Journal Pre-proof

Rutile TiO> microwave dielectric ceramics prepared via cold sintering
assisted two step sintering

Enda Zhao, Jianyu Hao, Xian Xue, Mingming Si, Jing Guo, Hong

Wang

PII: S0955-2219(20)30978-X

DOI: https://doi.org/10.1016/j.jeurceramsoc.2020.12.009
Reference: JECS 13768

To appear in: Journal of the European Ceramic Society
Received Date: 14 October 2020

Revised Date: 7 December 2020

Accepted Date: 7 December 2020

Please cite this article as: Zhao E, Hao J, Xue X, Si M, Guo J, Wang H, Rutile TiO2 microwave
dielectric ceramics prepared via cold sintering assisted two step sintering, Journal of the
European Ceramic Society (2020), doi: https://doi.org/10.1016/j.jeurceramsoc.2020.12.009

This is a PDF file of an article that has undergone enhancements after acceptance, such as
the addition of a cover page and metadata, and formatting for readability, but it is not yet the
definitive version of record. This version will undergo additional copyediting, typesetting and
review before it is published in its final form, but we are providing this version to give early
visibility of the article. Please note that, during the production process, errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal
pertain.

© 2020 Published by Elsevier.


https://doi.org/10.1016/j.jeurceramsoc.2020.12.009
https://doi.org/10.1016/j.jeurceramsoc.2020.12.009

Rutile TiO2 microwave dielectric ceramics prepared via cold sintering assisted
two step sintering

Enda Zhao!, Jianyu Hao'!, Xian Xue', Mingming Si', Jing Guo’ ", Hong Wang" % 3"

State Key Laboratory for Mechanical Behavior of Materials & School of Microelectronics, Xi’'an
Jiaotong University, Xi’an 710049, China

’Department of Materials Science and Engineering, Southern University of Science and Technology,
Shenzhen 518055, China

3Shenzhen Engineering Research Center for Novel Electronic Information Materials and Devices,
Southern University of Science and Technology, Shenzhen 518055, China

*Corresponding author. E-mail: jingguol9@xjtu.edu.cn (J. Guo), wangh6@sustech.edu.cn (H. Wang)
Abstract

In this work, a sintering route named cold sintering assisted two step sintering process (CSP-TS) is
presented to prepare rutile TiO, ceramics with submicron grain sizes. Cold sintering process at 300 °C
with tetrabutyl titanate and water as the liquid phase yields a ‘green body’ with a relatively high density
of ~80%, and finally dense (98.5-99.8%) rutile TiO, ceramics with grain sizes of ~600 nm can be
obtained in the second sintering process at 950-1000 °C. The microstructural analysis with SEM and
TEM indicates that the CSP-TS samples sintered at 950 °C have an obvious phenomenon of
recrystallization, accompanying by a decrease of amorphous phases and a formation of clear grain
boundaries. Besides, the rutile TiO, ceramics prepared by CSP-TS possess excellent microwave
dielectric properties with relative permittivity of 92.0-98.4 and Qxf values of 27,800-31,900 GHz.
Therefore, it is feasible to utilize CSP-TS to prepare ceramics with small grain sizes at low sintering
temperatures.

Keywords: cold sintering process; rutile titanium dioxide; low-temperature sintering, microwave
dielectric properties; submicron/nano-ceramics

1. Introduction

Titanium dioxide (TiO,) is one of the most widely used inorganic materials in a large number of
applications such as pigments, cosmetics, electronics, photocatalysts, solar batteries, etc. It has three
different crystalline phases including anatase, brookite, and rutile, and the anatase and brookite phase
can convert to rutile phase irreversibly in a temperature range of 700-920 °C. [1] Among these three
phases, the rutile phase is a wide bandgap semiconductor with excellent dielectric properties (high
permittivity and low dielectric loss), making it promising in various electronic devices, such as high
energy ceramic capacitors and varistors. [2, 3] Besides, due to the good microwave dielectric properties,

TiO; ceramic is also widely applied in low-temperature co-fired ceramics (LTCC) technique and



functions in microwave passive components such as microwave filters and resonators [4-8]

