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Fine-Grain High-Performance Densified Oxide Fibers
Produced by Open Ultrafast High-Temperature Sintering

Youmei Wang, Weiwei Qin, Zhao Chen, Zhezhe Deng, Dehua Ma, Yifan Wang,
Xiaoqing Wang, Yunguang Yin, Yongshuai Xie, Benxue Liu,* Luyi Zhu,* Xinqiang Wang,
Guanghui Zhang, and Dong Xu

The considerable grain growth occurring during the long-term
high-temperature sintering of polycrystalline oxide fibers negatively affects
their mechanical properties, which highlights the need for alternative
sintering methods. Herein, open ultrafast high-temperature sintering (OUHS)
in air, characterized by rapid heating/cooling (>10000 K min−1) and a short
high-temperature holding time (<10 s), is used to produce 3 mol%
yttria-stabilized zirconia continuous fibers with coherent boundaries forming
robust connections between fine grains. The tensile strength of these fibers
(2.33 GPa on average, sintering temperature = 1673 K) notably exceeds that
of their counterparts produced by traditional sintering (1.17 GPa). The effects
of pores on fiber mechanical properties are analyzed using experimental and
theoretical methods. For a versatility demonstration, OUHS is applied to
several types of polycrystalline oxide fibers (HfO2, Al2O3, TiO2, Y2O3, and
La2Zr2O7), considerably improving their mechanical properties and enabling
crystalline phase control, which demonstrates the suitability of this procedure
for the development of high-performance materials.

1. Introduction

Interactions between grains and microstructural homogeneities
are a prerequisite for ensuring the excellent mechanical prop-
erties of structural materials, which are usually achieved us-
ing high-or ultrahigh-temperature sintering.[1–3] 1D polycrys-
talline oxide fibers exhibit the advantages of a large aspect ra-
tio and excellent continuity, thus featuring flexibilities unattain-
able in ceramic films or sheets and finding numerous applica-
tions in thermal protection, catalysis, wave absorption, flexible
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electronics, and other fields.[4–7] Polycrys-
talline oxide fibers are typically prepared
using the organic precursor method, i.e.,
by the low-temperature decomposition of
organics followed by the high-temperature
sintering of the thus produced precur-
sor fibers.[8–14] Such sintering is typically
performed in muffle furnaces at heat-
ing/cooling rates of <10 K min−1, which
results in large grain sizes and may there-
fore lead to structural collapse or even ma-
terial property loss.[15,16] The prolonged sin-
tering of some fiber materials leads to the
appearance of crystalline phases with poor
mechanical properties.[17,18] In contrast, the
ultrahigh heating and cooling rates of high-
temperature sintering help suppress grain
coarsening, pore aggregation, substance
diffusion, and volatile loss to improve
performance[19–25] and thus enable the fab-
rication of high-performance ceramics in-
accessible by traditional sintering (TS).

Solid-phase sintering is characterized by competition and cor-
relation between grain coarsening and densification. With an in-
crease 0 in sintering temperature, surface diffusion is first ac-
tivated and this mass transfer process occurs with grain coars-
ening and necking, which increases the diffusion distance of
substances from grain boundaries to pores, making it difficult
to densification in this process. Further temperature increases
can activate grain boundary and lattice diffusion as the main
mass transfer processes, which involve grain growth and ce-
ramic densification. Ultrahigh heating rates enable rapid pas-
sage through the surface diffusion temperature zone and thus
help avoid grain coarsening and pore tip curvature increasing.
The results of modeling and simulation studies suggest that
higher heating rates result in smaller increases in the curva-
ture radii of pore tips, enhancing grain boundary diffusion and
thus contributing to ceramic densification.[26] For some mate-
rials, such as ZnO, Al2O3, and 3 mol% yttria-stabilized zirco-
nia (3YSZ), rapid heating increases the densification rate.[27–29]

