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Abstract
In this work, an aerodynamic levitation technology (ALT) was utilized to
prepare ZrO2-SiO2 glass-ceramics with two different ZrO2 contents, that is,
35 mol% and 50 mol%. The glass-ceramics were partially melted at ∼2000◦C
or fully melted at ∼3000◦C by ALT, followed by rapid quenching to obtain
spherical glass-ceramic beads. The phase compositions and microstructures of
the glass-ceramics were characterized. Crystallization of ZrO2 occurred dur-
ing the solidification process and ZrO2 content, processing temperature, and
the addition of yttrium (3 mol%) affected the crystalline phase of ZrO2. No
ZrSiO4 or crystalline SiO2 were formed during the solidification process and
the glass-ceramics were away from thermodynamic equilibrium due to rapid
quenching. The glass-ceramics showed a microstructure of irregular-shaped
ZrO2 micro-aggregates embedded in an amorphous SiO2 matrix, with lamellar
twins and lattice defects formed within ZrO2 crystals. For samples prepared at
∼3000◦C, a liquid-liquid phase separation occurred in the melt, which even-
tually resulted in the formation of large and irregular-shaped ZrO2 aggregates.
In comparison, for samples prepared at ∼2000◦C, pre-existed ZrO2 crystals
formed during heating acted as nucleation sites during the cooling process,
followed by grain growth to form large ZrO2 aggregates. Solidification and
microstructure formation mechanisms were proposed to elucidate the solidifi-
cation process during rapid cooling and the microstructure of the glass-ceramics
obtained.
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1 INTRODUCTION

Thedevelopment of newmaterials and deeper understand-
ing of existing materials are inseparable frommaterial fab-
rication techniques, among which levitation techniques
are economical, efficient, relatively simple, and versatile
material fabrication techniques.1–3 Levitation techniques
are classified according to the different physical phenom-
ena employed for balancing the gravitational force on
the samples. Representative levitation techniques include
aerodynamic, electrostatic, acoustic, and electromagnetic
levitation.2 The aerodynamic levitation technique (ALT),
in conjunction with laser heating, is the most widely used
one among the levitation techniques owing to the facts that
it can be used for bothmetallic and inorganicmaterials and
elaborate instrumentation is not essential for ALT.
As shown in Figure 1, the ALT utilizes an upward

stream of gas to levitate a solid sample, balancing the
gravity of the sample and making it remains stationary
with respect to ground. The levitated sample is heated
by a CO2 laser to elevated temperature in a short time,
typically over 2000◦C. Cooling of the sample can be sim-
ply initiated by turning off the laser. Maximum cooling
rates of 300◦C/s to 500◦C/s can be reached.4 Meanwhile,
slower cooling rates can be obtained by reducing the laser
power in a controllableway. The temperature of themolten
sample is measured by optical pyrometer and the mor-
phology of the sample can be monitored by equipped CCD
camera.5,6 The ALT shows outstanding advantages over
traditional melting-quenching carried out in crucibles.
First, as a container-less processing technique, the ALT
can prevent melt contamination from crucibles; Second,

F IGURE 1 Schematic of container-less aerodynamic levitation
technique. A solid sample is levitated by an upward stream of inert
gas pumping from the nuzzle. The levitated sample is heated by a
high-energy laser to elevated temperature in a short time

the ALT avoids heterogeneous surface nucleation induced
at the container wall, making it relatively easy to obtain
melt with large supercooling, such as metallic glass7,8;
Third, solidification kinetics and behaviors of melt can be
controlled in undercooling solidification by adjusting the
cooling rate of the ALT,3,9,10 which provide insights in fab-
ricating materials with a unique structure and excellent
properties.
Owing to the above-mentioned advantages, ALT has

been widely used in many fields. Glasses with unusual
compositions and microstructures, especially those with-
out a traditional network former (typically SiO2 or B2O3),
have remarkable optical, thermal, and mechanical prop-
erties. However, it is difficult to fabricate these glasses
via conventional melt-quenching method because of their
low glass-forming ability. As ALT suppresses heteroge-
neous nucleation induced at the container wall, it has
been applied to fabricate new heavy-metal oxide glasses
without network forming body. For instance, Yoshimoto
et al. prepared Er3+-doped La2O3–Ga2O3 glasses with
ALT and found that the glasses showed high refrac-
tive indices, low phonon energies, good IR transparency
at long wavelengths.11 Other binary or ternary glasses
prepared by ALT without network former includes CaO-
Al2O3(Ga2O3),12 La2O3-Nb2O5,

13 La2O3-Ga2O3-(Nb2O5 or
Ta2O5),14 La2O3-Lu2O3-TiO2,

15 etc.16,17 In addition to glass,
transparent ceramics can also be obtained by ALT. For
instance, Allix et al. developed a full crystallizationmethod
to fabricate transparent ceramics. They first prepared
Y2O3–Al2O3

