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Abstract: The mats of yttria-stabilized tetragonal zirconia nanofibers were prepared using
electrospinning. The effect of calcination temperature in the range of 600-1200 °C on their microstructure,
phase composition and mechanical properties was investigated. Phase composition of the nanofibers
did not change in all ranges of the calcination temperatures, while the average grain size increased
from 8 to 39 nm. Nanoindentation testing of the mats showed a decrease in the hysteresis loop energy
in samples with higher calcination temperature. Hardness and the elastic modulus measured with
the indentation technique were the highest for the mats calcined at 900 °C.

Keywords: electrospinning; ceramic nanofibers; zirconia;, microstructure; phase composition;
mechanical properties

1. Introduction

Various approaches can be used to fabricate nanofibers such as drawing [1], melt-blowing [2],
template synthesis [3], phase separation [4], self-assembly [5], force spinning [6], electrospinning [7]
and others. However, electrospinning is the most commonly used technique for a large-scale
nanofibers production due to its simplicity, versatility, high reproducibility and also the ability
to manufacture filaments with a desired diameter, orientation, composition and morphology [7,8].
Different functional nanofibers can be produced using electrospinning, for instance, polymer, composite,
ceramic, metallic and carbon [8]. Among ceramic nanofibers zirconia nanofibers occupy a particular place
due to excellent thermal and chemical stabilities, oxygen ion conductivity, polymorphism, amphoteric
surface properties of ZrO, that, along with a high aspect ratio and a large specific surface area inherent
in nanofibers, makes zirconia nanofibers promising for catalytic application [9], air purification [10],
bone tissue regeneration [11], solid oxide fuel cells [12], gas sensing [13], electromagnetic interference
shielding [14], etc. However, for any zirconia nanofiber mats application their mechanical characteristics,
in particular strength and flexibility, are important.

It is well known, that the addition of 3 mol% Y,0Os3 as a stabilizing agent in ZrO; allows
the sintering of fully tetragonal fine-grained zirconia ceramics, known as 3 mol% Y,0Os-stabilized
tetragonal zirconia polycrystalline ceramics (3Y-TZP), characterizing by the best combination of
hardness, fracture toughness, bending strength and elastic modulus among all zirconia ceramics [15].
However, only bulk 3Y-TZP ceramics possess such outstanding characteristics.

Generally, mats based on ceramic nanofibers are characterized by rigidity, fragility and poor
mechanical performance [8]. However, if calcination temperatures are not too high it is possible to
fabricate flexible and strength enough ceramic nanofiber mats. In [11] the 3Y-TZP nanofiber mat calcined
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at 850 °C had better flexibility compared to traditional bulk 3Y-TZP ceramics. In [16,17] flexible mats of
electrospun TiO, and TiO,-5iO, nanofibers were also fabricated and that the calcination temperatures
used did not exceed 700 °C. All these mats consisted of unoriented filaments. However, in [18] it
was observed that at higher calcination temperature ceramic nanofiber mats lost their flexibility
and became fragile.

The aim of this work is a comprehensive investigation of possible causes of ceramic nanofiber
mats mechanical strength and flexibility evolution at calcination temperature increase on the example
of mats of electrospun yttria-stabilized zirconia nanofibers.

2. Materials and Methods

To prepare 10 wt % polymer solution 1 g polyacrylonitrile (PAN, molecular weight
Mw = 150,000, Sigma-Aldrich, Saint Louis, MO, USA) was dissolved in 9 g N,N-dimethylformamide
(DME, Sigma-Aldrich, Saint Louis, MO, USA) under magnetic stirring for 2 h at 50 °C. Then 0.3 g
zirconium acetylacetonate (ZrAA, Sigma-Aldrich, Saint Louis, MO, USA) and 0.015 g yttrium nitrate
hexahydrate (Y(NO3)3-6H,O, Sigma-Aldrich, Saint Louis, MO, USA) were added into prepared
polymer solution and stirred at 80 °C until the solution became transparent. The amount of yttrium
nitrate hexahydrate was such to obtain 3 mol% Y,O3-ZrO; nanofibers.

