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We present herein a modified cold sintering process (CSP) for BaTiOz ceramics using a surface coating at
the particle surface which could enhance the relative density of BaTiOs up to ~93.5% at 220 °C and
500 MPa. The surface coating greatly enhances the ceramic density, mainly because it facilitates the
dissolution—precipitation process during CSP. Ba vacancies form at the surface of the coated powders,

so Ba(OH), solution is used to compensate Ba ions in the as-cold-sintered ceramics, which increases
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DOI: 10.1039/d0ra03849k kHz. This technique may also be extended to materials with very small, incongruent solubility in water or
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1. Introduction

Sintering is one of the major processes for densifying ceramics
and involves exposing a powder to high temperatures to densify it
into a dense bulk ceramic.’® The sintering process generally
requires temperatures of up to 1000 °C for many oxides mate-
rials.™* Obtaining such high sinter temperatures takes a long time
and is an energy-consuming process that involves a complicated
heating system. Therefore, numerous new sintering technologies
have been developed over the past several decades to reduce the
processing temperature. These technologies, such as liquid-phase
sintering,” microwave sintering,® spark plasma sintering,” flash
sintering,® and high-pressure sintering,” lower the sintering
temperature somewhat, although it still remains above 400 °C.
Recently, a novel sintering method called the “cold sintering
process” (CSP) has been developed for making dense ceramics
from a wide range of functional oxides and at low sintering
temperature (<300 °C).'**® The CSP uses a small quantity of
aqueous solution as a transient solvent under uniaxial pressure.
The densification of ceramic particles during the CSP is mainly
due to a liquid-phase-induced dissolution-precipitation
process: the solid surfaces decompose and partially dissolve
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volatile solutions that use the cold sintering process.

in the liquid phase, following which heating leads to evapora-
tion, which creates a supersaturated state for precipitation. The
rearrangement of the solid particles and the redistribution of
the liquid phase kinetically benefit the densification under
certain temperature and pressure.'*'”'® The dissolution of
ceramic particles in the aqueous solution plays a key role during
the CSP. For materials that can be dissociated in water, the CSP
has already been used to obtain dense ceramics, such as
Li;,M00,," NaNO,,* KH,PO,,* NaCL" ZnO,'* HBO,-II,*® etc. For
stable materials that generally dissolve incongruently in water,
a proactive mixture of solvochemical solutions must be
used."*>'¢ In addition, it's also a research hotspot to fabricate
novel composite ceramics through the CSP, such as microwave
composite ceramics with high quality factors for wireless and
satellite communication technology,’”*' three-dimensionally
(3D) integrated multilayer ceramic capacitors with alternating
ceramic and metal electrode layers,”” and novel dielectric
materials with fast signal response performance that meets the
requirements of the rapid development of the fifth-generation
mobile cellular network (5G).>*** To obtain dense barium tita-
nate (BaTiO;) ceramics, a water-based suspension of Ba(OH),
and TiO, was used to avoid incongruent dissolution of BaTiO;
during the CSP.** In addition, the hydrothermal precursor
solutions were also used in the preparation of BaTiO; ceramics
during the CSP.** A Pb(NO3), solution was used by Wang et al. as
the transient liquid phase to densify Pb(Zr,Ti)O; ceramics.” In
addition, Boston et al. developed a method to induce the chlo-
ride-TiO, reaction in SrTiO; particles to create fully dense
ceramics, and followed by heating at 950 °C.*® The result was
awell-densified ceramic with excellent dielectric characteristics.

The surface state of the particle is important for the particle-
compaction process of the CSP.* From this point of view, it is

This journal is © The Royal Society of Chemistry 2020
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Table 1 Conditions for coating powders and the corresponding abbreviations

Coating condition

Ba: Ti

of the BaTiO; precursor The mole fraction of BaTiO; precursor (mol%) Abbreviation Liquid phase Ceramic
1:1 5 1-5 Water Wi1-5
1:1 5 1-5 Ba(OH), S1-5
1:1 10 1-10 Water W1-10
1:1 20 1-20 Water W1-20
2:1 5 2-5 Water W2-5
2:1 5 2-5 Ba(OH), S2-5
3:1 5 3-5 Water W3-5
3:1 5 3-5 Ba(OH), S3-5

reasonable to believe that a surface coating, which has been
widely used over the past decades to promote sintering in
conventional sintered ceramics and leads to favorable ceramic
properties, should be a good way to improve the properties of
ceramics obtained from the CSP.***” The surface coating can
modify the surface characteristics of the particles and distribute
the sintering aids uniformly within the green bodies. During the
CSP, the ultrathin surface coating (thickness is several nano-
meters) should have high reactivity with the aqueous solution
used in the sintering process.

