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Abstract This paper reported the fabrication of Y2O3

transparent ceramics with c-Al2O3 doped as the sintering

aid under vacuum using the co-precipitated Y2O3 powders

as raw materials. The different concentrations of c-Al2O3

were employed for investigating the effect on the

microstructures and densities of Y2O3 ceramics. The doped

sintering aid could achieve fine microstructure and high

density. The average grain sizes were around 25 lm, and

the relative densities were all above 98.5 %. The best

sample was achieved with 0.08 wt% c-Al2O3 when sin-

tered at 1850 �C for 8 h. And the grain size and relative

density were 25 lm and 99.47 %, respectively.

1 Introduction

Y2O3 transparent ceramic has been investigated for many

years. And the Y2O3 ceramic has been widely used as

windows, domes, display applications and so on [1–3]. It

has been proven to be an attractive candidate of the laser

materials due to its high thermal conductivity, broad range

of transparency, stable physical and chemical properties,

strong stark-splitting and relatively low phonon energies

[4]. However, owing to the high melting point at 2410 �C,
the development of Y2O3 transparent ceramics was hin-

dered [5]. So far, many methods were employed to fabri-

cate Y2O3 powders. Such as sol–gel method [6, 7],

electrospray pyrolysis [8], hydrothermal synthesis [9],

chemical coprecipitation [10], etc. Meanwhile, the chemi-

cal precipitation has a relative superiority for preparation of

excellent powders, which is beneficial for sintering and

could be expanded to mass production.

For chemical precipitation, ammonia water or ammo-

nium hydrogen carbonate was usually selected as precipi-

tant [11, 12]. When the ammonia water and ammonium

hydrogen carbonate are all used as mixed precipitant, the

appropriate ratio of them could be employed to obtain

excellent precursors [13]. Appropriate sintering aids are

pivotal factors for high grade transparent ceramics [14]. In

the previous research, ZrO2 and La2O3 were selected as the

sintering aids. However, too much sintering aids are not

beneficial for the laser and strength properties of trans-

parent ceramics [15–17]. By using ZrO2 as the sintering

aid, the Y2O3 ceramics with small grain size were suc-

cessfully achieved [18]. However, the high sintering tem-

perature and longtime duration were also required.

Moreover, La2O3 as the sintering aid could reduce sintering

temperature of high transparent Y2O3 ceramic. However,

the crystalline grain abnormally grown up and the size was

distributed in a wide range [19]. The c-Al2O3 used as the

sintering aids was little reported, and the effect of Al2O3 on

the microstructure has also few reported.

In this research, the c-Al2O3 was used as sintering aid.

The effect of different concentrations of c-Al2O3 on the

microstructure was studied. The relationship of the volume

shrinkage and density of the Y2O3 ceramics was also

investigated.
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2 Experiment

0.20 mol/L Y(NO3)3 solution was used as a mother solution.

And a 1.5 mol/L ammonium hydrogen carbonate and a

2 mol/L ammonium hydroxide were used as the mixed

precipitant solution. Themother solution (4 L) was stirred at

320 rpm. Then, the precipitant solution was dripped into the

mother solution at a rate of 5 ml/min. The final pH value of

the slurrywas 8.0.Meanwhile, 10.57 g ammonium sulfate as

dispersant was added into the slurry with stirring for a half

hour. The precipitations were aged for 36 h at the room

temperature. Then they were filtered and washed with three

times using the deionized water and anhydrous ethanol

severally. The aim was to completely remove byproducts of

the precipitation reaction, such as NH4? and NO3- [20].

After filtered, the precipitate was dried at 60 �C for 24 h

in infrared drying oven. And the dried precipitate would be

crushed and refined by the 100 mesh sieve. Then precursors

were calcined at 1300 �C for 3 h in the furnace. The

obtained Y2O3 powders and a small amount of c-Al2O3

were ball-milled with alumina balls for 12 h at 140 rpm,

and the weight ratio of ball: powder: alcohol is 6:1:2, the

diameter of the balls is 3.0 mm (small). 0, 0.04, 0.08, 0.12,

0.16 and 0.20 wt% c-Al2O3 were added in the Y2O3

powders with ethanol, respectively. The slurry was dried at

55 �C for 24 h. Then dried slurry was sieved through 100

mesh. After removing organic components by calcined at

850 �C for 5 h, the powders were dry pressed into U15 mm

disk in a stainless steel mould at 25 MPa. The green bodies

were further cold isostatically pressed (CIPed) at 200 MPa

for 5 min. All disks were sintered at 1850 �C for 8 h with a

rate of 1 �C/min in the vacuum sintering furnace utilizing a

tungsten heating elements under a vacuum of 10-4 Pa.

Then sintered ceramics were annealed at 1400 �C for 10 h

and mirror polished at 2 mm thickness.

