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ABSTRACT

High sinterability nano-Y2O3 powders for transparent ceramics were success-

fully synthesized via the decomposition of hydroxyl-carbonate precursors from

spray coprecipitation. The chemical composition of the precursor was deter-

mined as Y(CO3)(OH)�nH2O (n = 1–1.5), and it was evolved into Y2O3 particles

with clear facets after calcination with the assistance of sulfate. Two dispersion

mechanisms, ‘‘absorption’’ and ‘‘intercalation,’’ were proposed to work together

to provide the dispersion effect. Microstructural and optical characterization of

powders and as-fabricated transparent ceramics was employed to evaluate the

sintering behavior of powders. The nanopowders calcined at 1250 �C had

weakly agglomerated morphology with the mean particle size of *140 nm and

exhibited excellent sinterability. The in-line transmittance of Y2O3 ceramic of

1 mm thickness that was vacuum sintered at 1800 �C for 8 h without any sin-

tering additives reached 78.7% at 1064 nm.

Introduction

Cubic Y2O3 has excellent physical and chemical

properties, such as high corrosion resistivity, high

melting point, and excellent optical transparency.

However, it is quite difficult to fabricate large size

Y2O3 single crystals due to the high melting point and

the phase transition at *2350 �C. Therefore, Y2O3

transparent ceramics have been developed and

applied in various fields such as high-temperature
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resistance windows, solid-state lasers, and semicon-

ductors [1–3]. Compared with single crystals, the

transparent ceramics have many advantages, such as

the possibility of fabricating large size samples at low

cost and achieving high concentration and homoge-

neous doping of rare earth ions [4, 5].

High-quality Y2O3 transparent ceramics can be

obtained from full densification and pore-free

microstructure [6, 7]. Generally, the densification of

transparent ceramics significantly depends on two

challenging issues. The first one is sintering process,

and it is easily controlled by optimizing system

temperature, pressure, atmosphere, and sintering

additives [8–10]. However, the second one is the

sinterability of raw powders and it is hard to control

because it depends on many factors such as purity

morphology, and particle size, especially the

agglomeration of particles [11]. But this point is clear

that the agglomeration of nanopowders never bene-

fits to the densification of ceramics due to the

uncontrollable and inconsistent grain boundary

mobility [12, 13]. Therefore, the synthesis of high

dispersibility nanopowders is crucial for the fabrica-

tion of high-quality Y2O3 transparent ceramics [14].

Although transparent ceramics with high optical

transparency can be fabricated by adding sintering

additives [15, 16], the aliovalent substitution of Y3?

by sintering additives such as LiF, HfO2, ThO2, and

ZrO2 would lead to the formation of cation/anion

vacancies and defect clusters. These defects have a

detrimental effect on laser performance [17, 18]. In

fact, high optical transparency of transparent ceram-

ics with a lower amount of sintering additives or

without any is always pursued as the ideal medium

for solid-state lasers.

Previous efforts have mainly focused on the effect

of different synthesis methods on the powder prop-

erties, such as sol–gel method [19], hydrothermal

synthesis [20], and coprecipitation method [21, 22].

Generally, the coprecipitation method often results in

serious agglomeration and particle size with wide

distribution. The drop-by-drop feed style produces

big droplets, and the local concentrations of metal

ions or precipitants are relatively high, leading to fast

nucleation and growth. In addition, the precipitated

precursor itself and its evolution into oxide powders

during the calcination process also have significant

impacts on the laser performance [23]. Because the

calcination includes water removing, organic or

intermediate phase decomposition, the phase

crystallization and especially accompanying

agglomeration [24, 25].

In this study, the novel spray coprecipitation

method was used to synthesize Y2O3 powders using

ammonium sulfate (NH4)2SO4 as the dispersant in

solution. This spray coprecipitation could separate

the processes of the nucleation and growth. This

separation is always negligible, and it is not possible

to realize in the conventional coprecipitation method.