In this work, we propose a method of applying a surface
coating to the powder surface of materials that dissolve incon-
gruently in aqueous solutions. The hydrothermal synthesized
BaTiO; particles are coated by sol-precipitation methods. Next,
a typical CSP is used to obtain a dense BaTiO; ceramics. This
work compares the densities and the dielectric properties of
a surface-coating-assisted CSP. The main objective of this work
is to explore the coating method to enhance the BaTiO; ceramic
density by using the CSP. The results show that this coating
method has the potential to extend the CSP to materials that
undergo incongruent dissolution.

2. Experimental
2.1 Materials

Ba(OH),-8H,0 and Ba(OAc), was purchased from Sinopharm
Group Chemical Reagent Co., Ltd., China. Tetrabutyl titanate and
2-methoxyethanol was purchased from Kermel Chemical Reagent
Co., Ltd., China. Other chemicals were purchased from Xilong
Chemical Co., Ltd., China. All chemical reagents are analytical
reagent. The water used in the experiment is the ultra-pure water.

2.2 Hydrothermal synthesis

The BaTiO; powders were prepared by using a hydrothermal
process. Ba(OH),-8H,0 was dissolved in deionized water at
90 °C and tetrabutyl titanate (molar ratio of Ba/Ti = 1/1) was
dissolved in ethanol absolute, and the two solutions were mixed
by stirring. Adding the ammonia water (25%) dropwise to the
mixed solution created copious white precipitation. The slurries
were transferred into a Teflon-lined autoclave and kept at
a filling ratio of 60% (v/v). The autoclave was sealed and heated

This journal is © The Royal Society of Chemistry 2020

at 200 °C for 48 h. After hydrothermal treatment, the reactor was
allowed to cool to room temperature. The samples were
collected and washed with deionized water and ethanol, and
then dried at 80 °C in air for 12 h.

2.3 Surface coating

Three types of BaTiO; precursor solutions were prepared by dis-
solving Ba(OAc), and tetrabutyl titanate at ratios Ba:Ti = 1:1,
2 :1,and 3 : 1 with a solvent of acetic acid and 2-methoxyethanol.
The BaTiO; powders were dispersed by stirring in the solvent of
acetic acid and 2-methoxyethanol, and then 5, 10, 20 mol% BaTiO;
precursor solutions were added. To this was added ammonia
water (25%) with a volume 1.5 times that of the solvent. The
suspensions were evaporated at 90 °C, and then dried at 120 °C for
12 h. The resulting powders were calcined at 600 °C for 2 h.

2.4 Ceramic processing

For the CSP, the as-prepared powders were mixed 1-2 min with
30 wt% deionized water or Ba(OH), solution by using a pestle
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Fig.1 Relative density of BaTiOz ceramics cold sintered at 220 °C and
annealing at 900 °C.
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Fig. 2

(a) and (d) XRD patterns of coated powders of 1-5, 2-5, 3-5, 1-10 and 1-20. (b) and (e) XRD patterns of cold-sintered ceramics of W1-5,

W2-5, W3-5, W1-10 and W1-20. (c) Ceramic of S3-5 after annealing at 700 and 900 °C, and (f) the locally enlarged plots in 44°—-47°.

and mortar. The mixture was uniaxially pressed under 500 MPa
first at room temperature for 10 min, and then at 220 °C. This
temperature was maintained for 1.5 h. The as-prepared ceramic
pellets were baked at 200 °C overnight to remove possible water

@) ©

(b)

110y

residue. And then the ceramic pellets were further annealed at
700 and 900 °C for 3 h with a temperature ramp rate of
10 °C min~' in air. The densities were measured by using
Archimedes’ method, with ethanol as liquid medium.

