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ARTICLE INFO ABSTRACT
Keywords: In this paper, AloO3 ceramics co-doped with 0.3 wt%Cu0-0.6 wt%TiO>-0.1 wt%MnCO3 (CTM,
Al;03 the same below) were prepared. The effect of CTM and UV irradiation on the sintering behavior,
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microstructure, and microwave dielectric properties have been investigated systematically. The
results indicate that the sintering temperature of Al,O3 ceramics could be effectively decreased to
about 1200 °C by adding 1 wt% CTM. UV irradiation can further increase the density of the Al;03
ceramics, improve its microstructure and microwave dielectric properties. By using the Al,O3
powders UV irradiated for 15 min as raw materials, CTM co-doped Al;O3 ceramics can sintered at
1200 °C with a high density of 3.93 g/cm® and a very high Q x f value of 175,086 GHz.

1. Introduction

With the arrival of the 5G era, microwave dielectric materials are receiving increasing attention. As a very important microwave
dielectric material, AlyO3 ceramics are widely used in antennas, resonators, filters, and other equipment due to its high strength,
corrosion resistance and outstanding microwave dielectric properties [1-3]. However, pure AlpO3 ceramics require a high temperature
exceeding 1500 °C to be sintered [4], which does not meet the requirements of modern industrial green energy conservation. So,
reducing the sintering temperature of AlyO3 ceramics is very important. The most effect way to reduce the sintering temperature is
co-doping with different sintering aids such as TiO,, CuO, MgO etc. [5,6]. For example, [-Wei Chen et al. [7] sintered Al;03 ceramics
with a high relative density of 99.3% at 1070 °C for 1 h by adding 0.9 mol% CuO + 0.9 mol% TiO2+0.1 mol% B,03+0.1 mol% MgO.
Yang et al. [8] obtained Al,O3 ceramics with a high density of 3.92 g/cm® at 975 °C by doping with 5 wt% 4CuO-TiO5—2Nb,Os.
Regretfully, its Q x f value is only 7400 GHz. Recently, we have conducted a series of studies on low-temperature sintering Al,03
ceramics via different co-doping. By co-doping with 1.5 wt% CuO-3wt% Nby05-0.5 wt% ZrO, Al,O3 ceramics could be sintered at
1000 °C with a high density of 3.91 g/cm® and a Q x fvalue of 15,541 GHz [9]. By co-doping with 0.3 wt% CuO-0.6 wt% TiO»-0.05 wt
% MgO, the Al,03 could be sintered at 1150 °C with a high Q x f value of 109,616 GHz [10]. Another feasible way to decrease the
sintering temperature is using powders with less agglomeration and high sintering activity. For example, Huang et al. [11] obtained
Aly03 ceramics with a high Q x f value of about 60,000 GHz at 1350 °C by using nano AloO3 powder as raw materials.

In this paper, low temperature sintering AloO3 ceramics have been prepared by co-doping with CTM, UV irradiation was applied to
improve the dispersion and de-agglomeration of the raw Al,O3 powder for the first time. The effects and relevant mechanisms of CTM
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and UV irradiation on the density, microstructure, and dielectric properties of AloO3 ceramics were investigated for the first time.

2. Experimental procedure

High-purity Al;03 powder ( a- Al;03 > 99.95% ) was used as the raw materials. First, the Al,O3 powder was divided into two equal
parts. One part was used directly, another part was evenly spread in a watch glass and vertically illuminated with a UV lamp (A = 250
+ 20 nm, P = 15 W, Philips) for 15 min. Then both parts were mixed with CTM separately via a planetary ball mill at 90 rpm for 2 h.
After drying, the powders were pressed into cylindrical samples with a diameter of 16 mm and a height of 8 mm. These pressed samples
using AlpO3 powder with and without UV irradiation as raw materials were named as Sample-A and Sample-B respectively. Finally,
both Sample-A and Sample-B were put into a muffle furnace and sintered at different temperatures (1150°C-1225 °C) for 4 h.