Thus, the properties of the precursor would be

greatly different from that by the conventional

coprecipitation. Using this approach, the well-dis-

persed Y2O3 nanopowders with high sinterability

were successfully synthesized through the decom-

position of hydroxyl-carbonate precursors in this

study. The composition of precursors and the action

mechanism of (NH4)2SO4 as a dispersant were

determined. Furthermore, the influence of calcination

temperature on the morphology, particle size, phase

composition, and agglomeration of Y2O3 powders

was studied in details and the microstructure and

optical properties of as-prepared Y2O3 ceramics vac-

uum sintered at 1800 �C were also systematically

investigated to evaluate the sintering behaviors of

powders in the case of without any sintering

additives.

Materials and experimental details

Synthesis of nanocrystalline Y2O3 powders

High-purity yttrium oxide (Y2O3, 99.99%, Alfa Aesar,

Ward Hill, MA) was selected as the starting material.

The mixed solution of 1.0 mol/L ammonium hydro-

gen carbonate (NH4HCO3, AHC) and 1.5 mol/L

ammonia water (NH3�H2O, AW) was used as the

combined precipitant. Nitric acid (HNO3) was used

to dissolve Y2O3 powders, and ammonium sulfate

(NH4)2SO4 was used as the dispersant. All used

chemicals were analytical grade from Aladdin

chemicals, Shanghai, China. Y(NO3)3 solution was

prepared by dissolving yttria powders into nitric acid

and diluted with distilled water until the solution

concentration reached 0.15 mol/L; then, (NH4)2SO4

([SO4
2-]/[Y3?] = 30 mol%) was added into the

Y(NO3)3 solution.

The spray coprecipitation device was composed of

an air compressor to provide the driving force for the

spraying process, four air filters to eliminate
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impurities from the compressed air, an atomizer to

atomize the precipitant, and a peristaltic pump to

control the rate of the precipitant. The combined

precipitants were sprayed into the Y(NO3)3 solution

at the rate of 2 ml/min and stirred at room temper-

ature until the final pH reached 8.0. After spraying,

the precipitates were aged for 12 h to obtain Y2O3

precursors. The obtained precursors were filtrated

and washed firstly with deionized water for three

times and then with ethanol for another three times.

Finally, the washed precursors were dried at 60 �C
for 24 h in an oven and then calcined at 1100, 1150,

1200, 1250, and 1300 �C for 4 h in air to obtain

nanocrystalline Y2O3 powders.

Fabrication of Y2O3 ceramics

The calcined Y2O3 powders were sieved through a

150-mesh screen and then dry-pressed into A16-mm

disks in a stainless steel mold under 25 MPa, fol-

lowed by cold isostatic pressing under 200 MPa for

5 min. After removing the residue organics at 800 �C
for 4 h in a muffle furnace, the green bodies were

sintered at 1450–1600 �C for 4 h in air to check the

sinterability of nanocrystalline powders and then

vacuum sintered at 1800 �C for 8 h in a vacuum

furnace under 10-3 Pa to complete densification.

Finally, the sintered Y2O3 ceramics were annealed at

1100 �C in air for 10 h to fill oxygen vacancies, and

then, two sides were ground and polished to 1 mm.

Characterizations

The phases of Y2O3 powders calcined under different

temperatures were identified by X-ray diffraction

(XRD, D2, Bruker, Germany) measurements. Specific

surface areas S(BET) of the powders were measured

with an accelerated surface area and porosimetry

system (Model Micromeritics ASAP2010, Norcross,

USA) using N2 gas. The element compositions of the

powders were performed by X-ray fluorescence

spectrometer (XRF, Waltham, USA) and elemental

analyzer (Vario ELcube CHONS). The morphologies

of powders and microstructures of ceramics were

studied by a scanning electron microscope (SEM,

JSM-6510, JEOL, Japan) and transmission electron

microscope (TEM, G2, FEI Tecnai, USA). The relative

densities of Y2O3 ceramics were measured and cal-

culated by the Archimedes method. The in-line

transmittance of transparent ceramics was measured

using a UV–VIS–NIR spectrophotometer (Lambda

950, PerkinElmer, Waltham, MA, America) in the

wavelength range of 200–1200 nm.

