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Zr0, fibres have been used in aspects of aeronautics and astronautics because of their properties such as high strength, good toughness and
thermal shock resistance. In this reported work, polyvinylpyrrolidone (PVP)/Y(NO;);-6H,0/ZrOCl,-8H,O (PVP-precursor) nanofibres were
prepared by the sol-gel method and an electro-spinning technique. Then, the ZrO, fibres by Y-doping were obtained by calcination of the
above precursor fibres at 550°C for 0.5 h. These fibres were characterised by X-ray diffraction, scanning electron microscopy, energy-
dispersive X-ray spectroscopy, Fourier transform infrared spectroscopy, differential scanning calorimetry and thermogravimetry to study
the physical and chemical properties. The formation mechanism of ZrO, fibres is also illustrated. The results show that: (i) the diameter of
the nanofibres is in the range of 500-3000 nm; (ii) PVP-precursor fibres should reach the level of obvious dehydration, oxidation
decomposition and phase transition to synthesise ZrO, nanofibres; (iii) through thermal poly-condensation reaction, PVP turns into a

network structure of graphitised carbon.

1. Introduction: ZrO, fibres are the ideal insulation materials to
bear ultra-high temperatures under extreme conditions, as they
have high strength [1], good toughness [2] and thermal shock
resistance [3]. Owing to these features they have been used in
aspects of aeronautics and astronautics. As is known, the main
preparation methods of ZrO, fibres and products are the solution
impregnation method [4, 5], the sol-gel method [6, 7],
electrostatic spinning method [8, 9]. Among these three methods,
the electrostatic spinning method, considered as a very simple
and efficient method to make nanofibres, has so many
advantages, like high repeatability, simple and convenient
operating process and adjustable fibre size [10].

Various types of nanofibres such as polymer fibres, biological
macromolecular fibres and inorganic nanometre fibres can be fabri-
cated by electrostatic spinning. Polyvinyl alcohol, polyvinyl
acetate, polyvinylpyrrolidone (PVP), polyethylene oxide and so
on can be used in electrostatic spinning. Owing to the low toxicity,
good physiological intermiscibility, strong expansion performance
and excellent solubility in water and organic solvents, PVP is
widely applied in electrostatic spinning domain. At the same
time, polymer/inorganic composite fibres can be the precursor,
then inorganic nanofibres are synthesised by burning-off the
polymer, which is relatively simple and easy to control, arousing
the attention of an increasing number of researchers [8, 9, 11-13].

Researches on the preparation of ZrO, fibres by the electrostatic
spinning method have been carried out for many years.
Unfortunately, the major researches were just to test the physical
and chemical properties of synthetic fibres. The mechanism of elec-
trostatic spinning for the mechanism of zirconia nanofibres has been
less reported. With the sol-gel method and the electrostatic spin-
ning technique, Y-doping ZrO, composite fibres were synthesised
using PVP as the precursor solvent. The emphasis was on the phys-
ical and chemical properties of composite nanofibres as well as the
preliminary investigation of the mechanism of zirconia nanofibres.

2. Experimental: Y(NO3);-6H,0 and ZrOCl,-8H,0 were used as
starting materials. In our research, about 1:1 molar ratio of Zr/Y
was maintained. First, Y(NO;);'6H,O and ZrOCl,'8H,O were
mixed in a beaker, then dissolved in a certain amount of
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deionised water by hand stirring. After Y(NO;);-6H,O and
ZrOCl, 8H,0 were absolutely dissolved, the mixture solution was
clear; this was then followed by the addition of PVP.
Subsequently, the mixture was magnetically stirred at room
temperature for several hours until it became clear and
transparent. After a period of time standing, the mixture was
added to the equipment of the electrostatic spinning to obtain the
composite fibres of the PVP precursor. The collected composite
fibres of PVP the precursor were calcined from room temperature
to 550°C with a heating rate of 5°C/min and remained for 0.5 h.

The schematic diagram of the electrostatic spinning device is
shown in Fig. 1. The device was made up of a push-type injection
pump, an injection syringe, a high-voltage power supply and a col-
lector. The collector, which was earthed, laid a layer of aluminium
(Al) foil in order to collect fibres. The high-voltage power supply
linked the injection syringe and the collector. During the experi-
ment process, the sol was added to the injection syringe and then
ejected with a voltage of 20 kV. The distance between the collector
and the syringe needle point was 10 cm, and the injection pump vel-
ocity was 0.5 ml/h.