(e) (@

Fig.3 TEM and HRTEM images of BaTiOz powders: (a) and (b) uncoated powers; (c) and (d) coated powders of 1-5; (e) and (f) coated powders of

2-5; (g) and (h) coated powders of 3-5.
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Fig. 4 SEM images of BaTiOz ceramics produced by (a) and (b) uncoated powders; (c) and (d) coated powders of 1-5.

2.5 Characterization

The phase structures of the specimen were determined by using
X-ray diffraction (XRD, Rigaku D/max-rA), and the powders were

imaged by using a transmission electron microscope (TEM, JEM-
2100). To prepare the TEM samples, the powders were dispersed
ultrasonically in ethanol for 20 min. The fracture surfaces of the
ceramics were imaged by using a field-emission scanning
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Fig. 5 (a)—(d) Ba 3d photoelectron spectra of BaTiOz powders and coated powders of 1-5, 2-5, and 3-5, respectively.
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electron microscope (Quanta FEG). The surface chemical
composition of the powders was determined by using X-ray
photoelectron spectroscopy (XPS; Thermo ESCALAB 250XI) with
Al K,, emission. The binding energies and oxidation states were
obtained from high-resolution scans. The energy scale was cali-
brated by assigning 284.8 eV to the C 1s peak, which corresponds
to adventitious carbon. For dielectric measurements, platinum
electrodes were fabricated by sputtering, and the dielectric
properties were measured at 1-100 kHz by using a LCR meter
(E4980A, Agilent Technologies) as the sample was cooled from

200 °C to room temperature at a rate of 2 °C min™ .

3. Results and discussions

To exclude the effect of calcination, the hydrothermal synthe-
sized powders without coating were calcined at 600 °C for 2 h,
and the ceramics were prepared by using the CSP. By applying
water solution, relative densities of 70% and 65% were obtained
for the ceramic made from the hydrothermal synthesized
powders and the hydrothermal synthesized powders calcined at
600 °C, respectively. We adopted a theoretical density of
6.02 ¢ cm > for the BaTiO; ceramics. Adding a few drops of
water during the CSP did not help densify the uncoated BaTiO;
powder into a dense ceramic. The BaTiO;3 ceramics were then
made from the coated powders. Table 1 shows the coating
conditions, the liquid phase conditions, and the corresponding
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abbreviations of the coated powders and ceramics. Fig. 1 shows
the densities of the cold-sintered BaTiO; ceramics made by
using the various coated powders. Upon applying just a few
drops of water, the relative densities of the BaTiO; ceramics
prepared from coated powders increases to 90% and upwards.

The phase structures of the hydrothermal synthesized
powders and the hydrothermal synthesized powders calcined at
600 °C [Fig. S1(a), ESIT] are well indexed as perovskite structures
of BaTiO;, and no other impurities appear. In addition, the
BaTiO; powders have a light peak splitting at ~45°, which
indicates a part of the tetragonal phase; after calcining, part of
the cubic phase forms [Fig. S1(b), ESIT]. Fig. 2 shows the phase
structures of the BaTiO; powders and ceramics. The phase
structures of the coated powders of 1-5, 2-5, 3-5, 1-10, and 1-20
are displayed in Fig. 2(a). Details in the range 20°-24° are
magnified in Fig. 2(d) for ease of viewing. The powders 1-5, 2-5,
and 3-5, which were coated by the BaTiO; precursor with
a lower mole fraction, are well indexed as BaTiO;, and no
impurity phase appears in the XRD pattern. When the mole
fraction of BaTiO; precursor increases to 10%, a small amount
of impurity phase (~24°) of BaCO; is detected, as shown in
Fig. 2(d). Fig. 2(d) also reveals an increase in the impurity phase
of BaCO; as the mole fraction increases to 20%, which we
explain as follows: In the barium species, Ba>* reacts with
environmental CO, at low temperatures.”® During the precipi-
tation of the surface coating, the hydroxyl precipitation of
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(a)—(d) Ti 2p photoelectron spectra of BaTiOs powders and coated powders of 1-5, 2-5, and 3-5, respectively.