Results and discussion

Figure 1 shows the SEM images of Y2O3 powders

under the different calcination temperatures. It can be

seen that the calcination temperature has a significant

effect on the morphology, particle size, and agglom-

eration of the powders. The mean particle size of the

powders increased from *50 to *170 nm with

increasing the calcination temperature from 1100 to

1300 �C. It was clear that, after calcination at different

temperatures, all powders showed good crystallinity

(as shown later), but the serious agglomeration still

existed when the calcination temperature was below

1200 �C. This agglomeration was attributed to the

small particle size and the high surface energy of the

powders calcined at low temperature. With the

increase in calcination temperature, the shape of

particles became more clear with obvious facets and

round edge. However, when the calcination temper-

ature reached 1300 �C, the mass diffusion became fast

and this led to the formation of sintering neck, which

indicated an excessive sintering and the reduction in

surface energy of particles. This would result in the

loss of sintering activity of the powders. The powders

with weakly agglomerated morphology and good

dispersibility were synthesized when the calcination

temperature was 1250 �C and the mean particle sizes

were *140 nm.

Generally, the agglomeration state of powders was

evaluated according to the following equation [23]:

n = (DBET/DXRD)3, where n is the agglomeration

parameter, and the smaller of the parameter n, the

weaker the agglomeration state of powders. Figure 2

shows the specific surface area (SBET), the corre-

sponding particle size DBET, the grain size (DXRD)

calculated by Sherrer’s formula, and the change of

n value with the calcination temperature. The grain

size of Y2O3 powders was calculated using the X-ray

line broadening method performed on the three

strongest diffraction peaks of (2 2 2), (4 0 0), and (4 4

0) according to the Sherrer’s formula: DXRD = 0.89k/

(b cos h). Here, k is the wavelength of CuKa
(0.15406 nm), and b is the full-width at half-maxi-

mum (FWHM) of a diffraction peak at Bragg angle h.

The specific surface area was converted to particle
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size using this equation: DBET = 6/(q�SBET). Here, it

is assumed that the particle shape is a closed sphere

with the smooth surface and uniform size and q is the

theoretical density of Y2O3 (5.03 g/cm3). As shown in

Fig. 2a, the specific surface area of Y2O3 powders

decreased from *15.0 to 6.0 m2/g with increasing

the calcination temperature, and both DBET and DXRD

were increased due to the agglomeration of the par-

ticles and grain growth (Fig. 2b, c). However, the

relatively faster increase of DBET happened especially

above 1250 �C (Fig. 2b). It is noted that the particle

size obtained from the specific area was about two

times larger than that measured by XRD method,

indicating the existence of agglomeration of powders.

The calculated n value was smallest when the calci-

nation temperature was 1250 �C (Fig. 2b) and was

largest when the temperature was 1100 �C. It is well

known [19, 26] that the powders calcined below

1000 �C often have large specific surface area and a

large number of adsorbates and they cannot be easily

compacted into the uniform green body. On the other

hand, the calcination temperature above 1300 �C
easily causes severe agglomeration and loses some

sinterability of the powder.

Therefore, Y2O3 powders calcined at 1250 �C for

4 h are the most suitable for preparing transparent

ceramics with high optical quality. Figure 3a shows

TEM image of Y2O3 powders calcined at 1250 �C, all

powders were very uniform, and most particles were

composed of coadjacent grains with a mean diameter

of 80–100 nm, which aggregated to be a chain in one-

dimensional space. This slight agglomeration could

be easily destroyed when the powders are in the

forming stages of green body by dry pressing or cold

isostatic pressing of 200 MPa, during which the

plastic flow and deformation would occur to fill the

Figure 1 SEM images of Y2O3 powders under different calcination temperatures: a 1100 �C, b 1200 �C, c 1250 �C, and d 1300 �C.
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interspace between particles to get the high initial

density of the green body. Therefore, this slight

agglomeration would have little effect on the sinter-

ing activity. The grains also displayed pseudo-

spherical shape with clear facets and rough edges.

These nanocrystalline powders exhibited the better

dispersibility and favored to the preparation of high-

quality Y2O3 ceramics with fine microstructure [27].

In addition, the selected area electron diffraction

pattern (Fig. 3a inset)) revealed that the powders

were cubic Y2O3 with lattice parameter 10.604 Å, and

this result was in agreement with XRD measurements

as shown below. The high-resolution TEM image

(Fig. 3b) showed the clear lattice fringes separated by

3.1 Å, which corresponded to the (222) plane of Y2O3.