Thermo-gravimetric and differential scanning calorime-

try (TG-DSC, EXSTARDSC6000, Hitachi, Japan) was used

to analyzed the physiochemistry process in the calcined

precursor. Phase identification was performed by an X-ray

powder diffraction (XRD, D2 PHASER, Bruker, Germany)

pattern analysis. The morphologies of the precursors before

and after calcination were observed by using a Field emis-

sion scanning electron microscopy (FESEM, S4800, Hita-

chi, Japan). The relative densities of all sintered ceramics

were measured by the Archimedes method with the theo-

retical density of Y2O3 as 5.031 g/cm3. Scanning electron

microscopy (SEM, JSM-6510LV, JEOL, Japan) was used to

observe the microstructure of the thermal etched surfaces

and the fracture surfaces of Y2O3 ceramic. The thermal

expansion coefficients of Y2O3 ceramics were obtained by

using a thermal mechanical analyzer (TMA, DIL402E,

Netzsch, Germany).

3 Results and discussion

Figure 1 is TG/DSC analysis curve of the precursor. There

are three general decomposition processes in the curve. The

first stage is under 200 �C, the endothermic peak at 134 �C
was attributed to the removal of absorbed and molecular

water. The second stage is a main mass-loss process, and

about 45 % mass loss occurred between 200 and 800 �C.
An exothermic peak at 550 �C was attributed to the

decomposition of yttrium carbonate, yttrium hydroxide and

the crystal water. The exothermic peak at 703 �C indicated

the crystallization of yttria. And the third stage is behind

800 �C. A broad endothermic peak centered at 1155 �C
was ascribed to the decomposition of SO4

2-. The SO4
2-

can be absorbed onto the surface of the precursor particles

due to the electro-static force. It has a higher decomposi-

tion temperature than the precursor and its existence at

comparatively high temperature may reduce the element

diffusion between particles, resulting in a smaller particle

size [21].

Figure 2 shows the XRD patterns of the synthesized

precursors and calcined powders. As shown in Fig. 2a,

three peaks were observed, which indicated that the com-

ponent of precursor were Y(NO3)3�6H2O, Y2(CO3)3�2H2O

and small amount of Y(OH)3. As shown in Fig. 2b, the

precursors with different concentrations of c-Al2O3 were

calcined at 1300 �C. Pure Y2O3 crystalline phase was

obtained and no other crystalline phase was detected. The

average crystalline size of calcined powders was calculated

from Scherrer’s formula. The crystalline size of Y2O3

powders with 0, 0.04, 0.08, 0.12, 0.16 and 0.20 wt% c-
Al2O3 is 59.3, 59.7, 60.3, 59.8, 61.1 and 60.7 nm, respec-

tively. Therefore, the addition of c-Al2O3 had a little effect

on the crystalline size.

Fig. 1 TG/DSC curves of the precursor
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Figure 3 is the FESEM images of the precursors and the

Y2O3 powders. As shown in Fig. 3a, the precursors were

composed of the granular Y2(CO3)3�2H2O and the sheet

Y(OH)3. The activity of Y2(CO3)3�2H2O was better than

that of Y(OH)3 in the theory. And the size of Y2(CO3)3-
2H2O was about 10 nm, most of the granular Y2(CO3)3-
2H2O were agglomerated that dispersed on the sheet

Y(OH)3, and the sheet Y(OH)3 was quite a few in the

precursors, but Y(NO3)3�6H2O could not be found nearly

from the appearance. Figure 3b shows the FESEM image

of no ball-milled Y2O3 powders without c-Al2O3, in which

little agglomeration was visible. And as shown in Fig. 3c,

d, no obvious sintering necks could be found. In addition,

the shape and size of all Y2O3 powders were similar.

Therefore, the concentration of c-Al2O3 had little apparent

effect on the shape of powders. Higher calcined tempera-

ture might lead to a bigger powder size with lower sintering

activity.

Fig. 2 XRD patterns of a the precursors and b Y2O3 powders with different concentrations of c-Al2O3 and no ball-milled

Fig. 3 FESEM morphology of a the precursors, Y2O3 powders b with no ball-milling and with the concentrations of c 0.08 wt% and d 0.12 wt%

c-Al2O3 calcined at 1300 �C
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Figure 4 shows the SEM images of the thermal etched

surfaces of Y2O3 ceramics, which were sintered at 1850 �C
for 8 h and annealed at 1400 �C for 10 h. In Fig. 4a, the

grain size of the sample without c-Al2O3 was about

150 lm. As shown in Fig. 4b, when the concentration of c-
Al2O3 was 0.04 wt %, the size of the Y2O3 ceramics

crystalline grain was about 40 lm that was resulted by c-
Al2O3 through the process of ball-milling, which indicated

the just a little c-Al2O3 had the effect of restraining the

growth of crystalline grain. As shown in Fig. 4c, the grain

size of the sample with 0.08 wt% c-Al2O3 was about

25 lm. As shown in Fig. 4d, when the concentration of c-
Al2O3 was 0.20 wt%, the grain size was about 20 lm.

Obviously, the grain sizes were smaller with the concen-

tration of c-Al2O3 increasing.