18 and BaO-Al2O3
5 bulk glasses with ALT, fol-

lowed by annealing to form transparent Y3Al5O12 and
BaAl4O7 polycrystalline ceramics, respectively. The ALT is
also an efficient technique for the research on thermophys-
ical properties and solidification behavior of refractory
materials. Barnes et al. measured the electrical conductiv-
ity of liquid silicon with samples melt by ALT.19 Kondo
et al. determined the density of molten ZrO2 as 4.7 g/cm3

at its melting point of 2715◦C with ALT.6 By combin-
ing small-angle and wide-angle x-ray scattering with ALT,
Greaves and colleagues discovered a density-driven ‘poly-
morphic’ liquid–liquid phase transition in Y2O3–Al2O3
melts.20 The ALT was also a useful method to study vitrifi-
cation and solidification behaviors of glass-forming metal
alloy systems.7,8,21
In the last few years, we have fabricated translucent

and strong ZrO2-SiO2 nanocrystalline glass-ceramics via
spark plasma sintering (SPS) at approximately 1200◦C by
using amorphous powder as raw material.22,23 The glass-
ceramics showed a microstructure of monocrystalline
tetragonal ZrO2 (t-ZrO2) nanoparticles embedded in an
amorphous SiO2 matrix. During the SPS process, the crys-
tallization behavior of ZrO2 occurred in a solid state since
the sintering temperature (1200◦C) was lower than the
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TABLE 1 Chemical composition, processing temperature, and sample designation of studied samples

Chemical composition (molar ratio) Processing temperature (◦C) Sample designation
35%ZrO2-65%-SiO2 ∼2000 35Zr-2000
35%ZrO2-65%-SiO2 ∼3000 35Zr-3000
2.9%YCl3-34%ZrO2-63.1%SiO2 ∼2000 2.9Y-34Zr-2000
2.9%YCl3-34%ZrO2-63.1%SiO2 ∼3000 2.9Y-34Zr-3000
50%ZrO2-50%SiO2 ∼2000 50Zr-2000
50%ZrO2-50%SiO2 ∼3000 50Zr-3000

liquidus and solidus curves according to the ZrO2-SiO2
phase diagram.24 It is well known that ZrO2 is one of
the most commonly used nucleation agent for the fabrica-
tion of glass-ceramics by melting-quenching method.25,26
It is scientifically and technically significant to investigate
the crystallization behavior of ZrO2 and SiO2 during the
quenching process of the melt. Thereafter, in this study
we utilized the ALT to fully or partially melt amorphous
ZrO2-SiO2 powder and characterized the phase compo-
sition and microstructure of the rapidly-quenched melt.
The research emphasis is placed on characterizing the
microstructures and the solidification mechanism of the
glass-ceramics, which would offer the potential to tune the
microstructures and properties of glass-ceramics by ALT.

2 MATERIALS ANDMETHODS

2.1 Synthesis of raw powder by sol-gel
method

Three types of amorphous ZrO2-SiO2 raw powders with
different compositions were synthesized by a sol-gel
method. The detail process can be found in our previous
studies.22,23 The chemical composition of two of the pow-
ders was 35 mol%ZrO2-65 mol%SiO2 and 50 mol%ZrO2-
50 mol%SiO2, which were designated as 35Zr and 50Zr
(Table 1), respectively. It is well known that yttrium is
one of the most effective and classic dopants to stabi-
lize tetragonal ZrO2 when preparing ZrO2-based ceram-
ics with solid-state sintering.27 To evaluate the effect of
yttrium dopants on the microstructure of the rapidly-
quenched samples, a third powder with a composition
of 2.9 mol%YCl3-34.0 mol%ZrO2-63.1 mol%SiO2 was pre-
pared. This composition was designated as 2.9Y-34Zr
(Table 1).

2.2 Aerodynamic levitation processing

Before aerodynamic levitation processing, the sol-gel pow-
ders were pressed with an oil hydraulic presser to form

green body pellets with a diameter of 10 mm and a thick-
ness of ∼ 2 mm. The pellets were crashed to form pieces
with random sizes. The pieces with suitable sizes were
subjected to aerodynamic levitation processing (Figure 1).
The green body pieces were levitated on an inert argon
gas stream and heated by a CO2 laser to two different
highest temperatures, which were∼2000◦C and∼3000◦C,
respectively. The samples were kept at the highest tem-
perature for about 10–20 s to ensure homogeneity. After
that, the laser was turned off to induced rapid cooling
(∼300◦C/s). The melting temperature of ZrO2 and SiO2
phases is ∼2700◦C28 and ∼1700◦C,29 respectively. Mean-
while, according to the ZrO2-SiO2 phase diagram,24 the
liquidus temperature for 35Zr and 50Zr sample is∼2400◦C
and ∼2350◦C, respectively. Hence, the samples heated to
∼3000◦C were in a molten state during heating and they
formed spherical beads with a diameter of ∼3 mm after
cooling to room temperature.Whereas, the samples heated
to ∼2000◦C were partially melted and the beads showed
irregular shapes.