The prepared composite solution was transferred into a 10 mL plastic syringe and then electrospun
through 23 G blunt tip needle upon the flat collector of electrospinning machine NANON-01A
(MECC, Fukuoka, Japan) covered by aluminum foil. The fibers were collected in the form of non-woven
mats. The accelerating voltage of 22 kV, the distance between the needle tip and the collector of 20 cm
and a feeding rate of 1 mL/h were chosen to fabricate smooth and bead-free composite fibers. The mats
were spun on 3Y-TZP ceramic pellets with elastic modulus of about 220 GPa and hardness of about
14 GPa for mechanical tests.

As-spun mats were calcined at different temperatures in air atmosphere. Calcination was carried
out in several stages based on thermal analysis data: heating to 320 °C with a heating rate of 1 °C/min
and holding at 320 °C for 1 h, further heating to 600 °C with the same heating rate and holding at 600 °C
for 1 h and finally heating to 900 °C or 1200 °C with a heating rate of 5 °C/min and holding at the target
temperature for 1 h. To prevent fibers destruction low heating rate at the first two stages was chosen to
ensure delicate removal of the decomposition products of the ceramic precursor and binding polymer
and to reduce porosity of fibers.

Scanning electron microscope (SEM) Merlin (Carl Zeiss, Oberkochen, Germany) was used to
examine morphology and the diameter of the fibers. X-ray diffraction (XRD) patterns were recorded in
the 20 range 20-80° by the X-ray diffractometer (XRD) D2 Phaser (Bruker AXS, Karlsruhe, Germany)
using CuK«1 monochromatic radiation. XRD patterns were analyzed with the help of the PDF-2
Diffraction Database File compiled by the International Centre for Diffraction. The phase content
was determined from XRD patterns by the Rietveld method. SEM and XRD measurements were
carried out at room temperature. Nitrogen adsorption—desorption isotherms at —196 °C were registered
with a gas sorption analyzer Autosorb iQ-C (Quantachrome Instruments, Boynton Beach, FL, USA).
All samples were degassed under vacuum at 300 °C for 3 h before analysis. The specific surface
area (Sppr) was determined with the Brunauer—-Emmett-Teller method in a relative pressure range of
0.05-0.35. The pore volume (Vsp) was determined from the amount of nitrogen adsorbed at the relative
pressure of 0.99. The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were
performed on the thermal analyzer EXSTAR TG/DTA7200 (SII Nano Technology, Tokyo, Japan) in air
atmosphere with a heating rate of 10 °C/min.

The mechanical properties of fabricated zirconia nanofiber mats were measured by
the nanoindentation method [19,20] using NanoIndenter G200 (KLA, Milpitas, CA, USA) and TI
950 TriboIndenter (Bruker AXS, Karlsruhe, Germany). Elastic modulus and hardness of mats were
measured by diamond and zirconia spherical indenters with a radius of curvature 10 um and 250 pm
respectively. The relative quasi-static deformation rate during all tests was kept constant at the level



Nanomaterials 2020, 10, 2097 30f10

of 0.05 s™! to avoid the influence of velocity on hardness [21]. The values of the elastic modulus
and hardness were averaged over 10 measurements.

The studies were carried out in a multicycle test mode [22-24], which makes it possible to
effectively evaluate the properties of a ceramic fiber mat at various contact scales, since they do not
suffer from lateral inhomogeneities in the sample. In the process of multicycle testing, repeated loading
and unloading are localized in the same indentation. In this study, the sample was partially unloaded
to 10% of the maximum load and then reloaded to a higher load. Four cycles with linearly increased
maximum load (0.625, 1.25, 2.5 and 5 mIN) were used. In this case, the residual load should keep
the indenter in contact with the sample without a side slip [25].

The mechanical tests were carried out at maximum loads of 5 mN in a ramp mode. At the end of
unloading, a 20 s hold was provided to correct the thermal drift. To minimize thermal drift prior to
testing, all tests were set to an initial drift rate of 0.08 nm/s.

3. Results and Discussion

The thermal behavior of the as-spun composite fibers is shown in Figure 1.
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Figure 1. Thermogravimetric analysis (TGA) curve of electrospun ZrAA/Y(NOs3)3/PAN fibers. The insert
shows their differential thermal analysis (DTA) curve.

