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Abstract
Liquid-phase sintering (LPS) is an effective pathway to assist the densification
of ceramics. However, it has seldom been used to densify glass–ceramics. In the
present study, a multielement co-doping strategy has been utilized to achieve
LPS of a ZrO2–SiO2 nanocrystalline glass–ceramic. Compared with undoped
samples densified by solid-state sintering, doping of equimolar Al, Y, and Ca
promoted the densification of the glass–ceramic at lower temperatures with a
faster densification rate. Ternary doping enhanced coarsening of ZrO2 nanocrys-
tallites during sintering and annealing. The distribution of dopants was carefully
observed with X-ray energy-dispersive spectrometry technique in scanning elec-
tron transmission microscopy mode. Results showed that the three dopants
showed different distribution behaviors. After sintering, Y dopantswere predom-
inately distributed in ZrO2 nanocrystallites, whereas parts of Al and Ca dopants
were distributed in ZrO2 nanocrystallites and part of them co-segregated at the
ZrO2/SiO2 heterointerfaces. Meanwhile, the segregation of Ca dopant at some
intergranular films among ZrO2 nanocrystallites was observed. Redistribution
of dopants did not occur during annealing.

KEYWORDS
co-doping, grain coarsening, liquid-phase sintering, nanocrystalline glass–ceramics, ZrO2–
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1 INTRODUCTION

Generally, sintering is referred to thermal treatment
for bonding particles into a coherent solid structure via
mass transport events that occur on the atomic scale.1
Depending on whether the liquid phase is formed or not,
sintering can be classified as solid-state sintering (SSS)
and liquid-phase sintering (LPS). The presence of the

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

liquid phase in LPS provides an excellent vehicle for rapid
mass transport. Atomic diffusivity in LPS via diffusion
in the liquid phase is orders of magnitude higher than
those in the SSS, which typically results in a higher rapid
densification rate in LPS.2,3 In the 1960s, Kingery proposed
the densification mechanism of LPS4 and experimentally
verified the theory.5 The high-temperature liquid phase
during sintering can be formed either by adding additives
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with a low melting point, or additives those react with
the raw powder to form a low melting point product. For
instance, a small amount of Bi2O3 is typically added during
the sintering of ZnO, because the melting point of Bi2O3 is
only 825◦C and its melt enables the LPS of ZnO.6 Another
typical example is the LPS of Si3N4. Raw powder particle
of Si3N4 contains a surface layer of SiO2 that reacts with
sintering aids (typically Y2O3 and Al2O3) during sintering
to form a liquid phase with eutectic point, which signif-
icantly reduces the densification temperature of Si3N4.7,8
After sintering, the liquid phase is typically retained in the
materials as an amorphous phase existing at grain bound-
aries. To a great extent, the amorphous phase determines
the quantity and chemistry of the grain boundaries that
in turn affect the properties of the materials prepared by
LPS.9–11
It is well known that glass–ceramics are typically

manufactured by melting–casting–annealing processes,
which are also known as ceramming. Actually, glass–
ceramics also can be produced by concurrent sintering–
crystallization of glass particle compacts without the
addition of nucleation agents.12,13 Most glass–ceramics
prepared by the sintering method are essentially con-
solidated by SSS. Only a few works on the sintering of
glass–ceramics via LPS have been conducted. For instance,
Zeng et al. prepared porous glass–ceramics through LPS
using coal fly ash as raw materials.14 They found that the
addition of borax to the coal fly ash can reduce the temper-
ature of liquid-phase formation and assist densification.
However, they did not characterize the where the liquid
phase locates after sintering. Jiang et al. reported the prepa-
ration of Ce:YAG transparent glass–ceramic by LPS.15 But
they did not investigate the densification process of the
glass–ceramic. Zhang et al. sintered SrO–BaO–B2O3–SiO2
glass–ceramics via LPS and found that the densifica-
tion of glass–ceramics was promoted with the TiO2/B2O3
ratio range of 0.00–0.62, whereas the TiO2/B2O3 ratio of
0.91 deteriorated the densification.16 Ye et al. prepared
barium aluminosilicate (BAS) glass–ceramic composites
reinforced with multiwalled carbon nanotubes (MWNTs).
Their results showed that BAS glass–ceramic served as
an effective LPS aid to promote the formation of highly
dense BAS-MWNTs composite. However, the mechanisms
of how LPS assisted densification were not investigated
in this study.17 Wang achieved low temperature sinter-
ing of La2O3–B2O3–CaO glass–ceramic/LaBO3 compos-
ites. Sufficient densification occurred at ∼950◦C due to
the melting of LaBO3 phase.18 Alves et al. found that an
LPS mechanism favored the densification process of mul-
lite glass–ceramics,19 but they did not examine the effects
of residual liquid phase on the microstructures and prop-
erties of the glass–ceramics after sintering. Despite a few
works have been conducted on LPS of glass–ceramics,

our understanding of glass–ceramics prepared by LPS is
still very limited. Many questions remain unknown to us,
such as where the liquid phase (dopants) locates after
sintering, how does the liquid phase affect the microstruc-
ture of the glass–ceramics during post-annealing process,
would redistribution of the dopants occur during post-
annealing, and so on. Therefore, it is of great significance
to explore these unknown questions in the field of LPS of
glass–ceramics.
In our previous studies,20,21 we consolidated ZrO2–SiO2

