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Abstract

Aligned fibres of partially stabilised zirconia (PSZ, 4 mol% Y,0s) and fully stabilised zirconia (FSZ, 8 mol% Y,03), 3-5 pum in
diameter, were blow spun from a sol-gel precursor, and then fired to give the ceramic fibre. Various potential sol precursors were
investigated and characterised, the optimum being an aqueous sol made from hydrolysed and peptised zirconium iso-propoxide.
The resulting zirconia fibres were characterised and their evolution studied by XRD, DTA/TGA and SEM, and their mechanical
properties assessed. It was found that both PSZ and FSZ fibres formed poorly crystalline cubic zirconia at only 200°C, which
became fully crystalline after firing to 400°C. The cubic form was the only phase seen in the FSZ fibre, whereas the PSZ fibre
formed the tetragonal phase after firing between 1000 and 1200°C/3 h, and all fibres were nanocrystalline (grain diameter <0.1 pm).
Unusually the monoclinic form of zirconia was never observed in the PSZ fibres. After firing above 1200°C the fibres had a strain to
break of 0.59%, and appeared to be well sintered from shrinkage data. They had superior creep resistance to Saffil zirconia fibres,

creeping at temperatures 50°C higher. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Continuous zirconia fibres are of interest as high
strength reinforcement materials, with a higher melting
point of over 2700°C and better chemical resistance to
reactive environments than alumina. Zirconia fibre
could also be used for its dielectric properties, as an
electrode in fuel cells and as a substrate for other oxides,
and for these high performance applications the degree
of control over microstructure achieved from the sol—gel
process is required. The only commercially available
zirconia fibres are Zircar fibres produced by Union
Carbide from a rudimentary process, in which cellulosic
fibres are impregnated with zirconium salts, and the
organic matrix then burnt off.!
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To produce a high strength zirconia fibre a small
grain structure below 0.5 um must be obtained by the
addition of 1.5-5 mol% magnesia, calcia, ceria or yttria,
so the crystal structure is partially stabilised in the tet-
ragonal phase (PSZ) at room temperature.>? With
dopants below this level; a much larger grain size forms,
giving the usually higher temperature monoclinic phase
also at room temperature. When stressed the tetragonal
material reverts back to the monoclinic phase, the
transformation resulting in microcracking which weak-
ens the fibre’s tensile strength but allows it to absorb
fracture energy.® The tetragonal phase is stable up to
1600°C but it is degraded by ageing in a moist environ-
ment at much lower temperatures,* so for use at very
high temperature or in reactive environments the cubic
phase may be more suitable. This can be achieved at
room temperature by doping the zirconia with 8§ mol%
yttria, to form fully stabilised cubic zirconia (FSZ).

In 1987, a 2-5 um diameter fine fibre was hand drawn
from an acetate solution, and heated to 1000°C to give
the tetragonal phase, which was maintained until it
changed phase at 1600°C. This tetragonal phase resulted
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in a strength of up to 2.6 GPa in 3 um fibres, higher
than any alumina-based fibre.> Since then continuous
stabilised zirconia fibres have been produced from the
either the pyrolysis of an organic precursor fibre® or the
extrusion of a precursor polymer,” but these processes
typically result in a thicker fibre of around 20 um which
does not form the tetragonal phase until over 1100°C,
resulting in a larger grain size and a lower tensile
strength comparable to alumina fibres. In previous
work, we have described the preparation of yttrium
aluminium garnet fibres,? strontium and zirconium titanate
fibres,® 1% mullite fibres'! and a range of magnetic ferrite
fibres'>~1° in a demonstration programme to show how
refractory and effect aligned fine fibres can be made by
aqueous sol-gel routes. This present paper presents the
preparation of nanocrystalline fibres of partially stabi-
lised zirconia (PSZ) and fully stabilised zirconia (FSZ)
from an aqueous sol—gel precursor.