The specific surface area of the powder was examined by surface area and pore size analyzer (Quantachrome N42-26e). Specific
surface area was calculated using Brunauer-Emmett-Teller (BET) method. The density of the samples was measured by the Archimedes
drainage method. The phase composition of the samples was analyzed by using the Bruker D8 Advance X-ray diffractometer produced
by Karls-ruhe, Germany (Cu target Ka rays, working voltage and current are 40 kV and 40 mA respectively, scanning step is 0.02,
scanning range is 10°-80° (20), scanning speed is 6°/min). The Hakki-Coleman dielectric resonance network method and a network
analyzer (E8362, Agilent Technologies, Loveland, CO) were used to measure the microwave dielectric properties. The TM-3030 field
emission scanning electron microscope (accelerating voltage 15 kV) produced by Hitachi was used to observe the microstructure of the
samples. Micro-area elemental analysis of the samples was carried out by a field Emission scanning electron microscope (FESEM,
Gemini SEM 500, Germany) equipped with an energy dispersive spectrometer (EDS).

3. Results and discussion

Fig. 1 shows density curves of Sample-A and Sample-B. As shown in Fig. 1, the density of both the samples keeps increasing when
the temperature rises from 1150 °C to 1200 °C. The highest density can be obtained at 1200 °C. Then, as the sintering temperature
continues to rise, the densities begin to decrease. The highest density of 3.93 g/cm? can be obtained for Sample-A at 1200 °C.

There may be two reasons for the low-temperature densification behavior of both the samples. One is the forming of the liquid
phase. Some investigations show that the eutectic formation temperature of CuO-CuO5-Al;03 is 1096 °C [12], the eutectic formation
temperature of CuO-TiO3 is 1000 °C [13], while the melting point of MnOs is only 535 °C. It can be reasonably inferred that several of
Aly03, CuO, TiO,, and MnO, may form a liquid phase at relatively low temperatures, which can promoting the sintering process [10].
Another is the Cu®*, Ti**, Mn**™ may diffuse into Al,O3 to form solid solution, distorting and activating the lattice, and further reduce
the sintering temperature [14].

In Fig. 1, an interesting phenomenon can be found is that the density of Sample-A is always higher than that of Sample-B at the same
temperature, which indicates that UV irradiation can effectively promote the sintering process. Although the real reason is unclear
now, it may be related to the improvement of powder dispersion by UV irradiation. The specific surface area test results show that the
BET values of the powder without UV irradiation is 2.16 m2/g and 2.35 m?/g before and after ball milling respectively, while for the
powder with UV irradiation, these values increase to 2.63 m?/g and 3.27 m?/g, which means that the Al,03 powder could be de-
agglomerated via UV radiation. Although the specific reasons need further investigation, we believe the de-agglomeration might be
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Fig. 1. Sintering density curve of Sample-A and Sample-B.
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related to certain changes on the surface of the powder caused by UV irradiation, including better hydrophilicity and more oxygen
vacancy as reported in our previous research [15].

Fig. 2 shows XRD diffraction patterns of the Sample-A and Sample-B. Only corundum phase (JCPDS file N0.10-0173) can be
detected in both the samples at different sintering temperatures, which means that if there is other phase present, either the content is
very low or the phase is amorphous.

Fig. 3 is the SEM images of Sample-A and Sample-B. In Fig. 3, it can be seen that as the sintering temperature increases from 1150 °C
to 1225 °C, the grain sizes in both Sample-A and Sample-B are continuously increasing. An interesting phenomenon is the grain
distribution in Sample-A is much more uniform than that in Sample-B when the temperature 21175 °C. This phenomenon may be
related to the improved dispersion performance of the powder after UV irradiation. As we know, agglomeration in the powder can
easily grow into large grains due to the differential sintering [16,17], resulting in uneven grain size dispersion as shown in Sample-B.
So, when the agglomerates are destroyed by UV irradiation, the grain distribution become much more uniform as shown in Sample-A.

Another phenomenon in Fig. 3 is the appearance of white matter on the surface of the samples. At 1150 °C, a very small amount of
white spots can be observed in both samples. Then, as the temperature keep rising, the white dots increase obviously in Sample-B while
their content keeps very limited in Sample-A. Combining the XRD spectrum analysis in Fig. 2, it can be reasonably inferred that these
white spots are likely amorphous compounds. To further analyze these white spots, their composition was conducted by EDS testing
and the results show that the white dots in Sample-A and Sample-B are 94.6%Al1503-4.1%Cu0-1.3%TiO5 and 91.3%Al,03-6.0%
Cu0-2.7%TiO, respectively. The content of CuO and TiO5 in Sample-B is significantly higher while the content of Al,O3 is obviously
lower. This difference could be explained by the different dispersibility of the raw Al,O3 powder. As mentioned earlier, the
agglomeration of AloO3 powder used in Sample-A is less, so the sintering additives dispersed in the Al,O3 powder more uniformly.
Therefore, the white amorphous phase generated in Sample-A during the sintering process is finer, and the content of additives will be
lower. Besides, there is no Mn present in the white dots, indicating that Mn is not involved in the low eutectic compounds, or their
amount is extremely limited, which is lower than the detection limit of EDS.