nanocrystalline glass–ceramics (NCGCs) by spark plasma
sintering (SPS) at approximately 1200◦C via SSS. In this
study, we are aiming to sinter the NCGC by LPS via
adding a ternary sintering additive, that is, AlCl3, YCl3,
and CaCl2. It is possible that this ternary sintering additive
would react with the SiO2 component in the raw ZrO2–
SiO2 powder to form a liquid phase with a low eutectic
point.22,23 We are interested in investigating the effects of
LPS on the densification behavior of the glass–ceramic.
The presence of the liquid phase would also affect the
coarsening behavior of ZrO2 nanocrystallites during sin-
tering and annealing. Meanwhile, it would be interesting
to explore where the ternary dopants (Al, Y, and Ca atoms)
locate in the glass–ceramic after sintering and annealing
by transmission electron microscopy (TEM). The findings
reported in this study would offer significant guidance
for consolidating glass–ceramics with LPS and tailoring
the microstructure of glass–ceramics prepared by LPS via
annealing treatment.

2 MATERIALS ANDMETHODS

2.1 Synthesis of raw powder

Raw powder with a composition of 65 mol% ZrO2–35 mol%
SiO2–2 mol% AlCl3–2 mol% YCl3–2 mol% CaCl2 was syn-
thesized by a sol–gel method. The molar percentage of
the doping chlorides is respective to the molar of ZrO2–
SiO2. For instance, 0.02 mol AlCl3, 0.02 mol YCl3, and
0.02 mol CaCl2 were added to 1 mol of ZrO2–SiO2. The
synthesis process started bymixing ethanol (EtOH,>99%),
HCl (aq, 0.4 mol/L), and tetraethyl orthosilicate in a flask.
After magnetic stirring for 30 min, zirconium n-propoxide
(Zr(OPr)4, 70 wt% in 1-propanol) and the three dopants
were added to the flask, followed by stirring for another
30 min until all the dopants dissolved in the solution. All
the high-purity chemicals were purchased from Aladdin
Industrial Corporation, Shanghai, China. Concentrated
HCl (aq, 12 mol/L) was added to the sol to initiate hydrol-
ysis of Zr(OPr)4 solution and polymerization of the sol,
followed by keeping the sol at 60◦C for 3 days for gela-
tion. A drying process was conducted at 120◦C overnight,
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TABLE 1 Composition, sintering parameters, and sample designation of the studied glass–ceramics

Sintering parameters

Sample composition (mol%)
Highest
temperature (◦C)

Dwell time
(min)

Pressure
(MPa)

Sample
designation

65ZrO2–35SiO2–2AlCl3–2YCl3–2CaCl2 1230 4 40 Doped-1230
65ZrO2–35SiO2–2AlCl3–2YCl3–2CaCl2 1170 4 40 Doped-1170
65ZrO2–35SiO2 1170 4 40 Undoped-1170

followed by planetary ball milling and sieving to obtain
fine powder. Calcination of the powder was performed
in a muffle furnace at 600◦C for 1 h with a ramping
rate of 1◦C/min to remove organic residual in the as-
prepared powder. An undoped powder with a composition
of 65 mol% ZrO2–35 mol% SiO2 was also prepared by the
above sol–gel method except no doping chlorides were
added.

2.2 Sintering and annealing

Consolidation of the raw powder was carried out on an
SPS instrument (LABOX-325, Sinter Land, Japan). The sin-
tering process has been described in detail elsewhere.24
Briefly, the instrument took approximately 5 min to
heat the sintering die from room temperature to 600◦C.
After that, the heating rate between 600 and 900◦C was
150◦C/min. A dwelling step at 900◦C for 2minwas utilized
to eliminate large pores among powder particles. The sam-
ple was then heated to the highest sintering temperature
with a ramping rate of 50◦C/min, and the dwell time at the
highest temperature was 4 min. The applied pressure was
40MPa during sintering. The displacement, sintering tem-
perature, and time data were recorded by the instrument.
The sintered samples were ground and polished to remove
graphite adhered on the samples to obtain a clean and
smooth surface before carrying out characterizations. To
explore the effect of sintering temperature on the crystal-
lite size of ZrO2, the powder doped with Al, Y, and Ca was
sintered at the two highest sintering temperatures (1230
and 1170◦C). These two sampleswere designated asDoped-
1230 and Doped-1170 (Table 1), respectively. The undoped
powder was sintered at 1230◦C and the sintered samples
acted as reference samples. The reference sample was des-
ignated as Undoped-1230 (Table 1). Based on our sintering
experiences, the undoped ZrO2–SiO2 NCGC can be 100%
densified at ∼1230◦C. Temperature above 1230◦C could
also result in 100% densification, but it would increase the
content of m-ZrO2 after sintering, which would be detri-
mental to the mechanical strength of the glass–ceramic.
Therefore, 1230◦C is the optimum highest sintering tem-
perature for the undoped glass–ceramic. For the doped
one, the addition of Al, Y, and Ca dopants accelerates the