According to the TGA curve there were several weight losses during their transformation to
ceramic ones. The first minor weight loss before 160 °C was associated with the removal of the residual
solvent in the composite fibers. The second weight loss results from ZrAA initial decomposition
accompanying with the oxidative stabilization of PAN after 290 °C confirmed by the exothermic peak
at 324 °C on the DTA curve (insert of Figure 1) [26]. During the stabilization process intramolecular
and intermolecular cyclization of PAN occurred. The last significant weight loss ending near 550 °C
was attributed to further ZrAA decomposition leading to ZrO, formation and also PAN combustion
confirmed by the exothermic peak at 495 °C on the DTA curve (insert of Figure 1).

Figure 2 shows composite fibers morphological evolution with a calcination temperature increase.
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Figure 2. Scanning electron microscopy (SEM) images of ZrAA/Y(NOj3)3/PAN fibers: (a) as-spun;
(b) calcined at 600 °C; (c) calcined at 900 °C; (d) calcined at 1200 °C.

It can be seen that electrospun intermediate composite fibers are randomly distributed to form
a nonwoven mat. They are cylindrical with the smooth surface. The average diameter of fabricated
filaments was 575 + 65 nm. The average diameter of the fibers reduced to 162 + 15 nm after calcination
at 600 °C due to ZrAA decomposition and PAN removal, while their surface remained smooth.
Increase in calcination temperature from 600 to 900 °C stimulated ZrO, grains growth that resulted in
the appearance of a rough surface. A calcination temperature increase to 1200 °C led to further ZrO,
grains growth and also the fibers’ slight shrinkage due to sintering. The average diameter of filaments
attains 145 + 16 nm and their surface became coarse.

The rise in filaments calcination temperature affected their specific surface area and porosity
too. Figure 3 shows nitrogen adsorption-desorption isotherms of zirconia nanofibers prepared at
different temperatures.
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Figure 3. Nitrogen adsorption-desorption isotherms of electrospun ZrAA/Y(NO3)3/PAN fibers calcined
at 600, 900 and 1200 °C.
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It can be seen that an increase in calcination temperature results in hysteresis loop narrowing
and the quantity of adsorbed nitrogen decrease. It indicates zirconia nanofibers porosity reduction with
an increase in calcination temperature due to ZrO, grain growth and sintering. In our case, pores were
formed by the boundaries of adjacent ZrO, grains. ZrO, grain growth also caused a zirconia nanofibers
specific surface area decrease with a rise in calcination temperature. For fabricated zirconia nanofibers
data on their porosity and specific surface area are summarized in Table 1.

Table 1. The specific surface area and pore volume of electrospun ZrAA/Y(NOs3)3/PAN fibers calcined
at different temperatures.

Calcination Temperature, °C SpeT, m%/g Vep, cm®/g
600 37.2 0.061
900 21.4 0.047
1200 8.3 0.019

Figure 4 illustrates XRD patterns of composite fibers calcined at different temperatures.
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Figure 4. X-ray diffraction (XRD) patterns of electrospun ZrAA/Y(NOs3)3/PAN fibers calcined at 600 °C,
900 °C and 1200 °C; t—tetragonal phase of ZrO;.