2. Experimental
2.1. Preparative methods

2.1.1. Sol preparation

BDH analaR grade 2-propanol (IPA) was used, and
dried with Rose Chemicals 3A molecular sieve when
required, and all water used was distilled. The zirconia
sols were made from Aldrich zirconium iso-propoxide,
Zr(i-OPr), (70% by weight in IPA). Several different
permutations of sol preparation were investigated, all
using Zr(i-OPr),4 as the starting material:

2.1.1.1. Instant hydrolysis in excess water followed by
peptisation. The Zr(i-OPr), (0.1 mol=32.76 g, 70%
solution so needed 46.80 g of iso-propoxide solution)
was instantly and fully hydrolysed by rapid addition to
excess water with stirring, resulting in an instant thick
off-white precipitate. This solid was ground up and
dried at 105°C to produce 0.1 mol of Zr(i-OPr)4 as a
fine, dry powder. To this was added 0.1 mol of nitric
acid (0.5 mol 17! resulting in instant bubbling and the
of digestion of the hydroxide. This mixture peptised
fully over one week to give a milky sol (0.13 mol 171).

2.1.1.2. Slow hydrolysis and simultaneous peptisation
using excess water. 0.1 mol of the yellow Zr(i-OPr)4was
added to 200 ml of dry IPA to produce an off-white
solution with no precipitation. A solution of nitric acid
(0.5 mol 1) in a ratio of zirconia:acid of 1:1 was added
dropwise to the propoxide solution with stirring.
Immediately a thick gelatinous white precipitate
formed, and more water was added when necessary to
ease the mixing. A sol was formed in two hours (0.042
mol 17') and this was concentrated to 0.092 mol 1=! on a
rotary evaporator.

2.1.1.3. Slow hydrolysis and simultaneous peptisation in
stoichiometric amount of water. To a solution of Zr(i-
OPr)4 (0.1 mol) in 200 ml dry IPA was added a solution
of 0.1 mol of concentrated nitric acid in 0.4 mol water.
This was added dropwise with stirring and no pre-
cipitate was seen to form, until the solution turned
cloudy after approximately half of the acidic solution
had been added, but no thick precipitate formed. A
cloudy sol (0.083 mol 17!) had begun to form, but had
not fully digested after 6 h. Upon standing over night a
fine but gelatinous solid had settled out from the sol.
This was concentrated to dryness on a rotary eva-
porator at a temperature of 35°C and a vacuum of 95
kPa leaving a sticky, yellow, glassy gel. This was redis-
persed in minutes with the addition of 50 ml water to
give a clear sol (2.0 mol 171).

2.1.1.4. Slow hydrolysis and simultaneous peptisation in
stoichiometric amount of water followed by immediate
concentration and subsequent redispersal in water. A
solution of 0.1 mol Zr(i-OPr), in 200 ml dry IPA was
made up, and a solution of 0.1 mol concentrated nitric
acid and 0.4 mol water in 40 ml IPA was added drop-
wise with stirring. Immediately the solution turned
cloudy, and again after approximately half the acidic
solution had been added a thick white precipitate
formed, and more IPA had to be added to allow mixing.
Ten ml water was added to the cream coloured suspen-
sion (0.29 mol I7!) and it was concentrated to dryness
on a rotary evaporator at a temperature of 35°C and a
vacuum of 95 kPa. This resulted in a sticky yellow solid
(3.16 mol kg~!), which redispersed in one hour upon
dilution to 1.25 mol 1=! with water. Both the solid and
redispersed sol still smelled strongly of alcohol, and they
were again concentrated on the rotary evaporator to
form dryer yellow crystals (4.69 mol kg=!) with less
odour of IPA. These were redispersed to a clear yellow
sol of 1.88 mol 1=! in minutes. This sol was then left in a
fume cupboard over a weekend and allowed to evapo-
rate in air, leaving dry, bright yellow crystals with no
residual odour of IPA, and this was redispersed in min-
utes to from a clear yellow sol (1.88 mol I71).