Using traditional thermal sintering process, rutile TiO, can be densified well at a high temperature
of 1400-1500 °C. [9-11] However, there will be oxygen vacancies formed with a part of Ti*" reducing
into Ti** during the sintering process in air or under low oxygen partial pressure, as Pullar et al.
reported. [10] Because of the oxygen vacancies, rutile TiO, ceramic sintered at 1500 °C with a high
density of over 98% shows a very low Qxf value of 6,000 GHz. [10] Sintering in oxygen atmosphere
or using dopants such as Fe, Cr, Al, Cu, and Zn can resolve the problem of oxygen deficiency in the
dense rutile TiO,. [11] With the development of sintering techniques, new sintering processes such as
microwave sintering, spark plasma sintering (SPS), hot press and flash sintering, have been proposed to
study TiO; ceramics. [12-16] Thereinto, Marinel et al. reported that dense TiO, ceramics could be
obtained by microwave sintering that could lower the sintering temperature by 150-175 °C comparing
with traditional thermal sintering. [12] The TiO; ceramics prepared by microwave sintering at 1210 °C
have the best microwave dielectric properties and show a Qxf value of 30,800 GHz, which is
comparable to that of the traditional thermal sintered samples at 1300 °C (31,110 GHz). [12] Noh et al.
used spark plasma sintering process in an oxygen atmosphere and obtained TiO, ceramics with a
relative density of 99.1% at 760 °C. [13] The permittivity of TiO, prepared by SPS could reach 112.6,
while the Qxf value is only 26,000 GHz. [13]

Cold sintering process (CSP) is a recently developed technique to densify ceramics and
ceramic-based compositions. [17-20] The densification of the materials is realized through the
none-equilibrium dissolution-precipitation process in transient solvents under a certain pressure. [18,
21] With cold sintering process, a lot of ceramic materials with high melting points can be sintered at
ultra-low temperatures (< 350 °C). [17, 19, 22, 23] Recently, some microwave dielectric ceramics
densified by CSP at a very low temperature (RT to 300 °C) have been reported, most of which are
composed of some water-soluble materials [17, 24-28]. TiO,, however, as an insoluble material in
water and other common polar/non-polar solvents, has difficulty to be prepared by CSP. [29] Medri et
al. have obtained nano-to-macroporous anatase TiO, with a relative density of 73% after CSP at 150 °C
and post annealing at 500 °C. [29] They have also tried to utilize CSP to sinter anatase powders with 20%
rutile, but the relative density is only 62%. [29] Very recently, Falk et al. have obtained nanograined
TiO,-Nb,Os compacts with a relative density of above 91% after CSP at 200 °C, while the TiO, phase
is still anatase from the XRD analysis. [30] To the best of our knowledge, although there are a number
of researches involving low temperature sintering techniques to fabricate rutile TiO», no work on
successfully densified rutile TiO, via CSP based sintering method has been published.

In this work, the cold sintering assisted two step sintering process (CSP-TS) was employed to



prepare rutile TiO,, where a thermal sintering in the temperature range of 900-1000 °C was utilized
after cold sintering process at 300 °C. The purpose of CSP is to prepare relatively dense ‘green bodies’
(~80%), so that highly dense rutile TiO, ceramics (>98%) could be obtained at a temperature much
lower than that of traditionally thermal sintering. Another advantage of CSP is that the grain growth
may be controlled at much lower temperatures, making it feasible to obtain rutile TiO, ceramics with
small grain sizes (nano or submicron) via CSP-TS technique. [31] To augment the density of rutile
TiO; ceramics during CSP, a mixture of tetrabutyl titanate (Ti(OCsHy)4) and deionized water has been
selected as the liquid phase. It is known that tetrabutyl titanate is typically used as one of the titania
precursors during the hydrothermal synthesis of TiO, nanocrystallites. [32-35] It is also used to
fabricate TiO, films via the sol-gel technique. Tetrabutyl titanate can hydrolyze rapidly, and the
hydrolyzation process is described by the following equation:

Ti[0C4Hol, + xH,0 — Ti[OC,H,]4_[OH], + xC,H,OH (1)
Where x ranges from 1 to 4. The final product is Ti(OH)s, and at a certain temperature it can be
decomposed to amorphous or crystallite TiO» particles. To compare this sintering process with others,
TiO; sintered at the same temperature but with traditional thermal sintering process was also studied.
The microstructures, densities as well as microwave dielectric properties were investigated to
characterize the rutile TiO, obtained in this study.
2. Experimental procedure
Fig. 1 presents the sample preparation procedures of rutile TiO; ceramics with different sintering routes.
All the samples were prepared with highly pure rutile titanium dioxide nano powders (99.8%, Aladdin
Biochemical Technology Co., Ltd, Shanghai, China, 25nm, rutile). Before sintering, the starting
powders were dried at 100 °C for 24h. For cold sintering (CSP) and cold sintering assisted two step
sintering (CSP-TS) samples, the powders were firstly mixed and homogenized with 16.7wt.%
tetrabutyl titanate (>98%, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) and 8.3wt.%
deionized water using a mortar and a pestle. Then the mixtures were placing in a die at room
temperature (RT), and the die was heated to 300 °C with a rate of 8-10 °C/min under the pressure of
350MPa. After holding the pressure at 300°C for one hour, the mixtures were cold sintered into
cylindrical samples (10mm in diameter and Smm in thickness). At last, the samples were annealed at
300 °C for 4h to remove the possible water and organics. In the case of CSP-TS samples, the cold
sintered samples were firstly annealed at 700 °C for 2h with a heating rate of 2 °C/min, and then
annealed at 850-1025 °C for 2h with a heating rate of 1 °C/min. For traditional thermal sintering (TTS)
samples, the powders were mixed with 5wt% polyvinyl alcohol (PVA) binder and pressed into

cylindrical pellets (10mm in diameter and Smm in thickness) under a pressure of 350 MPa. After



pre-fired at 500 °C for 1h to expel the blinder, the pellets were annealed at 700 °C for 2h with a heating
rate of 2 °C/min, and then annealed at 850-1025 °C for 2h with a heating rate of 1 °C/min, as the same
procedure of CSP-TS samples. To separate the contribution of pressure and tetrabutyl titanate, some
samples were mixed with the same proportion of tetrabutyle titanate as CSP-TS samples and were
sintered using TTS process. However, these TTS samples with tetrabutyl titanate have very similar
relative densities and microwave dielectric properties to the samples with PVA. In that case, the

following results are only from TTS samples without tetrabutyl titanate.

Fig. 1 Schematic illustrating the sintering procedures of rutile TiO2 with cold sintering process (CSP), cold
sintering assisted two step sintering (CSP-TS) and traditional thermal sintering (TTS)

The crystalline structures of staring powders and sintered samples were studied by X-ray
diffraction (XRD) technique with Cu-Ka radiation (SHIMADZU XRD-7000, Tokyo, Japan). The
wetted powder before CSP and CSP sample were studied by thermogravimetric analysis (TGA) with
Synchronous Thermal Analyzer (NETZSCH STA 449F3, Selb, Germany), with a temperature range
from RT to 700 °C by 10 °C/min in air. The microstructures were examined using scanning electron
microscopes (SEM, Zeiss Gemini500, Carl Zeiss AG, Oberkochen, Germany and FEI QUANTA FEG
250, FEI, Hillsboro, Oregon, USA) and transmission electron microscope (TEM, JEOL JEM-F200
(HR), JEOL, Tokyo, Japan). The SEM images of CSP samples were obtained using the cross-sections
of samples, and the SEM of CSP-TS and TTS samples were tested from polished and thermally etched
samples. The surface of samples was polished by sandpapers and adamas polishing agent, and then the
polished samples were annealed for 20 min at a temperature 150 °C lower than the sintering

temperature. The specimens for TEM test were prepared using the focused iron beam (FIB, FEI Helios