It is worth mentioning that the morphology and the

particle size of the as-prepared Y2O3 powders are

greatly different under different calcination temper-

atures, and this results in the significant difference in

the microstructure and optical transparency of fab-

ricated ceramics. The result of subsequent sintering

experiments proved that the powder calcined at

1250 �C has the highest sinterability.

Furthermore, the phase compositions of the pre-

cursor and Y2O3 powders under different calcination

temperatures are identified by XRD in Fig. 4. After

the calcination of Y2O3 powders, the characteristic

diffraction peaks corresponded to cubic yttria phase

(JCPDS: 41-1105) were sharp, indicating the good

crystallinity. With the increase in calcination tem-

perature, the intensity of the characteristic diffraction

peaks was increased and the full-width at half-max-

imum (FWHM) became narrow, indicating the

enhanced crystallinity and larger grain size. The

grain size was increased from 36.0 to 89.0 nm as the

calcination temperature increased from 1100 to

1300 �C in Fig. 2. It can be noted that the as-synthe-

sized precursor in this study is amorphous, which is

in agreement with previous reports [14, 28]. How-

ever, some other previous studies showed that the

precursors can be crystalline even their crystallinity

degrees were lower [12, 29]. In Liu’s study [29], the

precursor was well indexed as Y2(CO3)3�2.79 H2O

(JCPDS: 54-0624) when only AHC (1.0 mol/L) was

used as a precipitant. But in Yavetskiy study [12], the

precursor composition was Y2(OH)5(NO3)1-x-y

(CO2)x (SO4)y�nH2O (n = 1–2), in which only AW

(2.0 mol/L) was used as the precipitant. In this study,

Figure 3 a TEM image of Y2O3 powders calcined at 1250 �C (inset selected area electron diffraction image), b high-resolution TEM

image showing the lattice planes (d-spacing: (222)-3.1 Å).
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AHC and AW were together used as the combined

precipitant and resulted in the amorphous phase.

This is an interesting phenomenon, and its mecha-

nism needs to be further investigated. However, it is

very clear that the phase composition of precursors

has a strong relationship with the precipitant com-

position and its concentration, the dispersant effect,

and the pH value at the end of precipitation process.

The evolution process from precursor to oxide pow-

ders during the calcination process has the different

chemical reactions and morphology changes and at

last affects the sintering activity. In addition, it is

crucial to determine the precise chemical composition

of precursors.

The FTIR spectra of yttria powders under different

calcination temperatures are shown in Fig. 5. All

calcined powders displayed the similar FTIR shape.

The single broad peak at 3700–2800 cm-1 was

attributed to the stretching vibrations of OH-1, and

the double peaks at *1520 and *1425 cm-1 resulted

from v3 C–O asymmetric and symmetric stretching

vibration of CO3
2-. Several peaks between 850 and

600 cm-1 in the fingerprint region were attributed to

the out of plane bending vibrations of CO3
2-. OH-

and CO3
2- groups are associated with the H2O and

CO2 absorbed from the air [30]. The peaks at *1115

and 620 cm-1 were attributed to the vibration of

SO4
2-, and the relative intensity of these two peaks

decreased with increasing the temperature. This

indicates the decrease of SO4
2- content. The peaks

near 560 cm-1 were ascribed to the vibrations of Y–O

bonds. The 1400 cm-1 band associated with vibra-

tions of NH4
? was not observed in all spectra

indicating an effective washing process and the

complete absence of NH4
? ions. In addition, all peaks

corresponded to water and carbonates in Fig. 5 still

remained even after the high-temperature calcina-

tion. It is impossible that these molecules existed at

such high temperatures. Therefore, we expect that a

fast hydration reaction occurred after the calcination

in all cases due to the large specific surface (*10 m2/

g, Fig. 2). The water molecules from air moisture

strongly interacted with the surface of Y2O3 and

gradually incorporated into the surface layer and

formed a ‘‘bulk hydroxide layer’’ at the room tem-

perature. Then, the alkaline surface layer of yttria

strongly reacts with CO2 adsorbed from the air and

formed the carbonate (or hydroxyl-carbonate).