2.1.1.5. Slow hydrolysis and simultaneous peptisation in
excess water followed by immediate concentration at
90°C and subsequent redispersal in water. Zr(i-OPr), (0.1
mol) was diluted with 200 ml of dry IPA, and to this a
solution of 1 mol water, 0.1 mol concentrated nitric acid
and 50 ml IPA was added dropwise with stirring. A thick
gelatinous precipitate formed, and this mixture was
immediately concentrated on a rotary evaporator at a
temperature of 35°C and a vacuum of 95 kPa. To prevent
the sol from drying out, when it had been reduced to
approximately 1 mol 17! it was rediluted to 0.2 mol 1~!
with water and reconcentrated. This was repeated twice
to give a yellow sol with a concentration of 1.16 mol 171,
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2.1.1.6. Preparation of the yttria sol. The yttria sol was
produced via the peptisation of yttrium hydroxide as
previously reported in the manufacture of yttrium alu-
minium garnet (YAG) fibres.!” A yttrium salt solution
0.25 mol 17!) was titrated to pH 9.5 with 4% ammonia
solution at room temperature, and the gelatinous pre-
cipitate was filtered and washed with distilled water
which had a pH of 5. The resulting firm but fondant-like
cake, which was only 10% Y(OH); by weight, was then
peptised at room temperature with 0.5 M nitric acid in a
ratio of yttrium:acid of 2:1. The precipitate began to
digest immediately, and within an hour a sol had started
to form. After stirring at room temperature for 12 h all
of the solid had been peptised to form a slightly milky
yttria sol of pH 7 (0.70 mol 171).

2.1.1.7. Preparation of mixed zirconia—yttria sols. Stoi-
chiometric amounts of the yttria sol were added to a
zirconia sol to form the required mixtures for PSZ (4
mol% Y203, Zr0.92Y0A0801.96) and FSZ (8 mol% Y203,
Z1084Y 01601 90) ceramic fibres.

2.1.2. Fibre preparation

The mixed zirconia—yttria sol was filtered through a
0.7 um filter and then rendered spinnable by the addi-
tion of a small amount (2%) of polyethylene oxide
(PEO) spinning aid and further concentration. The
fibres were produced by a modified proprietary blow
spinning process'® in which the spinning solution was
extruded through a row of holes, on either side of which
impinge parallel jets of humidified attenuating air. The
fibres were gelled by mixing in a stream of hot second-
ary air and then collected both in a basket as a random
staple and on a rotating drum as an aligned blanket. A
notable feature of the gel and spinning process was that
the fibres were generated at 9 m s~! and set within 1 s.
After collection the fibres were removed and stored in a
circulating oven at 110°C to await subsequent heat
treatment.

2.1.3. Heat treatments of fibres

The gel fibres were fired at 100°C/h to 400°C and kept
at this temperature for two hours to remove any organic
or nitrate components, and then further heated at
300°C/h to the desired temperature, where they were
maintained for 3 h unless otherwise stated.

2.2. Characterisation

2.2.1. Photon correlation spectroscopy (PCS)

The particle sizes of the sols were measured on a
Malvern Instruments Lo-C Autosizer and series 7032
multi-8 correlator, using a 4 mw diode laser, 670 nm
wavelength. The scattered light was detected at a fixed
angle of 90° to the incident laser beam. This has been
certified by the manufacturers to measure inorganic sol

species of 3 nm diameter and above, provided the dif-
ference between the refractive indexes of the solvent and
particle are sufficiently large. This was the case with our
samples, the refractive indexes used being 1.33 for the
solvent (water), 1.73 for the yttria sol and 1.70 for the
zirconia and mixed sols. This piece of equipment con-
forms to the Methods of particle size determination
standards, ISO 13321, part 8 — PCS (1996) and
BS3406, part 8 — PCS (1997) for determination of the Z
average calculated from the monomodal cumulants
analysis. The volume and number distribution particle
sizes and ranges were calculated from the cumulants
results using the Malvern PCS software version 1.32 in
multimodal mode. The volume distribution is a measure
of the volume occupied by particles against their size,
and the number distribution is a simple assessment of
the particle size distribution, and these two values most
accurately reflect the true nature of the sol.