NanoLab 6001, FEI, Hillsboro, Oregon, USA). The densities of samples were measured by Archimedes’
method using ethanol as the liquid media. The dielectric properties at microwave frequencies were
measured according to the TEg5 shielded cavity method using a network analyzer (8720ES, Agilent,
Palo Alto, CA) and a temperature chamber (Delta 9023, Delta Design, Poway, CA). The TCF values
were measured in a temperature range of 25-85 °C and calculated by the following formula:

TCF = % x 106 ppm/°C )
where the f>5 and fgs are the TEq;5 resonant frequencies at 25 °C and 85 °C, respectively.
3. Results and discussion
Fig.2 represents the XRD patterns for the starting powder, and sintered samples with different sintering
routes, including CSP at 300 °C, CSP-TS at 950 °C and TTS at 950 °C. For It is seen that all the
diffraction peaks can be identified and indexed as the rutile TiO; structure according to the PDF card
(PDF#21-1276), and no other phase can be detected. The full width at half maximum (FWHM) shows
an obvious decrease from the raw powder and CSP samples to CSP-TS and TTS samples. For example,
the FWHM values of (110) peak at 26-30° are 0.325 and 0.084 for CSP and CSP-TS samples,
respectively. It is known that the grain size can be obtained from Scherrer formula using FWHM values.
The calculated grain size for CSP samples is 28 nm, while the grain size for CSP-TS and TTS samples

is over 100nm. Therefore, the grain growth of TiO, with a higher sintering temperature can be

identified, which is further studied in the following microstructural analysis.

Fig. 2 XRD patterns of the starting powder and rutile TiO2 ceramics prepared by CSP at 300 °C, CSP-TS at 950 °C
and TTS at 950 °C

Fig.3 represents the TGA data of the wetted powder before CSP and the sample after CSP at

300 °C. The wetted powder is a mixture of TiO, powder, tetrabutyl titanate and deionized water

(Details can be found in the experimental section). Tetrabutyl titanate is hydrolyzed with water, and the



generated Ti(OH)4 precipitates on the surface of TiO, particles. As shown in Fig.3, the weight losses
for both curves are slight because the content of tetrabutyl titanate and water is low. In the case of the
wetted powder before CSP, there is a first drop of weight before 100 °C, a mild weight loss at
100-300 °C  and another drop at 300-400 °C. The first drop of weight mainly results from the
evaporation of water. The weight loss at 100-300 °C are mostly caused by the volatilization of butanol
and the decomposition of partial Ti(OH)4, and the drops at 300-400 °C are mainly caused by the
decomposition of Ti(OH)4. At 400-700 °C, there is nearly no change in weight, indicating that Ti(OH)4
is completely decomposed to TiO, and there is no organic residual in the specimens. In the case of the
sample after CSP, the weight loss before 300 °C is very slight and there is a slight drop of weight at
300-400 °C, which results from the decomposition of the Ti(OH)4residual. According to the TGA data,
it is seen that Ti(OH)s generated from the hydrolyzation of tetrabutyl titanate can be partially
decomposed to TiO> (Amorphous. Details can be found in the TEM results) during CSP at 300 °C,
which precipitates on the surface of raw TiO; particles, aiding the densification of TiO». Finally, the
Ti(OH)4 residual can be completely decomposed in the second sintering process at 850-1025 °C and

the amorphous TiO; is transformed to crystalline rutile TiO,.

Fig. 3 Thermal gravimetric analysis (TGA) of wetted powder before CSP and sample after CSP at 300 °C

Fig.4 shows the SEM microstructures of specimens using CSP at 300 °C, CSP-TS at 900 °C and
950 °C, and TTS at 950 °C. As seen in Fig.4(a), the CSP sample has nanosized grains of ~25 nm with a
small number of pores which is in consistent with the relative density of ~80%. After sintered at 900 °C,
the grains grow from ~25 nm to ~270 nm, as shown in Fig.4(b) and (c). The phenomena of grain
growth can also be observed in the CSP-TS samples sintered at 950 °C (Fig.4(d) and (e)) and TTS
samples sintered at 950 °C (Fig.4(f)), which is in a good agreement with the analysis of FWHM of
XRD data in the previous part. Only a few pores can be observed along the grain boundaries in the