densification process, which makes the densification ends
at ∼1130◦C (Figure 1A). But it is necessary to increase 30–
40◦C to actually obtain 100% densification. Hence, 1170◦C
was chosen as one of the highest sintering temperatures
for the doped sample. In addition, an additional doped
sample sintered at 1230◦C was prepared to compare the
effects of dopants on the phase compositions of the doped
and undoped samples. Post-annealing treatments of the
as-sintered samples were conducted in a muffle furnace
at 650, 850, 1000, and 1100◦C. Dwell time at the high-
est temperature was 5 h. After annealing, the samples
were cooled down to room temperature in the furnace.
Significant coarsening of ZrO2 nanocrystallites occurred
after annealing at 850◦C.24 In this study, we further lower
the temperature to 650◦C, setting it as the lowest anneal-
ing temperature. The size of ZrO2 nanocrystallites of the
Doped-1230 sample reached ∼196 nm after annealing at
1100◦C (Figure 5). Higher annealing temperature would
probably result in further coarsening, which makes it
impossible to measure the size of ZrO2 nanocrystallites
with X-ray diffraction (XRD). Hence, 1100◦Cwas set as the
highest annealing temperature. Meanwhile, 5 h is a proper
dwelling time for annealing, which could make the glass–
ceramics to reach an equilibrium state at each annealing
temperature.

2.3 Material characterizations

XRD analyses of the as-sintered and annealed samples
were conducted on an X-ray diffractometer (SmartLab,
Rigaku, Japan), with a scanning range of 10◦–80◦ and a
scanning speed of 2◦/min. Diffraction data analyses were
conducted on an MDI Jade software. The size of ZrO2
nanocrystallites was calculated by the Scherrer equation,
which can only be applied for average grain sizes up to
about 100–200 nm,25 depending on the instrument, sam-
ple and signal-to-noise ratio. In the present study, the
broadening caused by the instrument was small, and the
signal-to-noise ratio of the XRD pattern was high. Hence,
we applied the Scherrer equation for average grain size up
to about 200 nm. More detailed information about how
to use the Scherrer equation can be found in our previ-
ous report.24 The as-sintered and annealed samples were
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FU et al. 2705

F IGURE 1 Representative densification behavior of nanocrystalline glass–ceramics during spark plasma sintering. (A and B)
Doped-1230 sample. (B and C) Undoped-1230 sample. Tstart and Tend represent the temperature when densification starts and ends at elevated
temperature, respectively. The densification curve of the two samples between Tstart and Tend was plotted in (B) and (D), respectively. The
densification curve is linearly fitted to obtain the average densification rate (slope)

subjected to scanning electron microscopy (SEM, SIRION
200, FEI Co., Ltd) observation to observe the morphol-
ogy and size of ZrO2 nanocrystallites. Before observation,
the polished surface of the samples was etched with HF
acid to remove the SiO2 phase. The etched samples were
cleaned with ultrasonic treatment for 1 min to remove
HF acid before coating. TEM observations were conducted
on a probe-corrected Titan Themis microscopy (Thermo
Fisher Scientific, USA). Electron transparent lamellas of
the Doped-1170 sample were prepared with a dual-beam
focused ion beam-SEM (Zeiss FIB/SEM Crossbeam 550
with Ga Ion-Sculptor gun) and attached to Cu lift-out
grids. The elemental distribution of the samples was
examined by energy-dispersive X-ray spectroscopy (EDS)
with an equipped SuperX system. Several imaging modes
have been used, including high-angle annular dark field
(HAADF) and bright-field (BF) in scanning TEM (STEM)
mode, and BF in TEM. The average size and standard

deviation values of the ZrO2 nanocrystallites were mea-
sured with ImageJ software using STEM-HAADF images.
Approximately 180 ZrO2 nanocrystallites were measured
for each sample.

3 RESULTS AND DISCUSSIONS

3.1 Densification behavior

Representative densification curves of Doped-1230 and
Undoped-1230 samples are demonstrated in Figure 1A,C,
from which it can be seen that the two samples showed a
similar densification process. Between ∼600 and ∼900◦C,
displacement values of the two samples increased rapidly
with the increase in sintering temperature. This is because
with the assistance of thermal input and applied pres-
sure, large pores among powder particles were eliminated,
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resulting in the rapid increase of displacement value.
The displacement plateau at 900◦C was ascribed to the
dwelling at 900◦C (Figure 1A,C). With sintering tem-
perature increasing over 900◦C, the displacement value
increased again due to the densification at high tempera-
ture. The densification starting (Tstart) and ending (Tend)
can be determined by carefully examining the displace-
ment curve. The two samples showed nearly identical den-
sification starting temperature (Tstart = ∼960◦C), whereas
the densification ending temperature of the Doped-1230
sample (Tend =∼1130◦C)was almost 100◦C lower than that
of theUndoped-1230 sample (Tend=∼1225◦C). In addition,
the sintering time versus displacement curves between the
Tstart and Tend are plotted separately and demonstrated
in Figure 1B,C. The sintering time versus displacement
curves are linearly fitted and presented as red curves. The
slope of the fitted line is the average densification rate
during the temperature range. The average densification
rate of the Doped-1230 and the Undoped-1230 sample was
0.01032 and 0.00751 mm/s (Figure 1B,D), respectively.
Based on the previous results, it can be seen that dop-