2.3 Materials characterizations

Phase compositions of the studied samples were analyzed
by micro X-ray diffraction (micro-XRD) on a diffractome-
ter (Bruker D8, Advance, Japan) using a Ni-filtered Cu
Kα X-ray resource. Before measurement, the as-prepared
samples were embedded in resin and polished to form
flat and smooth surfaces. Diffraction data were collected
in the range of 10◦ to 80◦ with a scan speed of 5 ◦/min.
Phase compositions were analyzed by an MDI Jade soft-
ware. Representative as-prepared samples were crashed
by a hammer and morphological analysis on the frac-
ture surfaces was performed using a scanning electron
microscope (SEM, SIRION200, FEI Co., Ltd). Before the
observation, samples were coated with a thin platinum
layer on a high vacuum coater. The Young’s modulus and
hardness measurements on the nanoscale were carried
out on a nano indentation tester (Ultra nano-indenter,
CSM instruments). Measurements were performed with
a load of 8000 µN at a speed of 8000 µN/min. At least 10
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2638 FU et al.

indentations with proper distance were done from each
sample. Young’s modulus was calculated according to
Oliver–Pharr method.23 To observe the microstructure
of the samples, transmission electron microscopy (TEM)
analysis was carried out on a probe-corrected FEI Titan
Themis TEM equippedwith the SuperX system for energy-
dispersive X-ray spectroscopy (EDS). Electron transparent
lamella was prepared with a dual-beam focused ion
beam-scanning electron microscope (FIB-SEM, FEI Strata
DB325) and attached to Cu lift-out grid. The samples
were characterized with TEM in different imaging modes,
including high-angle annular dark field scanning TEM
(HAADF-STEM) imaging, bright-field TEM (BF-TEM)
imaging, and high-resolution TEM (HR-TEM) imaging.

3 RESULTS AND DISCUSSIONS

3.1 Phase compositions

Micro-XRD patterns of the studied samples are displayed
in Figure 1. Diffraction peaks of the resin used to fix
the spherical beads were unavoidably detected in all the
micro-XRD patterns. But, diffraction peaks of the resin
did not overlap with those of the crystalline phases of the
studied samples. For the 35Zr sample (Figure 1A), when
the processing temperature was ∼2000◦C, it was com-
posed of tetragonal ZrO2 (t-ZrO2) and monoclinic ZrO2
(m-ZrO2). It has been proved by literature30,31 and our
previous studies22,23 that in the ZrO2-SiO2 material sys-
tem SiO2 component acted as a matrix and it showed
stabilization effect on t-ZrO2. Hence, t-ZrO2 phase can
be stabilized to room temperature in the 35Zr-2000 sam-
ple (Figure 1A). When the processing temperature was
increased to ∼3000◦C, the sample was totally in a molten
state and the ZrO2 crystals that have been formed during
the heating of the raw powder below the liquidus tem-
perature were also melted. The 35Zr-3000 sample purely
consisted of m-ZrO2 (Figure 1A). Processing temperature
exerts significant effect on the tetragonal to monoclinic
phase transformation of ZrO2 and the stabilizing effect of
SiO2 component. In comparison, only t-ZrO2 phase was
detected in the 2.9Y-34Zr-2000 sample (Figure 1B). When
the processing temperature was increased to ∼3000◦C,
the 2.9Y-34Zr-3000 sample was still predominately com-
posed of t-ZrO2, with the formation of a small amount of
m-ZrO2. By comparing the XRD results of the 35Zr sam-
ple and the 2.9Y-34Zr sample, it can be concluded that
the addition of yttrium showed stabilization effect on t-
ZrO2 phase even when the glass-ceramic was cooled down
from molten state. In most cases, the addition of 3 mol%
yttrium stabilizes t-ZrO2 phase during solid-state sintering
of ZrO2-based ceramics, where the sintering temperature

is much lower than the melting temperature of ZrO2.
32

The current XRD results (Figure 2B) revealed that the
addition of yttrium could still show stabilization effect on
t-ZrO2 even when the yttrium-containing ZrO2 is cooled
down from ∼3000◦C. Only diffraction peaks of m-ZrO2
were detected in the 50Zr samples (Figure 1C), regard-
less of processing temperature. By comparing the phase
composition of the 35Zr-2000 sample (t-ZrO2 andm-ZrO2)
and the 50Zr-2000 sample (m-ZrO2), it can be seen that
ZrO2 content also affects the phase composition of the
glass-ceramics prepared by ALT. This could be because
stabilizing effect of SiO2 component is also related to its
content, that is, the higher content of SiO2, the stronger
stabilizing effect. The content of SiO2 in the 35Zr-2000
sample (65 mol%) is 15 mol% higher than that of the 50Zr-
2000 sample (50 mol%). Therefore, some t-ZrO2 formed at
high temperature was stabilized to room temperature in
the 35Zr-2000 sample, whereas, all of the t-ZrO2 formed at
high temperature transformed to m-ZrO2 during cooling
in the 50Zr-2000 sample. SiO2 component in all the above
samples was in an amorphous state. The humps between
20◦ and 25◦ in all the XRD patterns were formed because
of the resin, instead of the amorphous SiO2 matrix in the
glass-ceramics.

3.2 Fracture surface morphologies

Fracture surfaces of the 35Zr samples were observed
by SEM and the results are presented in Figure 3.
From the low magnification images (Figure 3A, 3D),
it can be observed that there were no pores in the
35Zr samples, indicating that fully densified samples
can be obtained by ALT with processing temperature of
both ∼2000◦C and ∼3000◦C. With image magnification
increasing (Figure 3B, 3E), it can be seen that the 35Zr-
2000 sample showed almost identical microstructure with
that of the 35Zr-3000 sample, that is, granular-like parti-
cles homogenously embedded in a matrix. At the highest
magnification (Figure 3C, 3F), the matrix demonstrated
dark contrast (indicated by yellow squares), whereas, the
particles embedded in the matrix showed bright contrast
(indicated by red squares). We have previously prepared
ZrO2-SiO2 nanocrystalline glass-ceramics by spark plasma
sintering (SPS) at ∼1200◦C, which had a microstructure
of ZrO2 nanoparticles embedded in an amorphous SiO2
matrix.33 It can be inferred that the granular-like particles
were ZrO2 ones (Figure 3C, 3F). Meanwhile, amorphous
SiO2 still acted as thematrix in the present study. The sizes
of the ZrO2 particles were a few micrometers after ALT
processing. Significant grain coarsening of ZrO2 particles
occurred during the rapid quenching process. Most of the
ZrO2 particles fractured in a transgranular fracture model,
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FU et al. 2639