This journal is © The Royal Society of Chemistry 2020
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barium and titanium coat the surface of the BaTiO; particles.
When the suspensions are evaporated at 90 °C or dried at
120 °C, barium precipitate can react with CO, in air to form
BaCOj; since hydroxides are extremely sensitive to CO,.”® Note
that BaCOj; increases as the mole fraction of the sol increases. In
this case, when coating with 5% BaTiO; sol, BaCO; should also
exist but is probably not detected by XRD.

Fig. 2(b) shows the phase structure of the BaTiO; ceramics
W1-5, W2-5, W3-5, W1-10, and W1-20. The range 20-24° is
magnified in Fig. 2(e) to show the details. The impurity phase of
BaCO; still exists after the CSP, which indicates that BaCO; does
not decompose or react to form BaTiO; during the CSP. Fig. 2(c)
shows the ceramic of S3-5 after annealing at 700 and 900 °C, and
Fig. 2(f) shows the range 44-47°. A light peak splitting at ~45°
indicates that a cubic-to-tetragonal phase transformation occurs
after annealing. Furthermore, the densities of the ceramics
decrease with increasing mole fraction of the sol, which is
probably due to the impurity phase of BaCO; having a density of
4.43 g cm >, which is less than that of BaTiO;, so that a large
amount of BaCO; would reduce the density of the ceramic. The
ceramic of S3-5 was sintered conventionally at 700 and 900 °C for
2 h in air, which increased the relative density to 97%.

Fig. 3 represents the TEM and high-resolution TEM
(HRTEM) images of the uncoated BaTiO; powders and coated
BaTiO; powders of 1-5, 2-5, and 3-5. Fig. 3(a) and (b) show that
the BaTiO; particle has the size of about 90 nm and is
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crystalline. In particular, an amorphous layer about 5 nm thick
forms on the surface of the BaTiO; particles. A Ti-rich surface
layer forms because the BaTiO; surface dissolves incongruently
in aqueous suspensions, which is consistent with previous
experimental results.”

Fig. 3(c), (e) and (g) show that there is no obvious coated layer
at the surface of the particle after coating. This indicates that
the coating layer is also BaTiO; that crystallized during 2 h of
calcination at 600 °C (ultrathin films of BaTiO; start to crystal-
lize at 500 °C (ref. 30)). Most importantly, no Ti-rich amorphous
layers are observed, so no reaction can occur with Ba>" in the sol
to form BaTiOs. In addition, the coating surface does not form
the Ti-rich amorphous layer, probably because Ba ions are less
likely to leach out of the surface area in the alkaline coating
suspension. Furthermore, the amorphous layer is detrimental
to the densification of the ceramic by the CSP. The disappear-
ance of the amorphous layer could explain the higher densities
obtained for the ceramics when using the coated powders than
when using the uncoated powders. In addition, the surface
coating with the ultrathin layer of several nanometers usually
has high reactivity with the aqueous solution and in the sin-
tering process. No amorphous layer with high reactivity can
enhance the dissolution-precipitation process, and the BaTiO;
surfaces can easily decompose and dissolve in the liquid phase,
which plays an important role in raising the ceramic density
when using the coated powder.
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(a)—(d) O 1s photoelectron spectra of BaTiOs powders and coated powders of 1-5, 2-5, and 3-5, respectively.
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The HRTEM image [Fig. 3(d)] shows that the surface of the
coated powders of 1-5 have various distinct defects. The defect
concentration decreases at the particle surface as the Ba source
increases, which indicates that the defects are Ba vacancies. In
addition, Ba deficiency occurs because Ba is more soluble than
Ti during precipitation.® A 2 nm crystalline layer forms at the
surface of powder 2-5 and is indexed to BaTiO3, as shown in
Fig. 3(f). Upon increasing the Ba source in the precursor solu-
tion, an inhomogeneous layer with a crystalline part and an
amorphous part appears at the surface of powder 3-5 [Fig. 3(h)].
The composition of the amorphous phase at the surface of
powder 3-5 is hard to determine because EDS or mapping
cannot analyze such a small area.