Fig. 4 is the dielectric constant curves of Sample-A and Sample-B. As the sintering temperature increases, the dielectric constant of
both Sample-A and Sample-B first increases and then decreases, maximum values can be reached at 1200 °C. At the same temperature,
the dielectric constant of Sample-A is higher than that of Sample-B. Comparing Figs. 1 and 4, it can be found that the change trend of
dielectric constant is consistent with the change trend of density. This phenomenon should be related to the lack of pores in higher
density sintered bodies (the dielectric constant in the pores is approximately equal to 1).

Fig. 5 is the Q x f value of Sample-A and Sample-B. Similar to the dielectric constant, the Q x f values of Sample-A and Sample-B
also first increase and then decrease with increasing temperature. However, there are significant differences between the two kinds of
samples. When the temperature increased from 1150 °C to 1175 °C, the Q x f value of Sample-A is only slightly higher than that of
Sample-B. Then as the temperature increased to 1200 °C, the Q x f value of Sample-B begin to decrease, while the Q x f value of
Sample-A surprisingly increased to 175,086 GHz, which is 88% higher than the Q x f value of Sample-B. Finally, as the temperature
rises to 1225 °C, the Q x f value of Sample-A begins to decrease, but it keeps much higher than that of Sample-B.

There are two possible reasons for the phenomenon in Fig. 5. One is the grain size and its uniformity. Many investigations show that
larger grain size and higher uniformity are helpful to the increasing of Q x fvalue [17-21]. Another is the impure phase. Generally, the
presence of impurities, especially amorphous impurities, can lead to a decrease of Q x f values [9,21,22]. As shown in Fig. 3, the grain
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Fig. 2. XRD diffraction patterns of Sample-A and Sample-B.
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Fig. 3. SEM images of Sample-A and Sample-B.

size of both Sample-A and Sample-B increases obviously when the temperature rises from 1150 °C to 1175 °C, so the Q x f values
increase. Due to the better uniformity of grain size, the Q x f value of Sample-A is higher. Then, as the sintering temperature rise to
1200 °C, the grains in Sample-A grow significantly, with most of the small grains disappeared and the uniformity becoming better. As a
result, a much higher Q x f value could be obtained. On the contrary, although the grains in Sample-B continue to grow, they become
more uneven and white amorphous spots begin to appear in large quantities, leading to a decrease of Q x f value. Finally, when the
temperature rise to 1225 °C, as the white amorphous spots begin to increase, the Q x f value of Sample-A begins to decrease.
Meanwhile, the Q x f value of Sample-B keeps to decrease as the white amorphous spots keep increasing.

4. Conclusions

(1) The sintering temperature of Al,O3 ceramics can be effectively reduced via CTM co-doping. When 1 wt% CTM added, high
relative densities (>97.24%) can be obtained at >1150 °C. The highest density can be reached at 1200 °C. The forming of the
liquid phase and the solid solution might be the two reasons for the accelerating of the densification process.

(2) UV irradiation can further improve the sintering behavior and the microstructure of AloO3 ceramics. Higher densities can be
obtained by using the UV irradiation treated Al,O3 powder as raw materials at the same sintering temperature. Meanwhile, the
grain distribution becomes significantly more uniform. The reason for this phenomenon is attributed to the destructive effect of
UV irradiation on the agglomeration in the Al,O3 powder.
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Fig. 5. Q x fvalue of Sample-A and Sample-B.

(3) The CTM co-doped Al,O3 ceramics show fairly good dielectric properties, especially high Q x f values. When sintered at
1150-1175 °C, the Q x fvalue of all the samples is > 100000 GHz. UV irradiation can effectively improve the Q x f values. An
astonishing high Q x f value of 175,086 GHz can be achieved after sintering at 1200 °C. The reason is that after UV irradiation
treatment, the sintered sample has fewer grain boundaries, more uniform grain distribution, and fewer amorphous phases.
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