ing of Al, Y, and Ca elements in the ZrO2–SiO2 NCGCs
exerted significant effects on the densification of the mate-
rial. The Doped-1230 sample showed lower densification
ending temperature and higher densification rate than that
of the Undoped-1230 sample at elevated temperature. This
could be because LPS occurred in the Doped-1230 sample
due to the doping. LPShad beenwidely utilized for densify-
ing Si3N4 ceramics, and themost commonly used sintering
aids were Al2O3 and Y2O3.7,8 The underlying mechanism
was that Si3N4 particles in the raw powder contained a
surface layer of SiO2 that reacted with the oxide sinter-
ing aids during sintering to form a eutectic liquid phase
with low melting point. Keramat et al.22 achieved LPS of
the alumina by using CaO–SiO2–Al2O3 eutectic phase as
the sintering additive phase. Qin et al.9 fabricated 3Y-TZP
and 12Ce-TZP via LPS with 1 wt% of MgO–Al2O3–SiO2
glass added as a sintering aid. In the present study, the
doping elements are Al, Y, and Ca, the ZrO2–SiO2 glass–
ceramics contain a large amount of Si and O element. It
is possible that Al, Y, Ca, Si, and O elements reacted at a
temperature range between the Tstart and Tend to form a
quaternary CaO–SiO2–Al2O3–Y2O3 eutectic phase with a
lowmelting point. The presence of an intergranular liquid-
phase layer in the Doped-1230 sample is beneficial to sinter
and bond powder particles at a lower temperature. Mean-
while, the liquid phase enhances mass transport during
sintering to accelerate densification. In comparison, densi-
fication in the Undoped-1230 sample occurred by SSS. This
is because the melting point of SiO2 and ZrO2 is 1680 and
2710◦C,26 respectively. Moreover, the ZrO2–SiO2 system
does not have a eutectic point lower than 2200◦Caccording
to the ZrO2–SiO2 phase diagram.27 Atomic diffusivity in

theUndoped-1230 sample via diffusion in the solid phase is
order of magnitude lower than those in the Undoped-1230
sample via diffusion in liquid phase. Hence, the Doped-
1230 sample showed lower Tend and lower densification
rate than those of the Undoped-1230 sample (Figure 1).

3.2 Microstructure and dopants
distribution after sintering

The Doped-1170 sample was selected to conduct STEM
observations to observe the microstructure of the glass–
ceramic and distribution of dopants after sintering. As can
be seen from Figure 2A, a lot of nanocrystallites with near-
spherical morphology and bright contrast were formed in
the Doped-1170 sample. In addition, most of the nanocrys-
tallites were connected with the adjacent nanocrystallites
with at least one interface; meanwhile, the nanocrystal-
liteswere also separated by amatrix showing dark contrast.
The image contrast in the STEM-HAADF image is nearly
proportional to the square of the atomic number (Z).
Therefore, the nanocrystallites with bright contrast and
the matrix with dark contrast were ZrO2 and SiO2 phases
(Figure 2A), respectively. The size distribution of ZrO2
nanocrystallites showed aGaussian distribution,with both
small ones (<30 nm) and large ones (>80 nm). The aver-
age size and standard deviations were 58.5 and 12.2 nm
(Figure 2A, inset), respectively. At a higher magnifica-
tion, it can be seen that some of the ZrO2 nanocrystallites
were tightly bonded with each other by grain boundaries
(Figure 2B), as indicated by yellow arrows. However, some
other adjacent ZrO2 nanocrystallites were separated by a
thin intergranular glass film (IGF) with dark contrast, as
marked by red arrows. In addition to ZrO2 nanocrystal-
lites and SiO2 matrix, some tiny precipitates with sizes of
a few nanometers were observed in the SiO2 matrix (indi-
cated by green cycles). The two types of interfaces between
adjacent ZrO2 nanocrystallites, that is, IGF (1–2 nm) and
grain boundary can clearly be observed in Figure 2C,D,
respectively.
Dopant distribution is of great significance to the glass–

ceramic and was examined by STEM-EDS (Figure 3). A
STEM-BF image served as the spectrum image, in which
the ZrO2 nanocrystallites and SiO2 matrix appeared with
dark contrast and bright contrast (Figure 3A), respectively.
Four IGFs located among adjacent ZrO2 nanocrystallites
were marked by yellow arrows and showed bright con-
trast. The Zr map (Figure 3B) and Si map (Figure 3C)
confirmed that the nanocrystallites and matrix were ZrO2
and SiO2, respectively. O element was almost homoge-
nously distributed in ZrO2 nanocrystallites and SiO2
matrix (Figure 3D). Al and Ca dopants were detected in
both ZrO2 nanocrystallites and SiO2 matrix (Figure 3E,G).
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F IGURE 2 Scanning transmission electron microscopy-high-angle annular dark field (STEM-HAADF) results of the as-sintered
Doped-1170 sample. The nanocrystallites with bright contrast and the matrix with dark contrast are ZrO2 and SiO2 phase, respectively. There
are two types of interfaces between adjacent ZrO2 nanocrystallites, that is, intergranular glass film (IGF) and grain boundary