Meanwhile, experiments show that rapid heating helps to inhibit
pore agglomeration.[30–31] Numerous sintering methods based on
different heating principles have been proposed, including ul-
trafast high-temperature sintering (rate = 103–105 K min−1),[32]

flash sintering (103–104 K min−1),[33,34] and spark plasma sin-
tering (102–103 K min−1).[35,36] However, these methods do not
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Figure 1. a) Schematic of OUHS equipment. b,c) Simulation of the temperature field of the equipment at a constant temperature of 1673 K.

enable the continuous ultrafast high-temperature sintering of
polycrystalline oxide fibers, as they require special atmospheres
and confined spaces and impose specific requirements on mate-
rial shape and electrical properties.

Herein, we used open ultrafast high-temperature sinter-
ing (OUHS) to realize continuous sintering at high tempera-
tures (1573–1873 K) and obtain fine-grained densified polycrys-
talline oxide fibers. 3YSZ continuous fibers, which are advanced
ceramic-toughening materials, were used to demonstrate the
superior mechanical properties of oxide fibers prepared using
OUHS. Presintered 3YSZ continuous fibers, characterized by a
low-strength grain interface and low density, were prepared by
the organic precursor method[37] involving dry spinning followed
by low-temperature heating and subjected to OUHS at different
rates of migration through a heated chamber to obtain ultrafine-
grained densified polycrystals fibers. Compared with those pro-
duced by TS, the 3YSZ continuous fibers processed using OUHS
(heating/cooling rate = 10 000 K min−1, holding time at 1673 K
= 8 s) exhibited a 65% lower grain size and roughly two times
higher tensile strength. The applicability of OUHS to other poly-
crystalline oxide fibers was verified by analyzing the mechan-
ical properties and crystalline phase compositions of OUHS-
produced 3YSZ, TiO2, HfO2, Al2O3, Y2O3, and La2Zr2O7 fibers.

2. Results and Discussion

2.1. Schematic of OUHS

Figure 1a presents a schematic of the OUHS equipment, which
was insulated using an alumina wrap and contained a heat-

ing source (silicon–molybdenum rods) enclosed by a heat-
ing chamber with open ends, therefore enabling fiber tension
control.

The temperature field of the OUHS equipment was exam-
ined using a combination of measurements and simulations
(Figure 1b,c; Figure S1, Supporting Information) and was charac-
terized by a high relatively constant temperature within the heat-
ing chamber that rapidly decreased outside. The temperature dis-
tribution followed a parabolic-like curve with a large slope until
the set temperature position was reached (Figure 1b). If the sin-
tering samples migration through the heating chamber at a suf-
ficiently high rate, it could be assumed that the temperature dis-
tribution in the heating chamber to reach the target temperature
is linearly distributed. By adjusting the time of passage through
the heating chamber at a constant speed, we controlled the sam-
ple heating/cooling rate and high-temperature holding time. The
size of the heating element and heating chamber could be ad-
justed to regulate the maximum temperature and temperature
zone. The employed equipment could deliver a maximum tem-
perature of ≈1873 K, heating/cooling rate of ≈10 000 K min−1,
and a high-temperature holding time of <10 s.

Most previously reported ultrahigh-temperature sintering de-
vices relied on ultrafast pulse heating sources to achieve rapid
sintering; in contrast, we realized ultrafast sintering by rapidly
passing samples through a fixed heating source, which is more
suitable for continuous fiber preparation. Unlike other ultra-
fast sintering methods used to prepare polycrystalline oxide
fibers, our technique offers the advantages of (1) ultrafast heat-
ing/cooling, (2) insensitivity to material shape and electrical
properties, (3) removal of organic precursor–derived carbon in
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Figure 2. Characteristics of 3YSZ continuous fibers prepared by sintering at 1673 K and different heating rates. Samples prepared at a heating rate of
5 K min−1 were sintered using a muffle furnace, and others were sintered using the OUHS equipment. a) XRD patterns, b) grain sizes, c) tensile strengths
and curvature radii, d) stress–strain curves. Axial-direction SEM images of fibers prepared by e) traditional sintering (TS) and f) OUHS.

air, (4) possibility of tension loading, and (5) suitability for con-
tinuous fiber processing.