F IGURE 2 Micro-XRD patterns of the studied samples. (A) 35-Zr samples. (B) 2.9Y-34Zr samples. (C) 50Zr samples. Although the XRD
patterns were obtained by micro-XRD, the diffraction peaks of the resin were unavoidably detected in all the samples. But, the diffraction
peaks of crystalline phases in the studied samples can be clearly observed

as indicated by the red arrows (Figure 3C, 3F). Fracture
occurred at the heterointerface between ZrO2 and SiO2
can also be observed, since some dents left by pulled-out
ZrO2 particleswere found, as indicated by the green arrows
(Figure 3C, 3F). In addition, some intact ZrO2 particles
were observed (white arrows).
For the 2.9Y-34Zr sample, full densification can also

be obtained at both ∼2000◦C and ∼3000◦C (Figure 4A,
4D). Compared with the 35Zr samples, the addition of
yttrium did not significantly change the microstructure
features of 2.9Y-34Zr sample. In otherwords, the 2.9Y-34Zr
samples was also composed of ZrO2 particles embedded
in a SiO2 matrix (Figure 4B, 4E). In the 2.9Y-34Zr-3000

sample ZrO2 particles were homogenously distributed
(Figure 4E), whereas, in the 2.9Y-34Zr-2000 sample both
micron scale (marked by green ellipse) and nanometer
scale ZrO2 particles (marked by red ellipse) were observed
(Figure 4B, 4C), indicating that ZrO2 particles in the
2.9Y-34Zr-2000 sample showed lower size distribution
homogeneity than those in the 2.9Y-34Zr-3000 sample.
ZrO2 particles in the 2.9Y-34Zr samples also predominately
fractured in a transgranular fracture model (Figure 4C,
4F). There were significant microstructural differences
between the 50Zr-2000 sample and the 50Zr-3000 sample
(Figure 5A, 5B). More specifically, sizes of the ZrO2 par-
ticles in the 50Zr-2000 sample were ∼10 µm (Figure 5A),
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2640 FU et al.

F IGURE 3 Secondary electron SEM images of the fracture surfaces of the 35Zr samples prepared at 2000◦C (A-C) and 3000◦C (D-F) at
different magnifications. The samples showed a microstructure of ZrO2 particles embedded in an SiO2 matrix. Both transgranular fracture of
ZrO2 particles and fracture occurred at the interfaces between ZrO2 particles and the SiO2 matrix can be clearly observed. No pores can be
observed on the fracture surfaces. Fractured ZrO2 particles, intact one, and dents left by pulled-out ZrO2 particles were indicated by the red,
green, and white arrows, respectively. The matrix and the embedded particles were marked by yellow and red squares, respectively

whereas, those in the 50Zr-3000 sample were ∼1 µm
(Figure 5F). In addition, the 50Zr-3000 sample demon-
strated a homogenous microstructure (Figure 5D, 5E).
However, aggregation of ZrO2 particles occurred at some
regions in the 50Zr-2000 sample, which can be clearly
observed from Figure 5C. SiO2 phase formed tree branch-
likemorphology in the 50Zr-2000 sample, as outline by the
dash white lines (Figure 5C). From the highest magnifi-
cation SEM image of the 50Zr-3000 sample (Figure 5F),
it can be seen that the 50Zr-3000 sample had very sim-
ilar microstructure with that of the 35Zr-3000 sample
(Figure 3F).

From the above results, it can be known that for the
35Zr samples (Figure 3) processing temperature did not
exert significant effect on the microstructure homogene-
ity of the glass-ceramics. Whereas, processing temperature
plays an essential role in the microstructure homogeneity
of the 2.9Y-34Zr (Figure 4) and 50Zr (Figure 5) sam-
ples. High processing temperature (∼3000◦C), when both
ZrO2 and SiO2 components are melt, results in homoge-
nous microstructure, that is, ZrO2 particles with narrow
size distribution homogenously distributed in the SiO2
matrix, whereas, relative lower processing temperature
(∼2000◦C), when only SiO2 component is melt, leads
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FU et al. 2641

F IGURE 4 Secondary electron SEM images of the fracture surfaces of the 2.9Y-34Zr samples prepared at 2000◦C (A-C) and 3000◦C
(D-F) at different magnifications. The samples also showed a microstructure of ZrO2 particles embedded in an SiO2 matrix. Both
micrometer-scale (green ellipse) and nanometer-scale (red ellipse) ZrO2 particles can be observed

to the formation of ZrO2 particles with two different
size ranges and aggregation of ZrO2 particles (Figure 4C,
Figure 5C). These microstructure differences could be
because when the ZrO2-SiO2 glass-ceramics were fully
melted at ∼3000◦C and cooled down from a molten state,
homogenous nucleation allowed the formation of ZrO2
particles with relative homogenous size distribution and
without obvious aggregation. For samples prepared at
∼2000◦C, it is reasonable to speculate that some tiny
ZrO2 crystals would form during the heating process
and they would not melt since the processing tempera-
ture is lower than the melting point of ZrO2 (2715◦C).
These pre-existed and unmelted ZrO2 induced “heteroge-
neous” nucleation of newZrO2 particles during the cooling

process, which resulted in rapid coarsening and aggrega-
tion of ZrO2 particles.