Five drops of the sol were added to a cuvette of dis-
tilled water, after both had been filtered through a 0.8
um filter. This dilution had no apparent effect upon the
stability of the sol, and there was no change in size dis-
tribution of the PCS sample after standing for 24 h. The
sols were measured in 30 runs over 20 min, and the
average values calculated from this, and this was repe-
ated three times to ensure reproducibility.

2.2.2. X-ray powder diffraction (XRD) measurement

X-ray powder diffraction patterns of the samples
treated at various temperatures were recorded in the
region of 20 = 10—80° with a scanning speed of 0.25°/
min on a Philips PW1710 diffractometer using Cuk,
radiation with a nickel filter. Philips APD 1700 software
was used to calculate the average size of the crystallites
in a sample using the Scherrer equation:

D = KJ./hyacos6

where D =average size of the crystallites, K= Scherrer
constant (0.9x57.3), 4= wavelength of radiation (1.5405
A), h /> = peak width at half height and 6 corresponds to
the peak position.

2.2.3. Scanning electron microscopy (SEM )

Scanning electron micrographs and analysis of the
morphology of the samples was carried out on a Cam-
bridge Instruments Stereoscan 90 SEM operating at 5
kV. Conducting samples were prepared by gold sput-
tering fibre specimens.

2.2.4. Porosity and sintering estimates

The weight loss and shrinkage in length of the fibres
was measured over a range of temperatures from 110 to
1400°C. The ultimate shrinkage from sol to gel, and
then to fully dense refractory can be calculated from the
concentration of ceramic at different stages of the pro-
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cess and reasonably accurate estimates of sol and gel
densities. The porosity of fibres during a firing sequence
can then be inferred from the linear shrinkage of an
aligned sample of fibre, assuming that the fibre is fully
sintered when no more shrinkage occurs. To calculate
the estimated porosity it was assumed that the shrinkage
occurred uniformly in all three dimensions of the indi-
vidual fibres. The estimated porosity was then calcu-
lated from the equation:

1-5Y
P=1-
(1 - ST)
where St=% linear shrinkage measured at a given
temperature, S=total% linear shrinkage for fully sin-
tered material and P=9% calculated porosity. This
method provides only an estimate, with the error

becoming greater as porosity increases, and is unreliable
for values of S < 0.5ST.

2.2.5. Differential thermal analysis (DTA) and
thermogravimetric analysis (TGA)

Simultaneous differential thermal analysis and ther-
mogravimetric analysis (DTA-TGA) was performed on
gel fibres in flowing air up to a temperature of 1000°C at
a rate of 10°C min~!, using a Rheometric Scientific STA
1500. Due to the rapidity of this heating rate, features
may occur at a temperature slightly higher than normal
for the same event under a slower heating regime.

2.2.6. Estimation of strain-to-break

Strain-to-break was estimated using the wire indenta-
tion stress test, which was done by gluing a thin strip of
fibres on to the surface of transparent double sided
adhesive tape which in turn was glued to a soft rubber
pad. The blanket was indented with stainless steel wires
of reducing diameter from 1.2 down to 0.3 mm, and the
wires were held in toolmaker’s clamps and pressed into
the sample. The tape was then carefully removed with
the adhering fibre strip from the rubber pad, and the
lines of indentation examined for lines of breakage
under an optical microscope at 100x magnification.