Interestingly, both Al and Ca dopant showed obvious co-
segregation at the heterointerface between ZrO2 nanocrys-
tallites and SiO2 matrix, as indicated by the red arrows.
Y dopants were predominately distributed within ZrO2
nanocrystallites, without segregation at ZrO2/SiO2 het-
erointerfaces (Figure 3F). By careful observation, it can be
seen that Al dopant did not show segregation at the four
IGFs (Figure 3E). In comparison, Ca dopant demonstrated
distinct segregation at IGF1 and slight segregation at IGF2,
but not at IGF3 and IGF4 (Figure 3G). Many tiny precipi-
tates with dark contrast were found in the SiO2 matrix, as
marked by green cycles (Figure 3A). There could be pre-
cipitates containing Al and (or) Ca elements, because EDS
signals of Al and Ca were detected in SiO2 matrix.
ZrO2 lattices show distorted fluorite structures that have

an appreciable solubility, of the order of a few percent,
for a large number of cationic dopants.28 EDS signals of
Al, Y, and Ca were detected within ZrO2 nanocrystal-
lites, indicating that part of the dopants was dissolved in
ZrO2 lattices. Y dopant was only found in ZrO2 nanocrys-
tallites and it did not show segregation at ZrO2/SiO2

heterointerfaces, whereas Al and Ca showed distinct co-
segregation at ZrO2/SiO2 heterointerfaces. The doping
concentration of Al, Y, and Ca is the same, that is, 2 mol%.
Therefore, Y shows higher solubility in ZrO2 lattices than
that of Al and Ca. The solubility differences between Y
dopants and Al and Ca dopants can be attributed to the
ionic radius of the ions. The ionic radius of Zr4+, Al3+,
Y3+, and Ca2+ is 84.0,28 53.5,29 102.0,28 and 112.0 pm,28
respectively. The ionic radius mismatch between solute
and solvent ions can be calculated as 100% × (ra − rb)/ra,
where ra and rb are ionic radius of solvent and solute ions,
respectively. Hence, the absolute value of ionic radius mis-
match of Al3+, Y3+, and Ca2+ respective to Zr4+ is 36.3%,
21.4%, and 33.3%, respectively. Elastic lattice strain caused
by the ionic radius mismatch between solute and solvent
ions plays an essential role in the segregation of dopants.
The system reduces the elastic energy of the host lattice by
“pushing” the dopants with large ionic radius mismatch
to the interface.30,31 This segregation mode is called “elas-
tic stress field driven segregation.”30 In the present study,
Al3+ and Ca2+ show ionic radius mismatch of over 30%
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2708 FU et al.

F IGURE 3 Scanning transmission electron microscopy-energy-dispersive X-ray spectroscopy (STEM-EDS) results of the as-sintered
Doped-1170 sample. (A) STEM-bright-field (BF) spectrum image, (B) Zr map, (C) Si map, (D) O map, (E) Al map, (F) Y map, and (G) Ca map

relative to Zr4+, whereas that of Y3+ is 21.4%. Therefore,
ZrO2 lattices “adopt” all the Y3+ and part of Al3+ and
Ca2+, while, simultaneously, “push” excess Al3+ and Ca2+
to the ZrO2/SiO2 heterointerfaces. In the LPS of Si3N4,
sintering additives form an intergranular glass phase after
sintering.32 This is because the additive ions typically can-
not be dissolved in Si3N4 lattices. However, in the present
study, all the Y3+ and part of Al3+ and Ca2+ dissolved in
ZrO2 lattice and the rest of Al3+ and Ca2+ co-segregated to
the ZrO2/SiO2 heterointerfaces after LPS.
The equimolar ternary dopants utilized in this study

may show the following advantages compared with other
LPS aids: First, in most cases, the content of LPS aids is
high (at least ∼10 mol%). In the present study, the total
amount of the ternary dopants was 6 mol%, which was
lower than that of the other LPS aids. Strictly speaking,
the LPS aids can be considered “impurities” of sintered

materials. The LPS aids would exist in the form of glass
phase in the material after sintering, typically locating at
the grain boundary, which might show detrimental effects
on the material. For example, Al2O3 and Y2O3 were added
as aid in the LPS of Si3N4 ceramics and they formed glass
phase at grain boundary after sintering. The glass phase
softened at temperatures above 1000◦C, causing grain-
boundary sliding and an eventual failure of the ceramic.33
Hence, for certain properties the lower amount of LPS
aids, the better. In our cases, Y and Ca dopants show dual
effects, as LPS aids and as t-ZrO2 stabilizers. Y dopants
were predominately distributed in ZrO2 nanocrystallites
after sintering (Figure 3). Parts of Ca and Al were also dis-
tributed in ZrO2. Only a small amount of LPS aids located
at ZrO2 grain boundaries and ZrO2/SiO2 interfaces. This
would also effectively reduce the detrimental effects of LPS
aids as “impurities.”
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FU et al. 2709