2.2. Mechanical Properties of Fibers Prepared Using OUHS

To demonstrate the advantages of OUHS for synthesizing me-
chanically robust polycrystalline oxide fibers, we examined the
microstructural and mechanical properties of crystalline 3YSZ
fibers pretreated at 973 K for 60 min and then sintered at
1673 K. Here, we represented different OUHS processes with
varying rates of heating, in which the heating, holding, and
cooling times remained essentially constant. For comparison,
fibers prepared by TS in a muffle furnace at a heating rate
of 5 K min−1 were characterized. The X-ray diffraction (XRD)
patterns of the abovementioned samples showed the predom-
inance of the tetragonal phase (Figure 2a) characterized by a
high mechanical strength.[17] As the heating rate increased, the
(101) peaks broadened, probably because of the concomitant
grain size decrease according to the Debye–Scherrer equation
(Figure S2, Supporting Information).[38] The fiber grain size
was obtained by the analysis of the corresponding scanning
electron microscopy (SEM) images and decreased with the in-
creasing OUHS heating rate, which demonstrated the effective-

ness of OUHS in minimizing grain growth (Figure 2b). Specif-
ically, a value ≈65% lower than that of TS-prepared fibers was
reached at 10 000 K min−1. Hereinafter, fibers prepared by
OUHS and TS are referred to as simply OUHS and TS fibers,
respectively.

The average tensile strength of OUHS fibers (Figure 2c,d)
increased with the increasing heating rate, reaching 2.33 ±
0.36 GPa at 10 000 K min−1 and substantially exceeding that of
TS fibers (1.17 ± 0.23 GPa) and previously reported values.[39–41]

SEM imaging revealed that the OUHS fibers contained tightly
bonded nanoscale grains and featured smooth surfaces without
cracks and pores (Figure 2e,f), whereas the TS fibers had con-
siderably larger grain sizes and rougher surfaces. A heating rate
increase from 10 000 to 20 000 K min−1 resulted in decreased
strength, mainly because of the shortened high-temperature sin-
tering time and resulting in low densification, high porosity, and
abundant surface cracks (Figure S3, Supporting Information). Ir-
respective of the sintering temperature, the mechanical strength
of the OUHS fibers exceeded that of the TS fibers (Figure S4, Sup-
porting Information). The breakage radius was determined as the
curvature radius corresponding to the breakage of fibers knotted
in a loop and pulled at the ends (inset of Figure 2c). Compared
with that of the TS fibers, the breakage radius of the OUHS fibers
prepared at 10 000 K min−1 was reduced by 50%, which indicated
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Figure 3. In situ high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of an OUHS fiber prepared at 1473 K
showing the disappearance of a small grain (cyan) due to coalescence growth.

that high-strength and high-tenacity fibers could be obtained at
an appropriate heating rate.

Given its relatively disordered atomic arrangement, the grain
boundary region features abundant defects and vacancies, which
result in grain boundaries being the preferred location of stress
concentration under an external force and crack extension.[42–44]

Thus, the grain boundary content and uniformity of the grain
boundary distribution play important roles in determining fiber
strength and toughness. 2D grain models were constructed for
fibers with diverse grain sizes, and the grain boundary lengths
of these models were determined (Figure S5, Supporting Infor-
mation). When the diameter of coarse grains reached five times
that of fine grains, the boundary length of the fine grains reached
≈5 times that of the coarse grains. Notably, the difference in the
grain boundary area was ≈25 times greater when the grains were
stacked in 3D. These results indicated that grain size reduction
can markedly increase the grain boundary content while ensur-
ing that the fibers reach densification, which can further hinder
dislocation motion and reduce stress concentration.