2.2.7. Creep measurements using the bend stress
relaxation (BSR) technique

High temperature creep behaviour may be sensitive to
small changes in formulation and may also be optimised
the early stages of a development. The Bend Stress
Relaxation (BSR) technique was developed by Mor-
scher!® and has been used in previous work to rank the
creep performance of polycrystalline YAG fibres.!” The
test was carried out on strips of aligned YAG fibre 1x 10
mm, with the longer dimension parallel to the axis of
alignment. These fibres were prefired to a nearly or fully
sintered state, so any observed effect was due to creep,
and not a sintering effect.

In the test, the fibre was sandwiched between a 5.6
mm alumina rod resting on two other larger rods of 8.0
mm diameter (Fig. 1). The fibre was therefore bent to a
known initial diameter, dy (= 5.6 mm), imposing a sur-
face strain given by d/d, where d=the fibre diameter.
The fibre was then heated to various temperatures
where it was held for 1 h, and then allowed to cool
down immediately in air to room temperature and the
strain-inducing rod removed. If a stress relaxation has
taken place and creep has occurred the fibre retains a
residual curvature of diameter dy. The stress relaxation
ratio, M, can then be calculated from the equation:

do
M—l—jf

If M =1, this means that no creep has taken place,
while M =0 indicates that the fibre has undergone total
stress relaxation and crept around the diameter of the
rod. These results can then be plotted against tempera-
ture and compared to previous results. The rod size was
chosen so that even the smallest fibres (3 pm diameter)
were subjected to less than 0.15% strain, and the dia-
meter of creep could be measured with a reasonable
degree of accuracy (0.4 mm). Morscher indicated that
during the BSR test a sample undergoes a creep strain
proportional to (1/M)-1 so that the technique may be
used to make approximate quantitative comparisons.

3. Results and discussion
3.1. Sol formation and characterisation

In all the sols, the size of the sol particles were found
to be sensitive to the preparative techniques and condi-
tions employed, and PCS enabled us to measure and
control the properties of the sol. The volume distribu-
tion of the sol particles has a direct effect on the spin-
ning process, and even a small number of large particles
can severely impede or even nullify the spinnability of
the sol. Therefore volume distribution, especially the
upper limit, was considered a more relevant measure
than the Z average. The sols are discussed in the same
order and identified as in Experimental.

\O/

NSE a7/ NG/

Fig. 1. Cross-sectional diagram of the fibre—alumina rod sandwich in
BSR test.
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1. The first method of zirconia sol formation attempted
was by the complete hydrolysis of zirconium iso-propoxide
followed by subsequent digestion in acid. This direct
hydrolysis of the iso-propoxide resulted in a sol with a
volume average of 152 nm and a range between 70 and
400 nm (Fig. 2i). This is known from experience to be
much to large to be successfully spinnable by our tech-
nique, for which a volume average of below 50 nm and
an upper limit of no more than 100 nm is preferable.
Therefore, the remaining experiments focused on
simultaneous hydrolysis and peptisation of the alkoxide.

ii. The addition of excess water directly to the iso-
propoxide appeared to hydrolyse it too rapidly and
probably incompletely, as it resulted the in the
precipitation of coarse particles which did not break-
down much in the digestion process. Although a sol
seemed to have formed within 2 h, the PCS measure-
ment was not taken until the following day to allow
further peptisation to occur. Despite this the sol con-
sisted of particle even larger than in (i), with a volume
average of 216 nm and a wide range of 120-600 nm, as
shown in Fig. 2ii.

iii. Considering the results above, it was decided to
limit the amount of water by using a stoichiometric
amount (4:1 to zirconia) and concentrated acid during
the hydrolysis of the iso-propoxide. The thick pre-
cipitate did not from on addition, but the cloudy sol
which resulted had a very large volume distribution
from 130 to 800 nm, and this reached up to 2 pum if the
sol was not filtered. Indeed, the cloudy mixture was not
a true sol, as evidenced by the separation on standing.
After redispersion however the sol characteristics were
greatly improved, it having formed a stable sol with a
volume average of 99 nm and a small range of 80—130
nm (Fig. 2iii).