3.3 Microstructures observed by TEM

TEM observations were conducted on the 35Zr-3000 sam-
ple. Figure 6A is a BF-TEM image of the prepared lamellar,
from which it can be seen that the 35Zr-3000 sample was
composed of aggregates with a dark contrast and a matrix
with a bright contrast. The aggregates were composed of
merged crystals with slightly different orientations and
the aggregates predominately demonstrated three types
of morphologies: spherical (indicated by yellow arrows),
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2642 FU et al.

F IGURE 5 Secondary electron SEM images of the fracture surfaces of the 50Zr samples prepared at 2000◦C (A-C) and 3000◦C (D-F) at
different magnifications. The 50Zr-2000 sample showed a bimodal microstructure, with both micrometer-scale and nanometer-scale ZrO2

particles, whereas, ZrO2 particles in the 50Zr-3000 sample showed a homogenous size distribution

rod-like (indicated by green arrows), and irregular- shaped
with smooth edges (indicated by red arrows), which is
in accordance with the morphologies of ZrO2 particles
observed by SEM (Figure 3F). Liquid-liquid phase separa-
tion is a commonly observed phenomenon in the prepara-
tion of glasses and glass-ceramics.34,35 Materials that have
undergone a liquid-liquid phase separation typically show
a microstructure of interconnected and irregular-shaped
phase(s) separated by a matrix.18 Meanwhile, Telle et al.
have observed a liquid miscibility gap in ZrO2-SiO2 system
above the liquidus curve.24 The 35Zr sample with 35 mol%
ZrO2 is located in a region of the phase diagram where a
stable immiscibility may occur, which indicates that dur-
ing the cooling process (above the liquidus curve) the melt

of the 35Zr-3000 sample may separate into two liquids (Zr-
rich and Si-rich) before crystallization. This liquid phase
separation resulted in the observed microstructures of
the 35Zr-3000 sample (Figure 6A), that is, interconnected
and irregular-shaped ZrO2 aggregates separated by SiO2
matrix.
At a higher magnification (Figure 6B), the aggregates

showed significant differences in terms of size. The size
of large and irregular-shaped aggregates was larger than
500 nm (outlined by the red dash cycle), whereas, that
of the spherical ones had a diameter of ∼200 nm. Cracks
can be observed in both the aggregates and the matrix,
as pointed by the dash red arrows (Figure 6B). Since the
cracks were only observed at the surface of the lamellar, it
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FU et al. 2643

F IGURE 6 TEM observations of the 35Zr-3000 sample. (A) BF-TEM image of the prepared lamellar. (B) BF-TEM image at a higher
magnification. (C) HAADF-STEM image. (D) SAED analysis carried out on a particle. (E) Spectrum image of STEM-EDX mapping. (F) Zr
map. (G) Si map. (H) O map

is difficult to determine whether the cracks were formed
during the preparation process of the lamellar or during
ALT. A small region filled with matrix (white arrow) was
found within the irregular-shaped aggregates, indicating
that it was formed due to the merging of several smaller
crystals during the cooling process of ALT and the matrix
marked by the white arrow was trapped within the
irregular-shaped aggregates (Figure 6B). As can be seen,
the aggregates showed heterogeneous and wrinkle-like
contrasts. It can be observed that the aggregates and the
matrix showed bright and dark contrast, respectively, in
the HAADF-STEM image (Figure 6C), indicating that the
aggregates consisted of heavier atoms than those of the

matrix. Figure 6D is a selected area electron diffraction
(SAED) pattern obtained on a small crystal and the
pattern was indexed as m-ZrO2, indicating that the grain
was a monocrystalline ZrO2 one. The SAED result was
in accordance with the XRD result (Figure 2A). STEM-
EDX mapping was carried out in the green rectangle
(Figure 6E). Zr signals were primarily detected in the
aggregates (Figure 6F), confirming that they were ZrO2
ones. Si elements were primarily distributed in the matrix
(Figure 6G). O elements were found in both ZrO2 aggre-
gates and matrix (Figure 6H). Since no diffraction peaks
of crystalline SiO2 were detected the micro-XRD pattern
of the 35Zr-3000 sample (Figure 2A), the matrix was
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2644 FU et al.