Considering that the grain boundary distribution depends on
the grains, we analyzed the grain size uniformity. In the ra-
dial fiber direction, when the fiber diameter was sufficiently
small, the radial temperature distribution was uniform in high-
temperature environments, resulting in OUHS and TS fibers
with a high grain size uniformity (Figure S6, Supporting Infor-
mation). Similarly, in the axial fiber direction, the grain size dis-
tribution at different locations on the fiber surface was the same
owing to the constant fiber migration velocity (Figure 2e,f). Based
on the grain size distribution and statistical results, the grain size
distribution of the OUHS fibers was concluded to be more uni-
form than that of the TS fibers, as the shorter sintering time of
the former prevented the abnormal growth of some grains. The
improved grain size uniformity resulted in a more uniform grain

boundary distribution and thus promoted fiber transfer and uni-
form stress dispersion. Therefore, the smaller grain size and bet-
ter uniformity of the OUHS fibers effectively reduced stress con-
centration at grain boundaries and increased fiber strength and
toughness.

2.3. Textural Characteristics and Mechanism of OUHS Fibers

High-temperature environments favor atom movement and dif-
fusion, resulting in fiber densification and grain growth. Thus,
understanding the mechanism by which OUHS influences grain
refinement and the subsequent strength improvement is cru-
cial for optimizing the preparation of oxide fibers. To charac-
terize grain growth in a high-temperature environment akin to
that of the OUHS, we subjected presintered zirconia fibers to
focused-ion-beam sectioning and then imaged them by spherical
aberration-corrected scanning transmission electron microscopy
(STEM) to clarify in situ high-temperature grain growth. A rep-
resentative boundary between two adjacent grains migrated in
the direction of the curvature radius (Figure 3, arrow) owing to
the difference in the Gibbs free energy, which resulted in smaller
grains being incorporated into larger grains to decrease the to-
tal energy of the polycrystalline system. The 2D area of the large
grains increased from 2095 to 2579 nm2 before coalescence oc-
curred. Movie S1 (Supporting Information) shows that at a con-
stant temperature of 1473 K, grain growth by coalescence took
only 21 s in the selected region.

In ceramics densified by sintering, rapid grain growth in a
high-temperature environment mainly occurs in the initial stage,
that is, the time derivative of grain size monotonically decreases
with time.[45–46] Based on the above experimental results, rapid
grain growth in sintered 3YSZ fibers was expected to occur within
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Figure 4. a) Schematic, elemental distributions (determined by energy-dispersive X-ray spectroscopy), and HAADF-STEM images of presintered 3YSZ
fibers. Schematic and high-magnification HAADF-STEM images of fibers prepared by b) TS (1673 K, 5 K min−1) and c) OUHS (1673 K, 10 000 K min−1).

<21 s at sintering temperatures above 1473 K. In the case of
OUHS, initial coalescence resulted in densification, although fur-
ther grain coalescence after fiber densification was limited be-
cause of the short holding time and fast cooling. The combined
results of our and previous studies[26–31] suggest that OUHS can
be used to obtain fine-grained dense oxide fibers because of its
following advantages. (1) Ultrafast heating enables rapid passage
through the surface diffusion temperature zone where densifi-
cation does not occur, helping avoid grain coarsening and pore
tip curvature increasing. (2) When the fiber reaches the high-
temperature holding zone, the pore tips with small curvature
radii enhance grain boundary diffusion, which reduces the time
required for densification. However, this process unavoidable re-
sults in grain growth. Thus, a reduction in the time required
for densification reduces the time spent in the high-temperature
holding zone, leading to minimized grain growth. (3) When the
fibers are densified, rapid cooling hinders grain growth.