iv. Following the results above, it was decided to
concentrate the solution immediately after addition of
water and acid, and in an attempt to prevent the
separation of the sol. After concentration on the rotary
evaporator and redispersal the yellow sol still consisted
of large particles with a volume average of 233 nm and a
range between 140 and 450 nm, and further evaporation

Size distribution(s)

% in class

200 400 600
Diameter (nm)

Fig. 2. Comparison of particle volume distributions of the zirconia
sols prepared by methods (i)—(v), as detailed in Section 2.1.1.

on this apparatus gave no improvement. The sol still
contained IPA, as evident from its odour, and so it was
left to evaporate in air at room temperature in a fume
cupboard over a weekend. This removed all the smell of
IPA, and the redispersed sol demonstrated an improved
volume average of 169 nm, and although the upper limit
was 300 nm, 98% of the volume distribution formed a
narrow peak at 140-200 nm (Fig. 2iv).

v. As long as the water was added slowly in a solution
of IPA along with the acid, the immediate evaporation
and removal of all IPA appeared to be the major size
determining process of the sol, rather than the actual
hydrolysis of the iso-propoxide. Therefore an excess of
water was used in the hydrolysis step and water was
added at regular stages during the concentration of the
suspension, so that the sol was never totally dried out
but the IPA was removed as an azeotropic mixture. To
aid this process the solution was concentrated on a
rotary evaporator at 90°C and under a vacuum of 95
kPa. The sol thus produced had the smallest volume
distribution of all with a volume average of 33 nm. The
range was 20-80 nm, and 95% of the particles were in a
sharp peak between 20 and 50 nm (Fig. 2v), making this
zirconia sol suitable for use in the blow spinning pro-
cess. This sol was stable for several months.

vi. The yttria sol continued to peptise upon standing
to give a volume average of 44.3 nm and range of 20—
200 nm (Fig. 3vi) after standing at room temperature
for 1 week. After this period no further improvement
was observed, and the sol remained stable for over 2
months.

vii. The zirconia and yttria sols produced from (v) and
(vi) mixed well and remained stable when added to each
other in the two stoichiometric ratios to yield the PSZ (4
mol% Y203, ZrOA92Y0A0801A96) and FSZ (8 mol% Y203,
Z1984Y0.1601.92) ceramic products. The PCS plot of the
mixed sols lay between those of the two constituent sols,
closer to the major zirconia sol component. The volume
distribution of the FSZ precursor sol is compared to the
component sols in Fig. 3, having a volume average of 39
nm and a range of 25-95 nm, with 92.5% of the sol
particles being between 25 and 50 nm.

Size distribution(s)

50 100 150 200
Diameter (nm)

Fig. 3. Comparison of particle volume distributions of zirconia sol
prepared by method (v) in section 2.1.1, yttria sol (vi) and mixed sol
(vii), of stoichiometric composition Zrgg4Y0.1601.92-
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3.2. Crystallisation, evolution and microstructrure of
PSZ and FSZ fibres

Gel fibres were spun from sol (vii) with the stoichio-
metric compositions for PSZ and FSZ. The continuous
fibres were 4-5 um in diameter, had smooth, even sides,
and aligned fibres retained their alignment after firing
up to 1400°C. The XRD pattern of the FSZ fibres over
a range of temperatures is shown in Fig. 4, and it can be
seen that after firing at only 200°C cubic zirconia had
begun to crystallise from the amorphous background.
By 400°C, this had fully crystallised with a crystallite
size of 17 nm, it was 19 nm at 600°C and by 1200°C this
had grown to only 28 nm. Likewise, the PSZ fibres
formed the cubic phase at low temperatures, but did not
form a pure tetragonal phase stable at room tempera-
ture until fired to between 1000 and 1200°C/3 h (Fig. 5).
This agrees with previously reported fibres made
organic precursors,®’ although at only 600°C the single
peaks of the cubic pattern are showing signs of widening
and shoulders as the tetragonal phase is beginning to
form (Fig. 5). The crystallite size of the tetragonal phase
was larger than that of cubic at equivalent temperatures,
being 22 nm at 600°C and 53 nm at 1200°C. Unusually,
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Fig. 4. XRD pattern of FSZ fibres heated at (a) 200, (b) 400 (c) 600
and (d) 1200°C for 3 h.