In our experiment, the weights of the precursor

before and after calcination at 1250 �C were 36.5 and

20.3 g, respectively. The mass loss was 44.4%, which

was caused by the removal of water and CO2. The

element contents of N, C, H, S in precursor and

powders from the elemental analyzer are shown in

Table 1. According to the weight of powders and the

element contents, the mole of Y, H, C element was

0.18, 0.77, and 0.20 mol, respectively, and the ratio of

n(H)/n(C) was 3.8. Accordingly, the chemical com-

position of the precursor was calculated and found to

be Y(CO3)(OH)�nH2O (n = 1–1.5). The content of

SO4
2- decreased with the increase in calcination

temperature as indicated in Table 2. Moreover, in this

study, the S element composition in the precursor

was 1.881 wt%, and the weight of precursor was
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Figure 5 FTIR spectra of Y2O3 powders under different calcina-

tion temperatures.

Table 1 Element amounts in precursor and powders calcined at

1250 �C from elemental analyzer

Elements N C H S

Precursor (wt%) 0 6.48 2.096 1.881

Powders (wt%) 0 0.32 0.907 0.479

Table 2 Element compositions of powders calcined at different

temperatures from XRF

Temperature/�C Y/wt% O/wt% S/wt%

1100 75.25 23.06 1.690

1150 76.79 22.38 0.822

1200 78.57 20.67 0.757

1250 78.67 20.82 0.512

1300 78.81 21.12 0.075
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36.5 g. Therefore, the mole of SO4
2- was 0.022 mol.

The mole of the SO4
2- (0.022 mol) in precursor was

less than that (0.068 mol) in the raw material because

the SO4
2- was scoured off during the washing pro-

cess. The negatively charged SO4
2- had the strong

electrostatic attraction with the positive precursor

surfaces [31]. The saturated coverage of SO4
2- ions on

the Y2O3 particle surfaces was effective to inhibit the

agglomeration and the growth of nuclei [32]. There-

fore, this explains why the mole of SO4
2- (0.068 mol)

in the raw solution is higher than its value

(0.022 mol) in the precursor, and the left SO4
2- group

was sufficiently absorbed on the surface of the

precursor.

In addition, there was no N element in the com-

position of precursor, indicating that all the NO3
-

ions were washed away. There was still S element

even in the powders calcined at temperatures as high

as 1250 �C. This is consistent with the results in

Fig. 5. The high decomposition temperature of sulfate

ions can inhibit the aggregation and the fast growth

of the crystallite grains, resulting in the good dis-

persion and narrow particles distribution [28, 33].

In fact, (NH4)2SO4 has been widely used in the

coprecipitation method to obtain high dispersibility

nanocrystalline Y2O3 powders. However, the sulfate

role and its evolution in coprecipitation process have

always been a controversial issue and there are many

questions that have never been answered. First, how

does the sulfate affect the nucleation and growth

processes? Second, whether could it be partly or

totally removed by the washing treatment? Third,

what does the dispersant happen during the calci-

nation and how does its residual content affect the

optical properties? Huang et al. [28] employed AHC

as the precipitant and added the sulfate into the

solution before coprecipitation, and kept the pH of

the reaction system at 8.3. They found there was

hardly any sulfate remaining in the precursors and

concluded that the sulfate played an important role

in the control of particle shape of the precursors

during the formation process rather than during the

high-temperature calcination. Generally, SO4
2-

groups formed the ion pairs with the high valence

metal ions by the intensive electrostatic attraction,

and when AHC was added, CO3
2- groups competed

with SO4
2- groups for metal ions, and then, the

resultant carbonate nucleated into the small amor-

phous particles. Its tetrahedral configuration and

steric hindrance of SO4
2- retarded the further growth

in some directions of the amorphous powders and

led to the needle shape of precursors because these

directions had higher positive charge density. This

means SO4
2- groups only had a big impact on the

small amorphous particles and less influence on the

growing precursors. For the washing step, the pre-

cursors were electrical neutrality, and the main

interaction between SO4
2- and precursors was van

der Waals force and it was much weaker than the

electrostatic attraction. Thus, sulfate was almost

removed through washing for several times.

