catalysed diol sols
cannot be excluded.

Certainly, acid modification results in a gel network
that is better suited for resisting shrinkage stresses
during the gel to ceramic conversion. The incidence of
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Figure 13 SEM micrographs of PbTiO, + 2 mol % Ca modified
fibres: (a) surface sections; (b) transverse section; (c) micro-
structure.

fibre cracking decreased with increasing levels of nitric
acid, the C20 gel producing the highest quality un-
modified PbTiO; fibres.

It was thought that excess lead would assist in
sintering by forming a liquid phase during firing,
whereas manganese and calcium substitutions for Pb
on the PbTiO; crystal lattice would reduce the tetra-
gonal c¢/a ratio and may thus inhibit cracking when
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Figure 14 1-3 piezoceramic—polymer composite structure fabri-
cated from PbTiO; fibres (made from C20 gels) and an epoxy resin
polymer phase. The section shown was ca. 2 mm thick.

cooling the fibres through the cubic-tetragonal phase
transition.

The results indicate that a combination of the two
effects, i.e. simple addition of calcium with no compen-
sating reduction in the Pb ratio, produced the best
results. A further contribution to the favourable fibre
properties found in this system may result from the
choice of calcium nitrate as the starting reagent. Any
nitric acid, if formed as a by-product during sol ageing,
would act in an analogous manner to that described
above for the C series of sols; the acetic acid added
may also have influenced fibre properties.

In conclusion, it has been possible to manufacture
crack-free ca. 250 pm diameter PbTiO, fibres by ex-
trusion of gels which had been produced from specific
acid catalysed sols or sols to which 2 mol % of calcium
nitrate had been added.
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