F IGURE 4 Representative X-ray diffraction (XRD) patterns of the as-sintered and annealed nanocrystalline glass–ceramics.
(A) Doped-1170 sample, (B) Doped-1230 sample, and (C) Undoped-1230 sample. t-ZrO2 and m-ZrO2 represent tetragonal-ZrO2 and
monoclinic-ZrO2, respectively

3.3 Phase composition and grain size

XRD patterns of the as-sintered and annealed samples are
demonstrated in Figure 4. The Doped-1170 sample was
consisted of tetragonal- and monoclinic-ZrO2 (Figure 4A)
after sintering, without any other crystalline phase, indi-
cating that the SiO2 component was amorphous, and
the doping elements (Al, Y, and Ca) were dissolved in
the glass–ceramics without forming crystalline phase. No
new crystalline phase was formed even after annealing
at 1100◦C for 5 h. However, the amount of the m-ZrO2
decreased with the increase of annealing temperature,
which was evidenced by the reducing peak intensity of m-
ZrO2 (Figure 4A). This phenomenon has been observed
and explained by a mechanism of size-driven phase trans-
formation in our previous report.24 The phase composition
evolution behavior of the Doped-1230 sample (Figure 4B)
was identical to that of the Doped-1170 sample, that is,
no crystalline phase containing doping elements (Al, Y,
and Ca) was formed after sintering and annealing. The
Undoped-1230 sample (Figure 4C) also showed similar

phase composition evolution behavior to the Doped-1170
and the Doped-1230 sample, except that there was more
monoclinic-ZrO2 in the Undoped-1230 sample after sinter-
ing and annealing, which can be attributed to the fact that
doping of Y element in the doped samples was beneficial
to the stabilization of t-ZrO2 and it hindered tetragonal to
monoclinic phase transformation.
The grain size evolution of t-ZrO2 of the three studied

samples is shown in Figure 5. The average size of t-ZrO2
nanocrystallites in the Doped-1230 sample after sintering
was 75.4 nm, which was larger than that of the Doped-
1170 sample (45.3 nm). This is understandable, because
the highest sintering temperature of the Doped-1230 sam-
ple (1230◦C) was higher than that of the Doped-1170
sample (1170◦C) and coarsening of t-ZrO2 nanocrystal-
lites occurred at elevated temperature. Strikingly, t-ZrO2
nanocrystallites in the as-sintered Doped-1230 sample
(75.4 nm) were more than twice as large as that in the
as-sintered Undoped-1230 sample (31.1 nm), although the
two samples were sintered at the same sintering condi-
tion. This indicates that doping of Al, Y, and Ca elements
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F IGURE 5 Average grain size of tetragonal-ZrO2

nanocrystallites of the studied samples after sintering (as-sintered)
and after annealing at different temperatures

not only accelerated the densification process of the glass–
ceramics but also significantly enhanced grain coarsening
during sintering. The possible underlying mechanism was
that enhanced atomic diffusivity achieved by diffusion of
atoms via liquid phase increased grain-boundary mobil-
ity of t-ZrO2 nanocrystallites, resulting in a higher chance
of grain coalescence. Grain coarsening or even abnormal
grain growth during the LPS process has been reported in
the previous literature.6,34
During annealing, t-ZrO2 nanocrystallites grew larger

with the increase of annealing temperature for the three
studied samples (Figure 5). The t-ZrO2 nanocrystallites
showed a strong coarsening tendency as they distinctly
grew larger even after annealing at 650◦C for 5 h. For the
Doped-1170 sample, the average size of t-ZrO2 nanocrystal-
lites after annealing at 650◦C (53.8 nm) was 18.8% larger
than that of the as-sintered condition (45.3 nm); those for
the Doped-1230 (75.4–94.1 nm) and Undoped-1230 (31.1–
50.0 nm) sample were 24.8% and 60.8%, respectively. It
is well accepted that the thermodynamical instability of
nanocrystallites is unconventionally high due to the exis-
tence of large volume fractions of grain boundaries and
high specific surface area, resulting in rapid grain growth
at relatively low temperatures.35,36 In this study, the glass–
ceramics were sintered by SPS with fast heating and short
dwell time, ZrO2 nanocrystalliteswere in a thermodynami-
cally nonequilibrium state after sintering, and they showed
low activation energy for coarsening. Hence, distinct grain
growth occurred even after annealing at 650◦C (Figure 5).
For the three samples, ZrO2 nanocrystallites continu-

ously grewwith annealing temperature further increasing.
However, interestingly, the grain coarsening tendency

of the Undoped-1230 samples was reduced at elevated
temperatures. The grain size of the 850, 1000, and 1100◦C-
annealed samples was 52.1, 60.0, and 62.2 nm (Figure 5),
respectively. In comparison, the grain coarsening tendency
of the Doped-1170 and Doped-1230 samples enhanced
at elevated temperatures, especially after annealing at
1100◦C. The grain size of the 1000 and 1100◦C-annealed
Doped-1170 samples was 66.2 and 99.8 nm, respectively,
achieving a 50.8% increment. That of the 1000 and 1100◦C-
annealed Doped-1230 sample was 109.2 and 196.1 nm
(Figure 5), respectively, resulting in a 79.5% increment.
This indicates that doping of Al, Y, and Ca elements signif-
icantly enhances grain coarsening of ZrO2 nanocrystallites
during the annealing process.