However, Yavetskiy [12] reported the totally dif-

ferent results. They found that the intercalation of

sulfate ions into the interlayer of Y2(OH)5NO3�nH2O

structure formed the Y2(OH)5(NO3)1-x-y(CO2)x
(SO4)y�nH2O through the physical adsorption effect

and van der Waals force. SO4
2- groups aligned

gradually along the crystallographic axes, thereby

exhibiting the specific crystallographic contours, and

this isotropic surface of precursor had no special

crystallographic orientation to induce unusually

rapid or slow particle growth. They also found that

the upper limit temperature of quasi-spherical parti-

cles (1100 �C) was equal to the temperature of

desulfurization. Because sulfate slows down diffu-

sion process that prevents nanopowders from coars-

ening, agglomeration and sintering. They concluded

that even relatively low sulfur concentration at

1100 �C (0.17 wt%) retarded diffusion mass transport

and resulted in weakly agglomerated primary parti-

cles of *50 nm.

These two kinds of action mechanism of sulfate

discussed above are named ‘‘absorption mechanism’’

and ‘‘intercalation mechanism,’’ respectively. They

are summarized in Table 3. It is clearly concluded

that the action mechanism of sulfate in the precipi-

tation is dependent on the precipitant type and its

different adding points (before or after the precipi-

tation). They affected the morphology and size of

precursor and calcined powders. Other works have

supported the same conclusions [14, 29, 32, 33]. In the

present study, AHC and AW are combined as the

mixed precipitants and the precipitate composition is

determined as Y(CO3)(OH)�nH2O (n = 1–1.5). These

two dispersion mechanisms work together to play the

dispersion role and lead to the weakly agglomerated

nanopowders with high sinterability. Furthermore,

we developed the selection principles of the disper-

sant in the coprecipitation method. The first principle

is that the surfactant should be thermally stable and
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can ultimately decompose into gas without intro-

ducing any impurity. The second is that the surfac-

tant should have strong absorption effect with the

precursor, high valence, and bigger group volume to

play the role of dispersion. Obviously, more disper-

sants are needed to further improve the

dispersibility.

From the above results, the calcination process had

a significant effect on the particle morphology and

size and the agglomeration state of the powders. In

order to further study the effect of calcination on the

sintering behaviors of the powders, we fabricated

ceramics from the powders under different calcina-

tion temperatures.

Figure 6a shows the thermal mechanical curves of

Y2O3 green compact from powders calcined at

1250 �C. The obvious shrinkage also began at about

1250 �C, and the biggest linear shrinkage rate occur-

red at *1495 �C. Therefore, the starting sintering

temperature of ceramics used to check the powders

sinterability should be selected at around this tem-

perature. Figure 6b shows the relative densities of

ceramics air sintered at low temperatures to check the

sintering activity of powders under different calci-

nation temperatures. Obviously, the relative densities

of ceramics from powders calcined at the same tem-

perature increased with the increase in sintering

temperatures from 1450 to 1600 �C. However, the

relative densities of Y2O3 ceramics increased with the

Table 3 Comparison of two different action mechanisms of sulfate in coprecipitation

Absorption mechanism Intercalation mechanism

Precipitant NH4HCO3 NH3�H2O

Precipitate Y2(CO3)3�2H2O Y2(OH)5(NO3)1-x-y(CO2)x
(SO4)y�nH2O

Adding timing of

sulfate

Before coprecipitation After

Precursor shape From big compact into needle-like To plate-like

Calcined shape Agglomerated to dispersion, 50 nm To individual crystals, 50 nm

Role in precipitation Shape control of precursors during formation process rather than

during calcination process

Just into structure, no other roles

Action mechanism Attracted by some directions with higher positive charge density and

then retarded further growth

Low sulfate at 1100 �C retarded

diffusion mass transport

Saturation state Adsorption onto nucleated particles Saturation of interlayer region

Sulfate amount/ 10 mol% 5 mol%

If remaining after

washing

No any, after action, weaker van der Waals force Yes, almost left in structure

If remaining after

calcination

No 0.17 wt% 1100, near zero 1200 �C
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Figure 6 a Thermal mechanical analyzer curves of Y2O3 green

compact from powders calcined at 1250 �C, b relative densities of

Y2O3 ceramics from powders under different calcination

temperatures.
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increase in calcination temperatures and reached a

maximum at about 1250 �C and then decreased at

each sintering temperature. These results are in

agreement with the agglomeration state of the pow-

ders (as shown in Figs. 1 and 2). The sintering activity

of the nano powders is particularly sensitive to the

agglomeration of the powders since the sintering

driving force and the shrinkage inside agglomerates

are different from those of between agglomerates.