F IGURE 7 TEM observations of the 50Zr-3000 sample. (A) HAADF-STEM image of the prepared lamellar. (B) BF-TEM image of the
prepared lamellar. (C) Spectrum image of STEM-EDX mapping. (D) Zr map. (E) Si map. (F) O map

composed of amorphous SiO2. Interestingly, the concen-
tration of O elements in the amorphous SiO2 matrix was
higher than that in the ZrO2 particles.
TEM results of the 50Zr-3000 sample are shown in

Figure 7, from which it can be seen that the 50Zr-3000
sample was also composed of ZrO2 aggregates with bright
contrast and the theywere embedded in a SiO2 matrix with
dark contrast in the HAADF-STEM image (Figure 7A).
Both bean-like ZrO2 aggregates and near-spherical one
was observed, as outlined by red dash line and green dash
line, respectively. The SEMobservations of 50Zr-3000 sam-
ple (Figure 5D-F) have also revealed that the sample was
consisted of bean-like or near-spherical particles embed-
ded in a matrix. The formation of ZrO2 aggregates could
be also due to liquid phase separation, which is very sim-
ilar to that of the 35Zr-3000 sample, except that in this
case (with 50 mol% ZrO2) the phase separation occurred
below the liquidus curve (metastable demixing) according
to the ZrO2-SiO2 phase diagram with metastable con-
tinuation of the miscibility gap.24 The length and width
of the bean-like ZrO2 reached as long as ∼2 µm and
∼1 µm, respectively. The diameter of the near-spherical
ZrO2 was ∼1 µm. Hence, the sizes of ZrO2 aggregates in
the 50Zr-3000 sample were much larger than those in
the 35Zr-3000 sample (Figure 6). In the DF-STEM image

(Figure 7B), crystalline ZrO2 and amorphous SiO2 matrix
appeared with bright and dark contrast, respectively. With
careful observation, alternating strip-like contrasts can be
observed within the ZrO2, as indicated by the red arrows
(Figure 7B). In dark-field images, both mass-thickness
contrast and diffraction contrast contribute to the image
contrast. From the HAADF-STEM image (Figure 7A), the
ZrO2 aggregates showed homogenous mass. Meanwhile,
the thickness differenceswithin ZrO2 are less likely to form
regular strip-like contrasts. Thus, the alternating strip-like
contrasts were formed because of diffraction differences,
or, essentially, crystallography orientation differences. We
observed similar alternating strip-like contrasts within
the ZrO2 in our previous study36 and it is attributed to
the formation of lamellar twins. It has been reported
that lamellar twins can be formed because of tetragonal-
monoclinic phase transformation.37 In the present case,
it is reasonable to speculate that the lamellar twins with
alternating strip-like contrasts in ZrO2 were formed due
to tetragonal-monoclinic phase transformation during the
cooling process.
According to the ZrO2-SiO2 phase diagram,24 when

cooling the ZrO2-SiO2 melt from high temperature (over
2000◦C), in the 35Zr samples (with 35 mol% ZrO2) ZrSiO4
and quartzwould formwhen cooling to room temperature,
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FU et al. 2645

F IGURE 8 TEM observations of the 2.9Y-34Zr-3000 sample. (A)-(B) BF-TEM images. (C) HR-TEM image of a ZrO2 crystallite. (d) SEAD
pattern of several ZrO2 crystallites. Insert: ZrO2 crystallites covered by selection aperture (E) SEAD pattern of a ZrO2 crystallite marked by the
yellow cycle in (B). (F-I) STEM-EDS results

while in the 50Zr sample (with 50mol% ZrO2) pure ZrSiO4
would form. However, in the present case, no ZrSiO4 was
detected in the XRD results (Figure 2). This could be
because the reaction between t-ZrO2 and SiO2 is a
diffusion-controlled reaction, whereas, the ZrO2-SiO2
melt was rapidly quenched to room temperature, leaving
no time for the occurrence of the reaction. No diffraction
peaks of quartz were detected, either (Figure 2). Hence,
the ZrO2-SiO2 glass-ceramics prepared by ALT were in a

non-equilibrium state. STEM-EDX mapping was con-
ducted on the green rectangle in Figure 7C. The results
were almost identical to those of the 35Zr-3000 sample,
that is, Zr and Si elements were primarily distributed in
the aggregates and the matrix (Figure 7D-7E), respectively.
Meanwhile, O signals were detected in both the aggregates
and matrix, but with higher concentration in the matrix
(Figure 7F).
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2646 FU et al.

F IGURE 9 Representative HR-TEM images of a ZrO2 particle in the 2.9Y-34Zr-3000 sample. (A) The heterointerface between SiO2

matrix and the ZrO2 particle was outlined by a dash line. Three regions within the ZrO2 particle marked by dash squares are magnified and
presented separately in (C), (D), and (E). The orientations of the ZrO2 lattice fringes are marked by red parallel lines

For the 2.9Y-34Zr-3000 sample, the ZrO2 aggregates
showed either irregular or ellipsoidal morphologies
(Figure 8A). The aggregates showed relative homogenous
size distribution, without the formation of very large
of small ones, which is in accordance with the results
revealed by the SEM observations (Figure 4D-F). The for-
mation of the irregular-shaped ZrO2 aggregates could also
be ascribed to a liquid-liquid phase separation occurred
above the liquidus curve, which is the same as that of
the 35Zr-3000 sample. The addition of a small amount
of Y would not significantly affect the liquid miscibility
gap of ZrO2-SiO2. At a higher magnification (Figure 8B),
it can be seen that the ZrO2 aggregates did not show a
homogenous contrast, with some regions (indicated by
red arrows) having much darker contrast than the other
regions (indicated by yellow arrows). Meanwhile, there
were many fine dark dots in the ZrO2 aggregates. The
heterogenous contrast within ZrO2 aggregates has also
been observed in the 35Zr-3000 sample (Figure 6B). The
heterogeneous contrast within ZrO2 aggregates could be
attributed to the formation of serious lattice distortions.
Two possible reasons might result in the lattice distor-
tions: First, the large coefficient of thermal expansion
(CTE) differences between ZrO2 (∼10 × 10−6◦C−1) and
SiO2 (0.5 × 10−6◦C−1)38 would cause a strong residual
thermal stress in the glass-ceramics after rapid cool-
ing to room temperature. The thermal stress exerted
on ZrO2 aggregates might result in lattice distortion;