CSP-TS samples sintered at 900 °C, supporting a considerable increase in the relative density from ~80%



to 95%. In the Fig.4(d) and (e), the CSP-TS samples sintered at 950 °C have denser microstructures
with a relative density of 98% and bigger grains with an average grain size of ~600 nm. When the
sintering temperature is increased to over 1000 °C, abnormal grain growth and many pores can be
clearly observed (Fig.S1 in Supporting Information), indicating a decrease in the relative density. In the
Fig.4(f), the TTS samples sintered at 950 °C show a porous microstructure with a relative density of
85%. Comparing with CSP-TS samples sintered at the same temperature (950 °C), the grains size of
TTS samples increase even further but with a much lower density, indicating that CSP-TS is a more

efficient sintering method to densify rutile TiO, ceramics with smaller grain sizes.

Fig. 4 SEM micrographs of the rutile TiO2 ceramics, with (a) from the cross-section of samples and (b)-(f) from
polished and thermally etched surface. (a) CSP samples cold sintered at 300 °C, (b)-(c) CSP-TS samples sintered
at 900 °C, (d)-(e) CSP-TS samples sintered at 950 °C, and (f) TTS samples sintered at 950 °C

As shown in Fig.5, the details of microstructures of CSP and CSP-TS samples have been studied
by high resolution TEM. Circular nanosized grains with a small amount of amorphous phases can be
observed in the CSP samples (Fig.5(a-c)). Fig.5(c) shows a triple point of the grain boundaries, where a
clear amorphous phase (arrowed) can be observed. The formation of amorphous phases mainly result
from the decomposition of Ti(OH)4 and dissolution-precipitation process during cold sintering process.
At last, all the amorphous phases can be transformed to crystalline rutile TiO, during the second
sintering process at a higher sintering temperature. In the Fig.5(d-f), the microstructure of CSP-TS
samples sintered at 950 °C has a great change compared with CSP samples. Further densification and
grain growth via the recrystallization occur during the sintering process at 950 °C. Circular grains with

dozen nanometers transform to polygonal grains with several hundred nanometers (Fig.5(d)), which is



in a good agreement with the SEM analysis above. As seen in Fig.5(e) and (f), the amount of

amorphous phases reduces, and clear grain boundaries can be observed after CSP-TS process.

10 nm

Fig. 5 TEM micrographs of the rutile TiO2 ceramics. (a)-(c) CSP samples cold sintered at 300 °C, (d)-(f) CSP-TS
samples sintered at 950 °C. Grains were individually numbered by G1-G8.

Fig.6 presents the relative densities and microwave dielectric properties of CSP-TS samples
sintered in the temperature range of 850-1025 °C. As seen in Fig.6(a), the relative densities of CSP-TS
samples increase first from 850 °C to 1000 °C with a maximum value of 99.8% at 1000 °C, and then
appreciably decrease as the temperature continues to rise, which have been proved in the SEM results.
In Fig.6(b), the relative permittivity increases from 83.0 to 100.3 with the sintering temperature
increasing from 850 to 1025 °C. It is considered as a complex result of both densification and grain
growths. The Qxf values show a trend similar to the density data, where a maximum value of 31,900
GHz can be obtained at 1000 °C, as seen in Fig.6(c). The drop of Qxf values at a higher sintering
temperature (1025 °C) is similar to what Templeton et al. reported in their research [11], which might
result from the oxygen vacancies. The TCF values show a slight change from 390 ppm/ °C to 440
ppn/ °C at the sintering temperature of 850-1025 °C (Fig.6(d)). From Fig.4-6, it is seen that CSP-TS
samples sintered in the range of 950-1000 °C have high densities, excellent microwave dielectric

properties, and small grain sizes (submicron) as well as homogeneous microstructures.
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Fig. 6 Densities and microwave dielectric properties of CSP-TS rutile TiO2 ceramics sintered at 850-1025 °C. (a)
relative density, (b) relative permittivity, (c) Qxf, and (d) TCF.