The phase of the PVP-precursor fibres was analysed by
PANalytical X’Pert Pro MPD X-ray diffraction with Cu Ko
radiation, and the tube voltage was 40 kV, the tube current was
40 mA, and the scanning speed was 4°C/min. The morphology of
the fibres was observed by a scanning electron microscope
(FEI Quanta 200, The Netherlands) with an acceleration voltage
of 20 kV. The thermoanalysis proceeded using a thermogravimetric
analyser (TGA QS50) (heating rate: 20°C/min, gas: N,) and a
differential scanning calorimeter (DSC204F1) (heating rate:
10°C/min, crucible: Al dish). The Fourier transform infrared
(FTIR) analysis was conducted using a Spectrum100 Fourier infra-
red spectrometer (preforming: KBr).

3. Results and discussion

3.1. Microstructure and phase analysis: Fig. 2 shows the scanning
electron microscopy (SEM) images of the composite fibres and
the fibres calcined at 550°C. From Fig. 2a, it can be seen that the
fibres are continuous and there are not any bead knots and
bonding between fibres. The surface of the PVP-precursor
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Figure 1 Schematic diagram of electrostatic spinning device

Figure 2 SEM micrographs of PVP-processor fibers, and fibres calcined at
550°C

a, b SEM micrographs of PVP-precursor fibres

¢, d Fibres calcined at 550°C

composite fibres (Fig. 2b) is very smooth, which is attributed to the
very fine particles or the amorphous nature of the composite fibres
of the PVP-precursor [14].

Fig. 3 shows the X-ray diffraction (XRD) patterns of the com-
pound PVP-precursor fibres. There is only one characteristic peak
(26 is about 23°), which proves the amorphous structure of the
PVP-precursor fibres. Meanwhile, the fibre diameter is not very
uniform, due to the change of air humidity and temperature
during the process of electro-spinning. After being calcined at
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Figure 3 XRD pattern of PVP-precursor fibres
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Figure 4 TG curve of PVP-precursor fibres

550°C, the target fibres were obtained. In Figs. 2¢ and d, the
fibres show a decrease in diameter and shorter length. The obtained
fibres were 500-3000 nm in diameter. As the PVP in the fibre is
decomposed with the diameter reduction of the fibre, the continuous
microstructure of the fibre is no longer maintained and the surface
of the fibres become rough.

3.2. Thermoanalysis: The thermogravimetric (TG) curve of
precursor fibres of the PVP precursor (Fig. 4) contains three
stages relating to the fibres’ weight loss. The first stage is
between 45 and 100°C, and there is about 6% of the weight loss,
which is attributed to the volatilisation of residual solvent — water
in the fibres; the second stage presents ~ 8% of the weight loss
from 100 to 380°C, which appears to be attributable to the PVP’s
part decomposition and weightlessness of crystallisation water in
the raw materials; the last part is mainly the decomposition of
PVP to generate 69% of the weight loss from 380 to 530°C.
Above 530°C, the TG curve almost remains the same. It can be
inferred that the instability of the PVP-precursor fibre occurs
below 530°C. Fig. 4 shows the total 83% of the weight loss, and
when the temperature reaches 530°C, PVP is degraded completely.
Fig. 5 shows the SEM image and the energy-dispersive X-ray
spectroscopy (EDS) result of the residue black matter after the
TG experiment. The SEM image shows a black mixture like ash
and the mesh structure of class skeleton space. The black mixture
like ash may be residue carbon and generated ZrO,, which cover
the graphitised carbon network structure and composite fibres to
prevent being burned-off. Hence, the TG product contains plenty
of C elements. It can form the basic skeleton of the carbon structure
in the process of the pyrolysis PVP precursor. With the pyrolysis
temperature increasing, the carbon structure merges and is re-
arranged further through thermal poly-condensation reaction, then
gradually turns into a network structure of graphitised carbon.
Fig. 6 presents the differential scanning calorimetry (DSC) curve
of the PVP-precursor fibres. There are primarily five peaks. The
endothermic peak at 110°C could be attributed to the loss of the
absorbed water and trapped solvent (water) from the
PVP-precursor fibres. The two exothermic peaks at about 182 and
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Figure 5 SEM micrograph and EDS result of TG product
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Figure 6 DSC curve of PVP-precursor fibres
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Figure 7 FTIR analysis curve of PVP-precursor fibres