Performed XRD analysis confirms thermal analysis data that after calcination at 600 °C and higher
temperatures composite fibers became zirconia fibers. The fibers calcined at 600 °C were characterized
by the crystalline structure. Observed reflections at 30.2°, 35.2°, 50.2° and 60.2° corresponded to
t-ZrO,. It indicates that zirconia fibers were TZP fibers consisting only of t-ZrO, grains. The average
t-ZrO, grain size could be estimated from the characteristic peak at 30.2° using Scherrer equation
as 8 nm. At a calcination temperature of 900 °C the average t-ZrO, grain size was 18 nm and it
attained 39 nm if 1200 °C was used. The observed peaks of t-ZrO, became sharper and narrower
with a rise in calcination temperature to 1200 °C, and reflections at 34.6°, 50.7° and 59.3° were clearly
visualized. It indicates that the crystallinity was higher and the grain size was larger for zirconia fibers
prepared at higher calcination temperatures. Previously, similar XRD pattern evolution with a rise in
calcination temperature was observed for 3 mol% Y;03-ZrO, nanofibers consisted of t-ZrO, grains
and prepared from zirconium acetate/yttrium nitrate/polyvinyl pyrrolidone fibers [27]. Detected by an
XRD analysis increase in grain size with a rise in calcination temperature was confirmed by SEM images
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(Figure 2). No additional reflections of another zirconia phases were observed in XRD patterns with a
rise in calcination temperature. It indicates that the composite fibers heat treatment in the range of
600-1200 °C had no effect on the phase composition of the final zirconia nanofibers despite the average
t-ZrO, grain size increase from 8 to 39 nm. Contrary, the phase composition of undoped zirconia
nanofibers dramatically depends on calcination temperature. In [28] it was revealed that a rise in
calcination temperature led to the transformation of t-ZrO, nanofibers to m-ZrO, ones. It occurs if
zirconia grain size exceeds 30 nm, which is critical for t-ZrO, retention at room temperature when
the stabilizer is not used [29]. In this case the monoclinic phase is thermodynamically more favorable
than tetragonal one for ZrO, nanoparticles larger than 30 nm at temperatures up to 1170 °C.

Dependence of mechanical properties of 3Y-TZP fiber mats on the temperature of their fabrication
was tested further. Figure 5 illustrates the change in the hysteresis loop energy of the mats calcined in
the range of 600-1200 °C. The loop energy was calculated for four consecutive load—unload cycles,
wherein the load reached a maximum value of 5 mN in the 4th cycle. The loop energy (or the loop
area) decreased with the increase in calcination temperature. In the last load—unload cycle on the mats
calcined at 1200 °C the hysteresis loop energy was approximately 2.5 times lower than the one
registered in the 600 °C calcined mats. The shape of the hysteresis loop for the mats calcined at 900 °C
deviates from the elliptical one as depicted in Figure 5c. The loop was bent upward in its upper part.
The observed change may be an analogue of the macroscopic Bauschinger effect, in which the change
of stress sign lowered stress required for the plastic flow. In this case the width of the hysteresis loops
should steadily narrow until their complete closure [30]. However, in the present research we did not
observe full closure of the hysteresis loops.
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Figure 5. (a) The dependence of the energy stored in the hysteresis loop on the number of reloading
cycles. The types of hysteresis loops after the third cycle of unloading-reloading for different calcination
temperatures: (b) 600 °C; (c) 900 °C; (d) 1200 °C.

It was found earlier that the hysteresis observed under multicycle nanoindentation might appear
because of quasi-brittle fracture [19,31], phase transformation [32,33], viscoelastic [34] or viscoplastic [35]
deformations. It was experimentally proved that these processes increased the area of the hysteresis
loop. In the present research the hysteresis loops narrowed with the increasing calcination temperature.
It may indicate that either the mechanisms mentioned above were suppressed or a new mechanism
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affecting the hysteresis loop appeared. In our case it can be safely assumed that an increase in
crystallinity of the fibers and growth of the average grain size might serve as such a mechanism.
As mentioned earlier average grain size rose from 8 to 39 nm with an increase of calcination temperature
to 1200 °C. At the same time no change in phase composition was observed. Indeed, higher calcination
temperatures also led to a higher degree of crystallinity as was observed on the XRD patterns.

Figure 6 illustrates depth-dependencies of the elastic modulus and hardness tested with a spherical
indenter with radius 10 um for the 3Y-TZP nanofiber mats calcined at different temperatures. The effect
of the calcination temperature on the elastic modulus is non-monotonous with the highest value
observed for the mats calcined at 900 °C. It is known that material flexibility decreases with a rise in
the elastic modulus [11]. With the increase in calcination temperature interfiber junctions began to
form at the cross-points of the nanofibers due to partial sintering that negatively affected nanofibers
freedom of movement and respectively led to a mat flexibility decrease and its elastic modulus increase,
observing in the experiments. This is also true for single ceramic nanofibers. We suppose that zirconia
particles forming the nanofibers were not sintered yet at 600 °C, so they did not have any other
bonds than the Van der Waals forces among themselves and were therefore free to move. With a rise
in calcination temperature ceramic nanofibers begin to lose their flexibility due to particles growth
and necks forming between them [18], which impedes particle movement. Indirectly the change in
the microstructure of the mats calcined at 900 °C was hinted at by the distortion of the upper part of
the hysteresis loop (Figure 5c). It should be noted that the rough surface of nanofibers, appearing with a
rise in calcination temperature due to zirconia particles growth, might also prevent the free movement
of nanofibers thereby reducing the mat flexibility (Figure 2). The observed decrease in the elastic
modulus of the mats calcined at 1200 °C despite the sintering intensification might be associated with
possible thermal-induced damage of individual nanofibers [36].
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Figure 6. The dependencies of: (a) elastic modulus and (b) hardness at different indentation depths
(spherical indenter with radius 10 pm) for the mats calcined at different temperatures.