Fig.7 summarizes the microwave dielectric properties of rutile TiO, sintered under different
conditions. More detailed data are offered in Table.S1 in Supporting Information. In this work, for
CSP-TS rutile TiO, samples sintered at 950-1000 °C, the permittivity Qxf, and TCF values are
92.0-98.4, 27,800-31,900 GHz, and 412-431 ppm/ °C, respectively. At the same sintering temperature
of 950-1000 °C, the TTS samples show similar permittivity of 90.2-98.4 and TCF values of 430-440
pp/ °C, but the Qxf values are much lower with only 2,600-7,800 GHz. From Fig.7, the TTS rutile
TiO, samples can be well densified sintered at 1300-1500 °C, and the maximum permittivity of 106
and Qxf value of 46,500 GHz can be obtained at while sintered at 1400 °C. [10, 12, 36] The TiO,
ceramics sintered at 1400 °C also have a very high TCF value of 465 ppm/ °C [36] While sintered at
1500 °C, the permittivity decreases to 96 and the Qxf value drastically decreases to 9,000 GHz because
of the oxygen deficiency. [10] With 2wt% CuO addition,TiO, can be sintered well via TTS at 950 °C,
and its permittivity is 102, similar to TTS samples at 1300-1400 °C. [37] However, the addition of CuO
behaves as a second phase and affects the dielectric losses, so that the Qxf value of TiO, with 2wt%
CuO is only 14,000 GHz. [37] The microwave sintering can only lower the sintering temperature to
1210 °C and obtain permittivity of 106 and a Qxf value of 30,800 GHz [12]. The spark plasma sintering

in oxygen atmosphere can obtain dense TiO, ceramic at 760 °C with permittivity of 112.6 and a Qxf



value of 26,000 GHz [13], but it requires technical equipment and high cost. In summary, rutile TiO,
ceramics can be well sintered using CSP-TS at 950-1000 °C and show good permittivity and Qxf
values. With TTS, rutile TiO, needs to be sintered at high temperatures to obtain high permittivity and
Qxf values. The addition of CuO can lower the sintering temperature of TiO», but it also deteriorates
the Qxf values. In the LTCC technique, the ceramics need to be sintering under the melting point of
certain co-fired metals (i.e. Cu: 1083 °C, Ag: 961 °C), and the sintering temperature of CSP-TS is as
low as what the LTCC technique requires. Therefore, the cold sintering assisted two step sintering
process is considered as a promising method to lower the sintering temperature of rutile TiO, ceramics
as well as keeping good microwave dielectric properties, which is important for the application of TiO»

in LTCC technique.

Fig. 7 Histogram comparing microwave dielectric properties of TiO2 ceramics in this work with traditional thermal
sintering (TTS) at 1300 °C [12], TTS at 1400 °C [36], TTS at 1500 °C [10] and TTS with 2wt% CuO at 950 °C
[37].

4. Conclusion

In summary, this work introduces an improved sintering method based on cold sintering process to
lower the sintering temperature of rutile TiO, which is called cold sintering assisted two step sintering.
A relative density of ~80% can be obtained during the first sintering step (CSP at 300 °C) using
tetrabutyl titanate as the liquid phase. After the second sintering step at 950-1000 °C in a furnace, rutile
TiO; ceramics with submicron grain sizes (~600 nm) can be fully densified with relative densities of
98.5-99.8%. No impure phases can be observed for CSP and CSP-TS samples, and all the XRD peaks
can be indexed as the rutile TiO, structure. The SEM and TEM results demonstrate that

recrystallization and further densification occur in the second sintering step. Meanwhile, the rutile TiO,



ceramics prepared by CSP-TS at 950-1000 °C show good microwave dielectric properties, with relative
permittivity of 92.0-98.4 and Qxf values of 27,800-31,900 GHz. By contrast, the traditional thermal
sintering cannot realize both the densification at a low temperature and good microwave dielectric
properties at the same time. Therefore, cold sintering assisted two step sintering is a promising route to
prepare rutile TiO, based ceramics applied in LTCC microwave devices. Furthermore, it is also feasible

to obtain and study other dense ceramics with nano or submicron grain sizes using CSP-TS technique.
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