3.4 Grain morphology

SEM images of the as-sintered and annealed (1100◦C for
5 h) samples are illustrated in Figure 6. ZrO2 nanocrys-
tallites in the Doped-1170 sample after sintering showed
spherical morphology and narrow size distribution, and
the grain size was ∼70 nm (Figure 6A). After annealing,
ZrO2 nanocrystallites grew larger (∼100 nm, Figure 6B).
Moreover, the ZrO2 nanocrystallites maintained spher-
ical morphology and narrow size distribution, without
the formation of exceptionally large ones. The as-sintered
Doped-1230 sample (∼80 nm, Figure 6C) had larger grain
size than that of the Doped-1170 sample, which was
in accordance with the XRD results (Figure 5). Mean-
while, the nanocrystallites presented homogenous size
distribution (Figure 6C). In comparison, significant coars-
ening occurred in the Doped-1230 sample after annealing
(Figure 6D). The sample showed bimodal microstructure,
with the presence of both very large ZrO2 crystallites
(∼500 nm, marked by yellow dash cycles) and relatively
small ones (∼200 nm, marked by yellow arrows). For the
Undoped-1230 sample (Figure 6E,F), compared with the
as-sintered condition (∼35 nm), coarsening also occurred
after annealing (∼65 nm). Similar to that of the Doped-1170
sample, ZrO2 nanocrystallites in the Undoped-1230 sam-
ple presented spherical morphology, and homogenous size
distribution after sintering and annealing. Note that the
size of ZrO2 crystallites measured by XRD (Figure 5) was
smaller than that measured by SEM images (Figure 6).
The Scherrer equation calculated the average size of

hundreds of thousands of ZrO2 nanocrystallites. In the
present study, we did not take peak broadening caused by
microstrain into consideration,whichmaymake it difficult
to obtain very accurate grain size value with XRD mea-
surement. In comparison, whenmeasuring grain size with
SEM images, only the ZrO2 nanocrystallites presented
on the images were measured. The etched samples were
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FU et al. 2711

F IGURE 6 Scanning electron
microscopy (SEM) images of the studied
samples after sintering and after annealing at
1100◦C for 5 h. To observe the ZrO2

nanocrystallites, the samples were etched
with HF acid to remove SiO2 phase.
(A) Doped-1170, as sintered. (B) Doped-1170,
1100◦C-5 h. (C) Doped-1230, as sintered.
(D) Doped-1230, 1100◦C-5 h.
(E) Undoped-1230, as sintered.
(F) Undoped-1230, 1100◦C-5 h

cleaned with ultrasonic treatment to remove HF acid. Pos-
sibly, some small ZrO2 nanocrystallites were washed away,
which increased the measured size of ZrO2 nanocrys-
tallites. This could be the reason why the size of ZrO2
crystallites measured by XRD was smaller than that mea-
sured by SEM images. However, we were more interested
in the grain size evolution, rather than the accurate size
values. Both the XRD and SEM results demonstrated that
compared with the as-sintered samples grain coarsening
occurred after annealing and samples (Doped-1170 and
Doped-1230) with the doping of Al, Y, and Ca elements
showed much stronger coarsening tendency than that
without doping (Undoped-1230).

3.5 Microstructure and dopants
distribution after annealing

Themicrostructure of the Doped-1170 sample after anneal-
ing at 1100◦C for 5 h was observed with STEM, and the
results are presented in Figure 7. As can be seen from

Figure 7A, the ZrO2 nanocrystallites still showed a near-
spherical morphology after annealing, but the average
size of ZrO2 nanocrystallites was 73.1 nm that was larger
than that of the as-sintered Doped-1170 sample (Figure 2A,
58.5 nm). Coarsening of ZrO2 nanocrystallites occurred
during annealing, which was consistent with the XRD
(Figure 5) and SEM (Figure 6) results. Similar to that
in the as-sintered Doped-1170 sample, two types of inter-
faces between adjacent ZrO2 nanocrystallites were found
(Figure 7B): One is a layer of IGF (1–2 nm thick) separat-
ing two adjacent ZrO2 (indicated by red arrows); the other
one is grain boundary that tightly bonded two adjacent
ZrO2 (indicated by yellow arrows). The grain boundary
showed the same dark contrast as that of ZrO2 nanocrys-
tallites in the STEM-BF image (Figure 7C), whereas the
IGF demonstrated bright contrast in the STEM-BF image
(Figure 7D) and dark contrast in the STEM-HAADF image
(Figure 7D, inset), indicating that the IGF had different
crystallographic orientation and (or) chemical composi-
tion with that of the ZrO2 nanocrystallites. The distribu-
tion of dopants was examined with STEM-EDS, and the
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2712 FU et al.