the monoclinic phase was never seen, as this is the natural
crystalline phase for unstabilised zirconia up to 1000°C,
and either monoclinic or a mixture of cubic and mono-
clinic is the normal precursor phase to the tetragonal
phase in PSZ.2° None of the zirconia fibres had any
grains or pores discernible from SEM, and therefore the
grains were all below 0.1 um, with the FSZ fibre fired to
1200°C/3 h shown in Fig. 6 being typical.
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Fig. 5. XRD pattern of PSZ fibres heated at (a) 600 and (b) 1200°C
for 3 h.

Fig. 6. SEM micrograph of FSZ fibres fired at 1200°C for 3 h.
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Table 1
Comparison of the weight loss, linear shrinkage and estimated porosity of PSZ (Zry.02Y.0s01.96) and FSZ (Zr34Y0.1601.92) fibres (n/a = results not
available)

PSZ (Zrp.92Y.0801.96) fibre FSZ (Zro84Y0.1601.92) fibre

Temperature Weight Shrinkage Porosity Weight Shrinkage Porosity
0 (%) (%) (%) (%) (%) (%)
400 n/a n/a n/a 35.60 20.83 39.0
600 49.08 29.29 19.5 41.90 28.57 17.0
800 49.76 30.00 17.3 42.53 29.63 13.1
1000 50.25 32.14 9.2 43.43 30.00 11.8
1200 50.56 33.57 3.2 43.97 31.34 6.5
1400 51.67 34.29 0 44.16 32.86 0

The weight loss and shrinkage data for both zirconia
fibres are shown in Table 1, along with the estimated
porosity calculated from linear shrinkage results, and
most shrinkage and weight loss had occurred by 600°C.
This can also been seen from the DTA/TGA plots for
FSZ fibres in Fig. 7, which show a total weight loss of
40% at 1000°C. There was a slight endotherm around
90°C corresponding to water loss, and around 15%
weight was lost from this drying process. There was a
sharp exotherm at 220°C with a simultaneous sudden
weight loss of 5%, caused by the combustion of volatile
organic compounds, which caused a small heat excur-
sion exceeding the heating rate. The second less extreme
exotherm at 280°C is observed in all fibres blow spun
from this process, and is due to the polymeric spinning
aid being lost. The 10% weight lost between 220 and
550°C must be due to the loss of nitrates, as well as any
residual water locked up in small pores, but it was a
much more gradual process than the runaway exotherms
observed in our YAG fibres reported previously.!” This
could be moderated by the gradual crystallisation of the
cubic zirconia phase between 100 and 400°C, as sug-
gested by the XRD patterns, whereas the YAG fibres
remained amorphous until over 700°C. The last sudden
weight loss of 5% between 500 and 550°C was not
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Fig. 7. DTA/TGA plots for FSZ fibres heated to 1000°C at 10°C

min~—'.

observed in previous fibres produced at Warwick, all of
which were spun from sols peptised from inorganic
hydroxides and doped with metal salts. Therefore, it
could be a feature of the alkoxide derived zirconia sol,
perhaps due to the loss of alcohols trapped in very small
pores, and corresponded to a shrinkage of 8% between
400 and 600°C.