The presintered fibers had a carbon content of ≈10% of the
original value, which prevented ultimate densification. The con-
trast between the bright and dark regions at different locations
in high-angle annular dark-field STEM images due to different
mass-thickness contrasts suggested that densification was not
achieved (Figure 4a). Regarding the internal structure, the presin-
tered fibers consisted of an amorphous phase containing embed-
ded crystalline particles with a grain size of ≈17 nm. As shown
in Figure 4a; Figure S7 (Supporting Information), the crystalline
particles were identified as tetragonal ZrO2 with exposed (101)
facets. The TS (Figure 4b) and OUHS (Figure 4c) fibers com-
prised grains and intergranular pores, and the grain size and
pores of the latter fibers were markedly smaller than those of

the former. The pores within the sintered fibers were counted
and sized using the Image J software (Figure S8, Supporting In-
formation). Compared with the TS fibers, the OUHS fibers had
a smaller average pore size (25.7 ± 5.2 nm vs 57.2 ± 16.2 nm)
and more uniform pore distribution. The results of pore area
calculations based on the images in Figure 4b,c show that the
pores in the OUHS and TS fibers accounted for 2.23% and 5.69%
of the crystalline particle area, respectively. This demonstrated
that OUHS effectively promoted densification while suppressing
grain growth and pore aggregation.[47]

In terms of the atom arrangement shown in Figure 4b (fourth
column), the grain boundaries of the TS fibers were assumed to
be formed by grain growth to the point where they met. This co-
alescence was very fast, as demonstrated in Figure 3, and was
likely to terminate in the OUHS fibers because of the short
high-temperature holding time and ultrahigh cooling rate. At
room temperature, coherent grain boundaries were preserved
(Figure 4c, fourth column), which effectively improved intergrain
bonding.[48] Considering the sintering process, we speculated
that OUHS fibers with smaller grains should exhibit abundant
coherent grain boundaries markedly augmenting their mechan-
ical strength, whereas no grain boundaries were detected in the
TS fibers.

Subsequently, we explored the influence of pores on the me-
chanical properties of the OUHS and TS fibers and simulated the
corresponding stress distributions using finite element analysis
(FEA). During stretching, stress was concentrated at the grain
boundaries near the pores, with the magnitude of this concentra-
tion increasing with the decreasing number of contact surfaces
perpendicular to the external force. The stress in the vicinity of
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Figure 5. Finite element analysis of the effects of the pores within the sintered fibers on their mechanical properties. Stress distribution of fibers in
a) tension and b) bending.

the pores within the TS fibers considerably exceeded that in the
OUHS fibers, and the maximum tensile force in the TS fiber
model (0.5 N) was smaller than that in the OUHS fiber model
(1.5 N). Similarly, 3D models with pores of various sizes were
constructed. Figure 5b shows the stress distributions in the ra-
dial sections of fibers under bending forces of 5, 10, and 15 N,
demonstrating a trend similar to that observed for stretching. In
summary, the results of FEA indicate that the pores within the
fibers play a key role in determining their mechanical strength.
The small pores uniformly distributed in the OUHS fibers effec-
tively prevented stress concentration under loading, thus result-
ing in a stress resistance greater than that observed for fibers with
larger pores.

2.4. Universality Demonstration of the OUHS in Preparation of
Polycrystalline Oxide Fibers

To verify the applicability of OUHS to the preparation of other
polycrystalline oxide fibers, regardless of their constituents and
morphology, we used it to prepare common but valuable poly-
crystalline oxide fibers (3YSZ, HfO2, Al2O3, TiO2, Y2O3, and
La2Zr2O7)[49–54] and fabricate the corresponding membranes,
comparing them with those prepared using TS. The OUHS fiber
membranes were more intact and featured fewer breaks, main-
taining their morphologies and appearing relatively fluffy (Figure
6; Figure S9, Supporting Information), whereas the TS fiber
membranes, especially those comprising TiO2, HfO2, and Al2O3,
were broken into pieces. SEM imaging demonstrated that the
OUHS fiber membranes exhibited greater integrity with fewer
breaks, that is, the TS TiO2 fibers were not able to maintain
their morphologies, unlike the OUHS TiO2 fibers. The grain
sizes of the OUHS fibers were markedly smaller than those
of the TS fibers, in line with the above conclusions (Figure
S10, Supporting Information). The mechanical properties of the
OUHS fiber membranes were considerably improved, which