Second, Zr and O atoms were kinetically hindered to
arrange themselves to form perfect ZrO2 lattices during
quenching, leaving a lot of lattice defects within ZrO2
lattices. Several ZrO2 aggregates were selected by TEM
aperture to conduct SAED analysis (Figure 8C). The bright
diffraction spots were arranged in a circle, indicating the
polycrystalline nature of the selected ZrO2 aggregates.
Meanwhile, diffused halo rings (red arrow) can also be
observed in the SAED pattern, which was attributed to
the contribution of amorphous SiO2 matrix. The 2.9Y-
34Zr-3000 sample (Figure 8E-I) demonstrated very similar
STEM-EDS results with that of the 35Zr-3000 sample
(Figure 6E-H), except that yttrium signals were detected
in the 2.9Y-34Zr-3000 sample (Figure 8I). Interestingly, Y
elements shared almost identical distribution with that of
Zr elements, indicating that Y elements were distributed
in ZrO2 aggregates. Y elements could rapidly dissolve in
ZrO2 during the rapid cooling process and stabilize t-ZrO2.
Hence, the 2.9Y-34Zr-3000 sample was predominately
composed of t-ZrO2 (Figure 2B). In addition, a strongly
heterogeneous distribution of Y in the ZrO2 phase was
observed (Figure 8I). The dissolution of Y in ZrO2 would
lead to lattice distortion, which will change the diffraction
contrast of the ZrO2 phase. Hence, the heterogeneous
distribution of Y might be partly responsible for the
heterogeneous contrast observed within the ZrO2 phase
(Figure 8B).
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FU et al. 2647

F IGURE 10 Schematics of the solidification and microstructure formation mechanisms of the ZrO2-SiO2 glass-ceramics after ALT
processing. (A)-(D) Rapid cooling from ∼3000◦C. (E)-(G) Rapid cooling from ∼2000◦C
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F IGURE 11 Nanohardness and elastic modulus of the
35Zr-3000 sample and 50Zr-3000 sample

HR-TEM imaging was carried out at some of ZrO2 parti-
cles and representative images are presented in Figure 9. In
a region of a ZrO2 particle (Figure 9A), the lattice fringes
were arranged in the same direction, indicating that this
region of the ZrO2 particle was monocrystalline. Some
dark regions without the appearance of lattice fringes were
observed, as indicated by the white arrows (Figure 9A).
This could be because of carbon deposition or beam dam-
age. At another region, the ZrO2 particle had a blurry
heterophase interface with SiO2 matrix, as roughly out-
lined by the dash line (Figure 9B). A close inspection
of the HR-TEM image revealed that the ZrO2 particle
was actually an aggregate, consisting of several ZrO2
nanocrystallites with different orientations. Three regions
of interest marked by dash square were magnified and dis-
played separately in Figure 9C-E, respectively, from which
it can be clearly seen that the orientations of the ZrO2
lattice fringes were different, as indicated by the red paral-
lel lines. Hence, both monocrystalline and polycrystalline
regions can be found within ZrO2 particles.

3.4 Solidification mechanism

Based on the microstructures and phase compositions of
the studied glass-ceramics, solidification mechanisms are
proposed and the schematics are shown in Figure 10. At a
temperature of∼3000◦C during ATL processing, the glass-
ceramic was in a molten state, Zr, Si, and O elements
existed in the form of ions, as demonstrated in Figure 10A.
Once the laser was turned off, the melt rapidly cooled
down and the solidification process started. As discussed
above, a liquid-liquid phase separation would occur above
the liquidus curve (35Zr sample) or below it (50Zr sam-
ple), resulting in the formation of a Zr-rich liquid phase
and a Si-rich one (Figure 10B). The Zr-rich liquid phase
showed irregular-shapedmorphology, whereas, the Si-rich