Shrinkage data indicated that at 400°C the fibres were
still very porous, and in both cases the fibres were still
quite poorly sintered at temperatures over 1000°C
(Table 1). Although the PSZ fibre had undergone more
shrinkage and weight loss than the FSZ fibre at 600°C,
at which point the majority of these processes had
occurred, and was estimated to be more porous as well,
at higher temperatures over 1000°C it appeared to be
better sintered than the FSZ fibre. The differences in
weight loss and shrinkage could be due to differences in
concentration of the sols prior to spinning, an unavoid-
able feature in this small scale development process, and
the superior degree of sintering seems to occur with the
onset of the tetragonal phase. It must be noted that the
porosities detailed here were only crude estimates from
shrinkage data, assuming that as there was no further
shrinkage above 1400°C, the fibre was fully sintered at
this temperature. However, it is quite possible that some
porosity remains at this temperature, and that these
porosity values are underestimates. After firing to
1200°C, the fibre had an average diameter of 3.7 um,
and the FSZ fibre had a strain to break of 0.46 and
0.59% when fired to 1200 and 1300°C, respectively. This
compares well to 0.48% measured for 3 um Saffil zir-
conia fibres,?! and YAG and BaM ferrite fibres made by
the same sol-gel process had strain to break of 0.64% at
1400°C'7 and 0.67% at 1000°C'4, respectively. As both
low porosity and grain size are required for a strong
fibre,?> this was a good indication that the zirconia
fibres were well sintered at 1400°C, and that the poros-
ity estimates were reasonably accurate.

The creep of PSZ and FSZ fibres prefired to 1200°C
was assessed using the BSR test, and compared to Saffil
zirconia fibre also prefired to 1200°C, which has been
assessed by the same method previously.?! It can be seen
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Fig. 8. Comparison of the creep of PSZ and FSZ fibres and Saffil zir-
conia fibres, all prefired to 1200°C/3 h.

from Fig. 8 that both zirconia fibres reported here out
performed the Saffil zirconia fibre, creeping at approxi-
mately 50°C higher, and with a creep rate estimated to
be 4 times slower at 1050°C. It can also be seen that the
PSZ fibre had slightly superior creep resistance than
FSZ at temperatures over 1100°C, although both had
fully crept by 1200°C. As with YAG fibres,!” once creep
commences all of the fibres have crept fully with a tem-
perature rise of around 200°C.

4. Conclusions

Gel precursor fibres for PSZ and FSZ were success-
fully spun from combined zirconia and yttria sols. The
zirconia sol was made from a peptised solution of zir-
conium iso-propoxide in IPA, hydrolysed with an excess
of water followed by the removal of the IPA. This gave
a spinnable zirconia sol with 95% of the particles
between 20 and 50 nm in diameter, making this zirconia
sol suitable for use in the blow spinning process. When
added to the yttria sol, made from peptised yttrium
hydroxide and with a larger particle size of 44 nm, the
resulting mixed sol had an average particle diameter of
39 nm, between those of the two constituent sols, and
closer to the major zirconia sol component.

The ceramic fibres retained their alignment upon
heating, and had diameters between 3 and 5 pm. Both
fibres had formed poorly crystalline cubic zirconia by
200°C, and this remained the sole phase of the FSZ
fibres up to 1200°C, at which point they had a crystallite
size of only 28 nm. The PSZ fibre formed the tetragonal
phase when fired to between 1000°C and 1200°C/3 h,
but with a larger crystallite size of 53 nm. The monoclinic
phase was never observed. The PSZ fibre appeared to be
more fully sintered at higher temperatures than the FSZ
fibre, but both remained slightly porous to at least 1200°C.
However, both had nanocrystalline microstructures, with

no pores or grains observed in SEM micrographs, indi-
cating a grain size below 0.1 pum. The strain to break of
the FSZ fibre was measured as 0.59% when fired to
1300°C, comparable to commercially available fibres,
and this was also an indication that the fibres were small
grained and reasonably well sintered at this tempera-
ture. They had superior creep resistance to Saffil zirco-
nia fibres, creeping at temperatures 50°C higher.
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