were mainly manifested in their tensile and flexural fatigue resis-
tances (Figures S11 and S12 and Movies S2–S5, Supporting Infor-
mation). For instance, the OUHS 3YSZ fiber membranes exhib-
ited a notably lower energy loss in the first bend than those pro-
duced by TS and were more flexible. This behavior demonstrated
the efficiency of OUHS in minimizing grain growth in polycrys-
talline oxide fibers and realizing excellent mechanical properties.

With the increasing sintering temperature, the thermal vibra-
tion of atoms intensifies and enables their rearrangement into
the most stable state, which is the root cause of crystalline phase
transitions induced by high temperature, e.g., anatase to rutile
for TiO2 and 𝛾-𝛿-𝜃-𝛼 for Al2O3. The presence of various crys-
talline phases within a given material strongly influences its
performance; for example, anatase TiO2 fibers have better me-
chanical properties than rutile TiO2.[55] Regarding Al2O3 as a
high-temperature thermal insulation material, 𝛼-Al2O3 has the
highest growth rate among all polymorphs, with its explosive
grain growth irreversibly damaging the microstructure of oxide
ceramics.[56] The relative contents of specific crystalline phases
are important factors to consider in material synthesis.

The broad applicability of OUHS and its suitability for tailor-
ing the presence of metastable crystalline phases invaluable for
practical applications were demonstrated using TiO2 and Al2O3
fibers. The crystalline phases of the sintered fibers were charac-
terized by XRD and quantified using Rietveld refinement (Figure
7; Table S1 and S2, Supporting Information). The Al2O3 fibers
sintered at 1573 K by OUHS contained the metastable 𝛿 phase,
which became less dominant with the increasing sintering tem-
perature. In contrast, the Al2O3 fibers sintered by TS at 1573,
1673, and 1773 K contained the stable 𝛼 phase. Additionally, at
a sintering temperature of 1773 K, faster heating appeared to fa-
cilitate the formation of the metastable 𝛿 phase. Similarly, TiO2
fibers sintered by OUHS at 1573, 1673, and 1773 K contained the
anatase phase, which was not accessible by TS. In addition, the
exclusive formation of anatase TiO2 was observed for sintering
at 1773 K/30 000 K min−1. Thus, the fibers produced by OUHS
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Figure 6. Photographs (first column), SEM images (second column), and tensile strengths (third column) of a) 3YSZ, b) TiO2, c) HfO2, d) Al2O3 and
e) Y2O3 fiber membranes prepared by OUHS (10 000 K min−1) and TS (5 K min−1). Data in the first and second columns refer to a sintering temperature
of 1773 K.

retained their metastable phases, the content of which could be
controlled by adjusting the sintering parameters. This finding
demonstrates the high-throughput ability of OUHS to tailor the
metastable crystalline phases in oxide fibers.

To examine the advantages of the metastable phase-containing
sintered oxide fibers in high-temperature applications, we evalu-
ated their mechanical properties. These fibers should be flexible
under ambient conditions because the related practical applica-
tions involve folding, cutting, and stretching. Hence, we demon-
strated the flexibility of the metastable phase–containing OUHS
fibers. Moreover, we tested the pressure elasticity (Figure S13,