one acted as a matrix. According to the re-treated ZrO2-
SiO2 phase diagram proposed by Telle et al.,24 when the
temperature decreased to 2250◦C, t-ZrO2 crystals were
firstly formed within the Zr-rich liquid phase for both the
35Zr sample and the 50Zr sample (Figure 10C). The Zr-
rich liquid phase would eventually become ZrO2 aggregate
with irregular-shaped morphology when the crystalliza-
tion process finished. Meanwhile, Si elements that were
originally located within the Zr-rich liquid phase would
diffuse to the Si-rich liquid phase (Figure 10C), as indi-
cated by the yellow arrows. In the contrary, Zr elements
that were originally located within the Si-rich liquid phase
would diffuse to the Zr-rich liquid phase, as indicated by
the green arrows. Hence, both the two liquid phases puri-
fied themselves by pushing away Si or Zr element. The
t-ZrO2 tom-ZrO2 phase transformation occurredwhen the
temperature decreased to ∼1200◦C (Figure 10D), result-
ing in the formation of lamellar twins within the ZrO2
aggregates (Figure 7B). The cooling process was rapid,
thus, atoms within ZrO2 phases were kinetically hin-
dered to arrange themselves to form perfect ZrO2 lattices
(Figure 10D), which result in the formation of a large
amount of lattice defects, as shown in Figure 6B and 8B.
The large CTE differences between ZrO2 and SiO2 resulted
in a large thermal stress between the two phases when the
SiO2 matrix solidified into a glass (solid), which could even
lead to the formation of cracks at the ZrO2/SiO2 interfaces.
According to the ZrO2-SiO2 phase diagram,24 quartz and
(or) zircon would form when the material cooled down to
room temperature, however, no peaks of these two phases
were detected in the XRD patterns (Figure 2). This could
be because the cooling rate is rather rapid, leaving no time
for the crystallization of the quartz and (or) zircon. For
samples prepared at ∼2000◦C, solid t-ZrO2 crystals would
have formed during the heating process before the tem-
perature reached ∼2000◦C (Figure 10E). At the highest
temperature, the samples were composed of a mixture of
solid t-ZrO2 crystals and a liquid phase according the phase
diagram. The liquid phase consisted of Zr, Si and O ele-
ments. With temperature decreasing, almost all of the Zr
element and part of O element diffused to the surface of the
pre-existed solid t-ZrO2 crystals to form large ZrO2 aggre-
gates (green arrows, Figure 10F), in which the pre-existed
solid t-ZrO2 crystals acted as nucleation sites. After that t-
ZrO2 to m-ZrO2 phase transformation and solidification of
SiO2 matrix also occurred, which is very similar to those
occurred in the samples prepared at ∼3000◦C.

3.5 Nanohardness and elastic modulus

The 35Zr-3000 sample and the 50Zr-3000 sample were
selected to conduct nanohardness and elastic modu-
lus measurements. As can be seen from Figure 11, the
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FU et al. 2649

35Zr-3000 sample (11.8 GPa) showed higher average
nanohardness value than that of the 50Zr-3000 sample
(8.2 GPa). This could be because the sizes of ZrO2 aggre-
gates in the 35Zr-3000 sample (200 nm-500 nm, Figure 6A)
were smaller than those of the 50Zr-3000 sample (larger
than 1 µm, Figure 7A). It is well known that the hardness
of a material is reversely proportional to its grain size.
Whereas, the average elastic modulus of the two samples
showed a opposite trend, that is, being 85.2 GPa and
94.3 GPa for the 35Zr-3000 sample and 50Zr-3000 sample
(Figure 11), respectively. Note that the 50Zr-3000 sample
demonstrated a large standard deviation (25.5 GPa). This
could be because the size of the nanoindentation is a
few hundred nanometers. It is possible that when one
indentation was entirely located on a ZrO2 particle, the
measured value would bemuch larger than that located on
the SiO2 matrix or the interface between ZrO2 and SiO2,
since the elastic modulus of crystalline ZrO2 (∼210 GPa)
is larger than that of amorphous SiO2 (∼70 GPa). The size
of ZrO2 crystallite in 50Zr-3000 sample is large enough to
allow one indentation entirely located on it (Figure 7A).
Meanwhile, based on our previous results the average
elastic modulus of ZrO2-SiO2 glass-ceramics is closely
related to the molar ratio of ZrO2 and it increases with
the increase of molar ratio of ZrO2,

23 that is, the higher
molar ratio of ZrO2 in the glass-ceramic, the higher elastic
modulus of the glass-ceramic. The elastic modulus of a
composite material follows the role of mixture. Thereby,
in the present study the 50Zr-3000 sample with 50 mol%
ZrO2 showed higher elastic modulus than that of the
35Zr-3000 sample 35 mol% ZrO2 (Figure 10).

4 CONCLUSIONS

ZrO2-SiO2 glass-ceramics were prepared by an aerody-
namic levitation technology and the microstructures of
the glass-ceramics were investigated. For samples with
35 mol% ZrO2, when the processing temperature was
∼2000◦C, they predominately consisted of t-ZrO2, with
a small amount of m-ZrO2. However, when the process-
ing temperature was ∼3000◦C, the samples were purely
composed of m-ZrO2. The addition of yttrium showed
t-ZrO2 stabilization effect even after processing temper-
ature at ∼3000◦C. For samples with 50 mol% ZrO2,
they were purely composed of m-ZrO2, independent of
processing temperature. The glass-ceramics were in a
non-equilibrium state due to rapid quenching. Both trans-
granular fracture of ZrO2 particles and fractures occurred
at the interfaces between ZrO2 particles and the SiO2
matrix were observed on the fracture surfaces of the
samples. The glass-ceramics showed a microstructure of
irregular-sharped ZrO2 micro-aggregates embedded in an

amorphous SiO2 matrix. For samples fully melted at
∼3000◦C, a liquid-liquid phase separation occurred in the
melt, which eventually resulted in the formation of large
and irregular-shaped ZrO2 aggregates. Whereas, for sam-
ples partially melted at∼2000◦C, pre-existed ZrO2 crystals
formed during heating acted as nucleation sites during
the cooling process, followed by grain growth to form
large ZrO2 aggregates. Lamellar twins were formed within
ZrO2 aggregates due to phase transformation. Meanwhile,
there were a lot of lattice defects within ZrO2, which
were attributed to residual thermal stress and kinetically-
hindered atom movement during rapid cooling.
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