Fig. 4 compares the microstructures of the as-cold-sintered
ceramics made using the uncoated powders and coated
powders. Fig. 4(a) and the higher-resolution Fig. 4(b) show that,
in the as-cold-sintered ceramics made using uncoated powder,
most of the particles are rectangle shaped and do not closely
connect with each other. Particles made from the coated powder
1-5 have a deformation that facilitates close packing in the
ceramic and thereby enhances the density of the ceramic
[Fig. 4(c) and (d)]. The deformation of the particle confirms the
speculation based on the TEM analysis that, after coating, the
BaTiO; surface easily decomposes and dissolves in the liquid
phase. The other ceramics made from the coated powders 2-5
and 3-5 lead to a similar situation (data not shown).
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We used XPS technology to further investigate the chemical
composition and bonding at the particle surface of the
uncoated and the coated powders 1-5, 2-5, and 3-5. Fig. 5-8
shows the high-resolution spectra of individual elements Bazq,
Tisp, O1s, and Cy, respectively. Fig. 5(a)-(d) show the Ba 3d
photoelectron spectra of the BaTiO; powders and the coated
powders 1-5, 2-5, and 3-5, respectively. The Bazq spectrum
consists of two peaks, one at 778.82 eV and one at 794.12 eV,
which are identified with the Ba-O bond, whereas the two
subpeaks Basq_, (777.93 €V) and Basq,, (793.15 eV) are identified
with BaCO; and/or the relaxed Ba phase and are probably
caused by oxygen vacancies and other residual defects.***>

The Ti,, peaks shown in Fig. 6(a)-(d) can be resolved into
two components (Ti,, , at 457.78 €V and Tiyp,, | at 463.49 eV),
which correspond to Ti*" in BaTiO;.**** The O;¢ [shown in
Fig. 7(a)-(d)] peak contains three components around 528.97,
530.54, and 532.73 eV, which are assigned to oxygen in BaTiO3,
CO,>” ions, and C-O groups, respectively.***® The C,, peak also
contains three contributions: the first peak at 284.71 eV corre-
sponds to the C-C and C-H groups, and the second and third
peaks at 288.27 and 286.01 eV correspond to CO;>~ ions and
C-0 groups, respectively,® in accordance with the assignment
of the O, peak [see Fig. 8(a)-(d)].

The XPS analysis shows that a small amount of BaCOj; is not
detected by XRD and that the local oxygen vacancies in the
synthesized material create structural defects in the sample.
XPS analysis is a useful technique to detect the surface chemical
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(a)—(d) C 1s photoelectron spectra of BaTiOz powders and coated powders of 1-5, 2-5, and 3-5, respectively.
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Table2 Element content on surface of uncoated and coated powders

Element Ba Ti o C
Uncoated 13.86 16.98 47.19 21.97
1-5 9.65 19.72 50.84 19.79
2-5 12.23 19.83 51.14 16.8
3-5 12.6 19.53 50.79 17.09

composition and material structure. After coating, neither the
chemical composition nor the bonding at the particle surface
change significantly (Fig. 5-8), indicating that the coating layers
are BaTiO;, which is consistent with the TEM results. Further-
more, comparing the C,4 peaks in Fig. 8 of the uncoated and
coated powders shows that the peak of C-O groups increases
significantly. This is probably due to calcination, which
reportedly increases surface contamination by the C-O group.*
The uncoated BaTiO; powders calcined at 600 °C for 2 h also
show a higher peak for the C-O group (Fig. S2, ESIT), but that
does not help increase the density of the ceramic. Moreover,
Table 2 gives the element content on the surface of the uncoated
and coated powders. The ratio Ba/Ti < 1, which is common in
BaTiO; nanopowders and is caused by Ba ions leaching out of
the surface area.'” After coating, the coating surface has a much
lower ratio Ba/Ti by using the sol with Ba: Ti = 1 : 1, which is
consistent with the presence of Ba vacancies in HRTEM images.
This result is likely due to more facile precipitation for Ti than
for Ba.”® To compensate for Ba, thesolof Ba: Ti=2:1and3:1
was used during precipitation, or the Ba(OH), solution was
added during the CSP. When using the solof Ba: Ti =2 : 1 and
3 : 1, the ratio Ba/Ti increases, but still remains below 1.