F IGURE 7 Scanning transmission electron microscopy (STEM) results of the Doped-1170 sample after annealing at 1100◦C for 5 h.
(A and B) STEM-high-angle annular dark field (HAADF) images in which the nanocrystallites with bright contrast and the matrix with dark
contrast are ZrO2 and SiO2 phase, respectively. (C and D) TEM-bright-field (BF) images showing the existence of two types of interfaces
between adjacent ZrO2 nanocrystallites, that is, intergranular glass film (IGF) and grain boundary

results are displayed in Figure 8. In the STEM-BF spec-
trum image (Figure 8A), ZrO2 nanocrystallites appeared
with dark contrast, whereas the SiO2 matrix and the three
IGFs showed bright contrast. The distribution of Zr, Si,
and O in the annealed Doped-1170 sample (Figure 8B–D)
was identical to that of the as-sintered Doped-1170 sam-
ple (Figure 3B–D). EDS signals of Al and Ca dopants
were detected in both ZrO2 nanocrystallites and SiO2
matrix (Figure 8E,G), meanwhile, Al and Ca dopants
showed distinct co-segregation at ZrO2/SiO2 heterointer-
faces, as indicated by the red arrows. As for Y dopant,
it completely dissolved in ZrO2 nanocrystallites, without
segregation at ZrO2/SiO2 heterointerfaces (Figure 8F). Al
dopant did not segregate at IGF (white arrows, Figure 8E),
in contrast, Ca dopant demonstrated distinct and slight
segregation at IGF1 and IGF3, respectively, but not at
IGF2 (Figure 8G). By comparing the EDS results of the
as-sintered sample (Figure 3) and those of the annealed
sample (Figure 8), it can be seen that annealing treatment
did not exert significant influences on the distribution of

dopants. Redistribution of dopants did not occur during
annealing, which indicated that the dopants reached a
thermodynamically stable state in terms of location during
the fast-sintering cycle of SPS.
Regarding the issue of the enhanced coarsening ten-

dency of ZrO2 nanocrystallites during annealing in the
doped samples, the possible mechanism was that the
dissolution of Al, Y, and Ca dopants in ZrO2 nanocrys-
tallites caused lattice strain and oxygen vacancies. The
lattice strain is formed because of the ionic radius mis-
match between dopant ions (Al3+, Y3+, and Ca2+) and
the host Zr4+ ions, which is 36.3%, 21.4%, and 33.3%,
respectively. However„ the formation of oxygen vacancies
is attributed to the valance differences between dopant
ions (Al3+, Y3+, Ca2+) and the host Zr4+ ions. The for-
mation of lattice strain and oxygen vacancies in ZrO2
nanocrystallites renders ZrO2 lattices in a high free energy
state, which enhances coarsening of ZrO2 nanocrystal-
lites to reduce the free energy of the material during
annealing.1 From another perspective, the segregation of
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FU et al. 2713

F IGURE 8 Scanning transmission electron microscopy-energy-dispersive X-ray spectroscopy (STEM-EDS) results of the Doped-1170
sample after annealing at 1100◦C for 5 h. (A) STEM-bright-field (BF) spectrum image, (B) Zr map, (C) Si map, (D) O map, (E) Al map, (F) Y
map, and (G) Ca map

dopants at heterointerfaces and grain boundaries provides
a high diffusivity path for atoms to pass the heterointer-
faces and grain boundaries, which could promote grain
growth through atomic motion.37,38 In this study, Al and
Ca dopants co-segregated at ZrO2/SiO2 heterointerfaces,
meanwhile, Ca dopants showed segregation at some IGFs
among ZrO2 nanocrystallites (Figures 3 and 8). The seg-
regation layer at the interfaces could assist the diffusion
of Zr and O atoms and enhance coarsening of ZrO2
nanocrystallites during annealing.

4 CONCLUSIONS

In the present study, we doped ZrO2–SiO2 NCGCs with
ternary dopants (Al, Y, and Ca) and densified the glass–
ceramics via LPS with the SPS technique. Compared

with undoped samples densified by solid-state sintering,
the doped samples can be densified at lower tempera-
tures with faster densification rate. Coarsening of ZrO2
nanocrystallites occurred during annealing in both the
doped and undoped samples; however, ZrO2 nanocrystal-
lites in the doped samples showed a stronger coarsening
tendency. In the as-sintered sample, Y dopant was pre-
dominately distributed in ZrO2 nanocrystallites, whereas
Al and Ca dopants were found in both ZrO2 nanocrystal-
lites and SiO2 matrix. Meanwhile, they showed distinct
co-segregation at ZrO2/SiO2 heterointerfaces. Two types
of interfaces between ZrO2 nanocrystallites were found,
that is, grain boundary and IGF. Al dopant did not show
segregation at the intergranular film, whereas the segre-
gation of Ca dopant at some of the intergranular film was
observed. Y dopant was only found in ZrO2 nanocrys-
tallites and it did not show segregation at ZrO2/SiO2
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2714 FU et al.

heterointerfaces, whereas Al and Ca co-segregated at the
heterointerfaces. This segregation difference among the
three dopants can be explained by an “elastic stress field
driven segregation” mechanism. Annealing treatment did
not exert observable influences on the distribution of the
dopants. Redistribution of dopants did not occur during
annealing.
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