It is clearly that a small amount of c-Al2O3 could refine

the grain size of Y2O3 ceramics. However, when the con-

centrations of c-Al2O3 were higher, the grain size was not

clearly change smaller. And the average grain size was all

about 20–40 lm. In this study, the c-Al2O3 could restrain

the grain-boundary mobility, and then inhibits the faster

grain growth. Moreover, the smaller grain size was bene-

ficial for the densification and strength of Y2O3 ceramics

[17].

Figure 5 indicates the SEM images of the fracture sur-

faces of Y2O3 ceramics with different concentration of c-
Al2O3. About 100–200 lm grains could be found without

ball-milling. And the grain size was about 40 lm when the

concentration of c-Al2O3 was 0.04 wt%. With the con-

centration of c-Al2O3 up to 0.08 wt%, the grain size was

reduced to 20 lm. It is clearly that c-Al2O3 could decrease

the grain size with fine microstructure. With the increase of

c-Al2O3 to 0.20 wt%, the grain size decreased to 15 lm.

The grain sizes changed slowly when the concentrations of

c-Al2O3 were more than 0.08 wt%.

The Fig. 6 shows the linear shrinkage and linear

shrinkage rate of the Y2O3 samples with 0 and 0.08 wt% c-
Al2O3 through TMA. The sample with 0 wt% c-Al2O3 was

shrinkable beginning at about 1000 �C, and the apparent

shrinkage was at 1510 �C. For the sample with 0.08 wt%

c-Al2O3, the beginning shrinkage temperature was about

1200 �C, and the shrinkage rate reached highest at

1490 �C. The peak of the shrinkage rate of Y2O3 sample

with 0.08 wt% c-Al2O3 was broader and lower than the

sample with 0 wt% c-Al2O3. The c-Al2O3 could restrain

the faster grain growth that was beneficial for fine grain

growth, reducing wrapped pores and eliminating pores to

enhance properties of sample sintering process. So the

sample with 0.08 wt% c-Al2O3 should have a smaller grain

size, which was consistent with the TMA analysis that

conformed to previous conclusions.

In this study, the grain size of Y2O3 ceramics became

smaller when the c-Al2O3 was used as sintering aid. As

shown in the Fig. 7, the Y2O3 ceramics obtained smallest

Fig. 4 SEM images of thermal etched surfaces of Y2O3 ceramics with a no ball-milled, b 0.04 wt%, c 0.08 wt% and d 0.20 wt% c-Al2O3
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grain size was at the concentration of 0.08 wt% c-Al2O3.

The relative density of samples was 99.47 % that was

higher than that of others. The relative density of most

samples was over 99 %, and it proved the most samples

were compact that was beneficial for the strength of Y2O3

ceramics. And the volume shrinkage of 0.04–0.16 wt% c-
Al2O3 was similar at about 51 % after sintering. When the

concentration of c-Al2O3 was added to 0.20 wt%, the

volume shrinkage was less among them. Therefore, in the

term of density and shrinkage, the concentration of

0.08 wt% c-Al2O3 was the best. The smaller of grain sizes

of the different doping concentrations, the higher

mechanical and optical properties [22]. And at the same

experimental conditions, the mechanical property of the

Y2O3 transparent ceramics was higher with the smaller

grain size [23]. And the grain size of the no-doped Y2O3

ceramics was larger about 150 lm, but the grain sizes of

others with the concentrations of the c-Al2O3 were smaller.

When the concentration of c-Al2O3 was 0.08 wt%, the

grain size was about 25 lm, and the density and volume

shrinkage of Y2O3 ceramics with the concentration of

0.08 wt% c-Al2O3 were higher.

Fig. 5 SEM images of fracture surfaces of Y2O3 ceramics with a no ball-milled, b 0.04 wt%, c 0.08 wt% and d 0.20 wt% c-Al2O3

Fig. 6 Thermal mechanical analyzer thermogram of Y2O3 samples

with the concentration 0 and 0.08 wt% c-Al2O3

Fig. 7 The densities and volume shrinkages of Y2O3 ceramics with

different concentrations of c-Al2O3
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4 Conclusions

This paper investigate the influence of c-Al2O3 as sintering

aid on the microstructure and the relative densities of Y2O3

ceramics. The sample with 0.08 wt% c-Al2O3 could be

achieved fine microstructure and highest relative density at

1850 �C for 8 h under vacuum. The average grain size was

around 25 lm, and the relative density of Y2O3 ceramic

was 99.47 %. The c-Al2O3 could restrain the faster grain

growth that was beneficial for the process of eliminating

pores and reducing wrapped pores at sintering process to

enhance properties of Y2O3 ceramics. Through the further

research, better optical transparency of Y2O3 ceramics can

be secured by the appropriate additive amount of c-Al2O3

as the sintering aid. And highly transparent Y2O3 ceramic

as a promising material would be mainly applied in med-

ical CT, laser gain medium and windows.
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