Ti-rich amorphous layer

Coated BaTiO;

View Article Online
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Based on these results, we propose a formation mechanism
for the surface coating and the effect on the CSP. Fig. 9 shows
a schematic diagram that depicts the mechanism. Uncoated
BaTiO; nanoparticles have a Ti-rich amorphous layer. The
amorphous layer, which is hard to dissolve in the liquid phase,
hinders the dissolution-precipitation process during the CSP. In
this case, the density of the BaTiO; ceramic is not high. When
the BaTiO; nanoparticles are coated by the BaTiO; sol, the Ti-
rich amorphous layer disappears and an ultrathin layer of
BaTiO; forms after calcination at 600 °C. The ultrathin layer can
easily decompose and dissolve in the liquid phase, which
enhances the dissolution-precipitation process during the CSP.
The BaTiO;-coated nanoparticles promote close packing in the
ceramic and thus enhance the density of the ceramic.

In order to uncover the effect of surface coating on BaTiO;
ceramics, the subsequent dielectric measurements were per-
formed and the results are displayed in Fig. S3 (ESIt). As the Ba/Ti
ratio of the cladding layer changes, it can be concluded from the
frequency-dependent dielectric constant (S3-5 > S2-5 > S1-5) and
dielectric loss (S3-5 < S2-5 < S1-5) that the dielectric performance
of S3-5 is better than S1-5 and S2-5. We use the coated powders
of 3-5 with a relatively high ratio Ba/Ti to discuss the dielectric
properties of the as-cold-sintered ceramics. Fig. 10 compares the
permittivity loss as a function of temperature for ceramics pro-
cessed under different conditions. Fig. 10(a) and (b) show the
dielectric properties of the ceramics with added water or Ba(OH),
solution, respectively. The results show that, at room tempera-
ture, the ceramic with added Ba(OH), solution has higher relative
dielectric permittivity than the ceramic with added water (~185
vs. ~127 at 1 kHz). The enhanced dielectric permittivity is caused
by the compensation of Ba upon adding Ba(OH), solution, which
reduces the Ba vacancies. In addition, a wide-ranging diffuse
dielectric anomaly appears in both ceramics because the coated

Fig. 9 Schematic diagram of mechanism of formation of surface coating and effect on CSP.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Dielectric properties as a function of temperature for ceramic of (a) W3-5, (b) S3-5, and for ceramic of S3-5 subsequently annealed at

(c) 700 °C, (d) 900 °C.

powders remain a part of the tetragonal phase. The as-cold-
sintered ceramics were post-annealed at 700 and 900 °C, and
the relative dielectric permittivity increases. As shown in
Fig. 10(c) and (d), the dielectric constant increases from ~185 to
~810 at room temperature (1 kHz) after annealing at 700 °C, and
then rises to ~1550 if further annealed at 900 °C. This indicates
that the post-annealing process further promotes the evolution of
the crystal phase. Moreover, the dielectric abnormality appears
clearly at ~120 °C, which is the Curie-transition temperature of
BaTiO;. The partly developed tetragonal phase of the ceramics
after post-annealing thus leads to the diffuse nature of this
dielectric anomaly.

4. Conclusions

A surface coating method which could enhance the relative
densities was used to modify the CSP for BaTiO; ceramics. No
Ti-rich amorphous layer forms on the surface of the coated
powder, which had high activity. This facilitates the dissolution-
precipitation process during the CSP and greatly enhances the
ceramic density. Ba vacancies exist at the surface of the coated
powders, so Ba(OH), solution was used to compensate Ba ions
in the as-cold-sintered ceramics. The dielectric permittivity
increased after compensation of the Ba ions. Post-annealing at
700 and 900 °C increases the relative density to 97%, and the
resulting relative dielectric permittivities are 810 and 1550,
respectively, at room temperature and 1 kHz.
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