Supporting Information) of anatase-containing TiO2 fibers pre-
pared by OUHS at 1573 K/10 000 K min−1, i.e., in an in situ
high-temperature environment. The mechanical properties of
these fibers were satisfactory, as revealed by resilience in a high-
temperature spray gun within 1 min (Movie S6, Supporting In-
formation) and considerable thermal insulation performance at
1592 K (Figure S14, Supporting Information). The spent samples
contained both anatase and rutile phases (Figure S15, Support-
ing Information), which indicated that the metastable anatase
gradually transformed into the stable rutile at high temperatures.
However, with the prolongation of testing time (e.g., 10 min), the
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Figure 7. a1) XRD patterns and a2) phase compositions of TiO2 fibers prepared by OUHS (10 000 K min−1) and TS at different sintering temperatures.
a3) XRD patterns and a4) phase compositions of TiO2 fibers prepared by OUHS at 1773 K and varied heating rates. b1) XRD patterns and b2) phase
compositions of Al2O3 fibers prepared by OUHS (10 000 K min−1) and TS at varied sintering temperatures. b3) XRD patterns and b4) phase compositions
of Al2O3 fibers prepared by OUHS at 1773 K and varied heating rates.
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resilience disappeared, and a complete transition to rutile was
observed (Figure S15, Supporting Information). We hypothesize
that the metastable phase–containing oxide fibers prepared by
OUHS can meet certain requirements of high-temperature ap-
plications because of their excellent mechanical properties under
ambient conditions, high thermal insulation performance, and
high-temperature mechanical properties that can be retained for
a considerable time because of the noninstantaneous nature of
their phase transformation. However, due to the phase transition
from sub-stable to stable phase will still occur at high tempera-
tures, it is not recommended to be used for a long time at high
temperatures, and its specific use time should be explored ac-
cording to the research of different materials.

3. Conclusion

Ultrafast high-temperature sintering (OUHS) effectively mini-
mized grain coalescence while ensuring densification and strong
intergranular bonding, allowing for high grain boundary areas
and reducing internal pore aggregation to hinder stress concen-
tration and form fibers with coherent grain boundaries and ex-
cellent mechanical properties. The sintering time could be ad-
justed to control the fiber phase composition and thus achieve
the desired properties. Given that OUHS places no limitations
on material type, sintering atmosphere, or macroscopic sample
shape and allows for the continuity of the sintering process, in-
creased sintering efficiency, and improved material screening, it
holds promise for the development of high-performance oxide
fiber materials.

4. Experimental Section
Preparation of Presintered 3YSZ Continuous Fibers: A solution of acety-

lacetone (0.4 mol) and triethylamine (0.6 mol) in methanol (400 mL) was
dropwise added to a solution of zirconium chloride octahydrate (0.3 mol)
in methanol (500 mL) at 273–277 K upon stirring. After stirring for 24 h
at room temperature, the mixture was concentrated, and the residue was
treated with tetrahydrofuran (500 mL). The mixture was filtered to remove
triethylamine hydrochloride, and the filtrate was concentrated to give poly-
acetylacetonatozirconium (PAZ). Presintered continuous 3YSZ fibers were
prepared using the organic precursor method.[39] PAZ (0.97 mol) and
Y(NO3)3·6H2O (0.03 mol) were dissolved in ethanol upon continuous stir-
ring for 60 min, and the solution was concentrated under reduced pressure
at 310 K using a rotary evaporator to form a transparent spinnable sol with
a suitable viscosity. Continuous precursor fibers were obtained using dry
spinning, heated to 973 K at a rate of 1 K min−1, and held for 1 h to obtain
presintered 3YSZ continuous fibers.

Preparation of Presintered Fiber Membranes: Polyacetylacetonate tita-
nium, polyacetylacetonate hafnium, polyacetylacetonate aluminum, poly-
acetylacetonate yttrium, or polyacetylacetonate lanthanated zirconium
were prepared in a similar manner to PAZ.[50–54] The metal source was
dissolved in ethanol, and polyethylene oxide (PEO) was added as a spin-
ning aid. The homogeneous spinning solution was clarified using mag-
netic stirring. The metal source:ethanol: PEO mass ratio was 1:4:0.01. The
spinning voltage was 20 kV, and the receiving distance was 15–30 cm. The
precursor fiber membranes were heated to 973 K at 1 K min−1 and held
for 1 h to obtain presintered fiber membranes.