The mat hardness varied very slightly with calcination temperature (Figure 6b), and it
was approximately 1.71 + 0.45 MPa. Such values of hardness are typical for soft polymers [37]
and they are well below ones reported for even highly porous ceramics [38]. The same is true for
the elastic modulus [39].

It is known, that the results of indentation tests depend notably on the curvature radius of
the indenter tip [40]. Earlier the effect of indenter tip radius on the measured properties of nanofibers
mats was not properly investigated, although in [11] the authors recommended to use a 37 pm tip
indenter. However, no explanation was given for the choice. In the present research the tip radius
was much smaller—only 10 um; and the indenter was a sharp “needle” compared to the fibers mat,
which did not integrate mechanical properties over a great number of the fibers. For comparison
we conducted a series of experiments with a much larger indenter with a radius of 250 pm (Figure 7).
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Figure 7. (a) P-h diagram and (b) elastic modulus and hardness of 3Y-TZP fiber mats under indentation
with a spherical indenter with radius 250 um for different calcination temperatures.

According to the P-h diagram the smallest indentation depth of about 5.5 um at a maximum
load of 5 mN occurred if the mat calcined at 900 °C was tested (Figure 7a). It indicates that hardness
of this mat was higher than one of the mats calcined at 600 and 1200 °C. Performed P-h diagram
analysis showed that the mat calcined at 900 °C possessed the highest elastic modulus too (Figure 7b).
These results were similar to those obtained when the 10 um indenter was used (Figure 6).

However, there were also significant differences between the results obtained with 10 pm
and 250 um indenters. The absolute values of hardness differed by a factor of 2 with higher values
obtained with 10 pm tip indenter. The difference in calculated elastic modulus was even more
pronounced: the elastic modulus obtained with 250 pm was roughly 20 times larger than that measured
with the sharper indenter. This difference came from the spherical geometry of the indenters used in
the study, requiring an account of the varying ratio between the indentation depth and contact surface
between the indenter and the material [41,42]. Although the need for such an account makes it more
difficult to calculate precise values of hardness and elastic modulus, the spherical indenter has a higher
contact surface, allowing integration over a greater part of the material at the same load.

4. Conclusions

In the present study the mats of yttria-stabilized tetragonal zirconia nanofibers were successfully
prepared from solution of PAN in N,N-dimethylformamide with addition of zirconium acetylacetonate
and yttrium nitrate hexahydrate by the electrospinning technique followed by calcination of
intermediate composite fibers in the range of 600-1200 °C. Rise in calcination temperature induced
grain growth from 8 to 39 nm and had no effect on the phase composition of fabricated ceramic
nanofibers, which were identified as nanofibers of tetragonal ZrO,. It was revealed that the nanofibers’
porosity was lower at higher calcination temperatures due to grain growth and sintering.

Mechanical properties of zirconia nanofiber mats were investigated using the nanoindentation
technique. Experiments with different indenter radius (10 and 250 pm) revealed that the mats calcined
at 900 °C possessed the highest hardness and elastic modulus. However, flexibility of the mats calcined
at 900 °C was lower than one of the mats calcined at 600 °C. The increase in calcination temperature
led to interfiber junctions form at the cross-points of the nanofibers due to sintering that negatively
affected nanofibers freedom of movement and respectively reduced the mat flexibility. As a result
the mat elastic modulus increased, which was observed in the experiments.
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