290°C in the DSC curve correspond to the decomposition of PVP,
and the endothermic peak at 205°C is due to the loss of crystal water
from Y(NO3);-6H,0 and ZrOCl,-8H,0. The endothermic peaks at
420-434°C show that the amorphous ZrO, undergoes crystallisa-
tion. Combining Figs. 4 and 6, it can be concluded that the ZrO,
fibres can be obtained when PVP-precursor fibres are calcined
above 530°C through dehydration, oxidation decomposition and
phase transition.

3.3. FTIR analysis: PVP-precursor fibres were qualitatively
analysed by IR spectroscopy. The result is shown in Fig. 7. A
strong broad band is seen at 3433 cm™', indicating the existence
of O-H in the PVP-precursor fibres. The characteristic absorption
bands at 2948 and 1421 cm™" belong to the stretching vibration
of C—H. The characteristic absorption peak of stretching vibration
at 1648 cm™" is of C=0 and at 1289 cm™' the characteristic
absorption peak of stretching vibration is of C-N or C-O.
Meanwhile, a weak peak is seen at 733 cm™!, which is caused by
the vibration of Y-O. Above 3800 cm™', the absorption peaks
disappeared, proving that the PVP is degraded completely, which
is the same as the TG results.

3.4. Synthetic mechanism of ZrO, fibres: Zirconium salts in an
aqueous solution comprise two processes: hydrolysis and
poly-condensation. When ZrOCl,-8H,0 is dissolved in water,
Zr*" and CI”™ will not produce hydrolytic polymerisation reaction.
The Zr*" ion can be in coordination with H,O or OH™ to mainly
create a tetramer [15]. Meanwhile, the tetramer will be further
polymerised to form a polymer. At the same time, active
hydroxyl groups can be produced in the poly-condensation
reaction process. Hence, PVP molecules evenly dispersed around
the polymer of Zr atoms by hydrogen bonding. Then, this
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structure undergoes further poly-condensation and crosslinking to
form the network polymer molecular, which is namely the sol.

During the electrostatic spinning process, the sol is treated under
the effect of electrostatic repulsive force and Coulomb force to gen-
erate PVP composite fibres. The target ZrO, fibres are obtained
after the PVP composite fibres are subjected to heat treatment.
The heat treatment process includes a pyrolysis process at low tem-
peratures and a crystallisation process at high temperatures. The
pyrolysis decomposition process mainly consists of organic com-
position and moisture evaporation, and the crystallisation process
at high temperatures is mainly the crystallisation of ZrO,. It can
form the basic skeleton of the carbon structure at the beginning
of the process of the pyrolysis PVP precursor. With the pyrolysis
temperature increasing, the carbon structure merges and is re-
arranged further through thermal poly-condensation reaction, then
gradually turns into the graphitised carbon network structure. At
the same time, small molecules of water will evaporate slowly.
At this stage the heating rate should not be too fast; otherwise,
the dehydration of organic matter decomposition will lead to
many holes and cracks. Along with the pyrolysis process of PVP
molecules, zirconium tetramer begins to dehydrate because of
further poly-condensation. At this very moment, crystal nucleus
begin to form. As temperature increases, the degree of supersatur-
ation and the number of crystal nuclei also increases. When reach-
ing the conditions of the nucleus growing up, namely the degree of
supersaturation and number of crystal nucleus are enough, crystal
nucleus begins to grow up increasingly. Owing to the grain
growth, the amorphous ZrO, turns crystalline. Hence, ZrO, fibres
are formed.

4. Conclusion: ZrO, fibres by Y-doping were successfully
prepared using the sol-gel method and an electrostatic spinning
method. The diameter of the fibres are in the range of 500-3000
nm. The results of thermoanalysis indicate that PVP-precursor
fibres should go through obvious dehydration, oxidation
decomposition and phase transition processes before ZrO,
nanofibres are synthesised. It can form the basic skeleton of the
carbon structure at the beginning of the process of the pyrolysis
PVP-precursor. With the increase in pyrolysis temperature, the
carbon structure merges and is rearranged further through thermal
poly-condensation reaction, and then gradually turns into
graphitised carbon network structures.
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