Characterize: The ANSYS software and 3D global steady-state mod-
els were used to simulate the temperature field in the furnace. The mod-
els were meshed using the ICEM software, and relevant parameters were
then set to iteratively calculate the temperature field until the calculation
error converged to <10−5. Numerical simulations of the temperature and
flow fields were performed using FLUENT’s energy equation model, a low

Reynolds number turbulence model, and a DO radiation model assuming
the system to be in a steady state and the gas to be an incompressible
Newtonian fluid satisfying the Boussinesq assumption. Energy in fluids
and solids was handled using Equations (1) and (2), respectively.

Energy equations in fluids:

𝜌CP

(
u 𝜕T
𝜕r

+ v 𝜕T
𝜕z

)
= k

[
1
r
𝜕

𝜕z

(
r 𝜕T
𝜕r

)
+ 𝜕2T

𝜕z2

]
(1)

Energy equations in solids:

k
[

1
r
𝜕

𝜕r

(
r 𝜕T
𝜕r

)
+ 𝜕2T

𝜕z2

]
− ∇ ∙ q = 0 (2)

where T is the temperature, k is the heat transfer coefficient, u and v are
flow velocities, Cp is the constant-pressure specific heat capacity of the
fluid, 𝜌 is the fluid density, q is the radiative heat flux, and r is the radius.

Presintered 3YSZ continuous fibers were processed for in situ STEM
imaging using a focused ion beam (FEI Helios Nanolab G3). The sample
was precoated with a carbon/platinum film and transferred to a dissolved
heated chip in the focused ion beam chamber. The target area was pol-
ished several times using a final ion beam voltage of 2 kV. The local SiNx
support film directly below the target window was completely milled to ob-
tain better imaging conditions. After sample preparation, the heated chips
were directly loaded in situ for the experiment. Aberration correction was
performed using an FEI Themis transmission electron microscope at an
accelerating voltage of 300 kV. Dynamic imaging was performed at 0.5 s
frame−1 and 1 K s−1.

XRD patterns were acquired using a Rigaku Minifex-600 diffractometer
using a step size of 0.02° in the 10–90° range. Quantitative analysis was
performed according to the Rietveld method using the GSAS-EXPGUI soft-
ware package. Standard crystallographic information files (CIFs) for rutile
TiO2, anatase TiO2, 𝛼-Al2O3, 𝛿-Al2O3, and 𝜃-Al2O3 were taken from the
American Mineralogist Crystal Structure Database.[57–59] A Hitachi S-4800
scanning electron microscope was used to observe fiber morphologies.
The atomic structures of grain boundaries were observed using STEM
(JEOL ARM200F). The tensile strengths of the 3YSZ fibers and nanofiber
membranes were measured at room temperature using a monofilament
tensile testing machine (LLY-06A) at a spacing length of 8 mm and tensile
speed of 1 mm min−1. Mechanical behavior was assessed using dynamic
mechanical analysis (DMA 850). Infrared images were recorded using a
FLIR T540 infrared camera (293–1773 K).

Models for the simulated statistics of grain boundary lengths were
developed using Python scripts in ABAQUS. The base was created in
ABAQUS. Several points were spread over the base size range, and the
Voronoi function was used to create a Voronoi diagram based on these
points. The base segmentation in ABAQUS used the generated Voronoi di-
agram as a sketch to obtain the required model. After the Voronoi function
was calculated, the number of edges at the grain boundary was obtained,
and the length of the grain boundary was determined from the coordinates
of the two endpoints of the edge.

FEA: FEA simulation was performed using the ABAQUS software. The
elastic modulus was set to 220 GPa. 2D models based on the internal pore
structures of the fibers were established using hexagonal shapes of differ-
ent sizes as structural primitives. The bound contact was defined between
the hexagonal primitives. Similarly, 3D models were constructed for differ-
ent pore sizes. To demonstrate the dynamic force change during bending,
loads of 5, 10, and 15 N were applied to the middle of the fibers.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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