The Y2O3 ceramics from powders calcined at 1250 �C
had the highest relative density at each sintering

temperature because the agglomeration state was

weak and no sintering necks appeared. The relative

density of Y2O3 ceramics without any sintering

additives from powders calcined at 1250 �C reached

99.6% only under the sintering temperature of

1600 �C, indicating the high sinterability of powders

synthesized by a spray coprecipitation method.

The SEM images of the thermally etched surfaces

of Y2O3 ceramics under different sintering tempera-

ture (from powders calcined at 1250 �C) are shown in

Fig. 7. The average grain size of the ceramics sintered

at 1450 �C in air was 0.55 lm, and the distribution of

grain size was narrow, but the pores were large and

connected together (Fig. 7a). When the sintering

temperature reached 1500 �C, the average grain size

of ceramics had a slight increase to 0.59 lm, but the

number of intergranular pores dramatically

decreased (Fig. 7b), and the pores were isolated. The

number of pores was further reduced when the sin-

tering temperature was 1550 �C and the average

grain size increased to 0.70 lm (Fig. 7c). The pores in

the ceramics sintered at 1600 �C were hard to observe

(Fig. 7d), and the grain size increased rapidly to

0.95 lm. Figure 8 shows the sintering trajectory for

Y2O3 ceramics between 1450 and 1600 �C for 4 h. The

densification process was accompanied by the grain

growth when the sintering temperature was below

1550 �C. However, the grain growth dominated the

densification process when the sintering temperature

was above 1550 �C. Figures 7d and 8 show the

abnormal growth for the ceramics sintered at

1600 �C.

Figure 9 shows the in-line transmittance of the

ceramics fabricated from powders under different

calcination temperatures and then vacuum sintered

at 1800 �C for 8 h and annealed at 1100 �C for 10 h in

air. The inset in Fig. 9 is the corresponding

Figure 7 SEM images of the thermally etched surfaces of air-sintered Y2O3 ceramics at a 1450 �C, b 1500 �C, c 1550 �C, and d 1600 �C
for 4 h.
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photographs of the ceramics. The transmittance of the

ceramics fabricated from powders calcined at 1100 �C
was very low due to the serious agglomeration of the

powders. When the calcination temperatures

increased from 1100 to 1150 �C and 1200 �C, the

agglomeration state of the powders decreased, and

the transmittance was enhanced from 53.0 to 62.7%

(at 1064 nm). The transmittance of ceramics fabri-

cated from powders calcined at 1250 �C reached

78.7%, owing to the high sinterability of the powders.

The excessive sintering occurred when it further

increased to 1300 �C. In this case, the transmittance

was reduced to 65.2%. Furthermore, the transmit-

tance decreased more rapidly at the wavelength

below 400 nm. This means the presence of small

pores as the scattering centers. The transmittance has

a close relationship with the calcination temperature

because the latter has a significant effect on the

morphology and agglomeration of powders. The

appropriate calcination of the precursor is crucial to

prepare high sintering activity powders for trans-

parent ceramics.

Conclusions

Nanocrystalline Y2O3 powders with high sinterability

were synthesized by the decomposition of hydroxyl-

carbonate precursors from a spray coprecipitation

route. The chemical composition of the precursor was

determined as Y(CO3)(OH)�nH2O (n = 1–1.5), and it

was evolved into Y2O3 particles with clear facets after

calcination. The calcination temperature had a sig-

nificant effect on the agglomeration and particle size

of powders. The powders had the weak agglomera-

tion and good dispersibility when the calcination

temperature was 1250 �C and its mean particle size

was *140 nm. Sulfate still existed in powders after

calcination at 1250 �C, and two kinds of dispersion

mechanism of ‘‘absorption’’ and ‘‘intercalation’’ were

proposed to work together to play the dispersion

role. Y2O3 powders calcined at 1250 �C had the high

sinterability, and the relative density of ceramics air

sintered at 1600 �C reached 99.6%. The in-line trans-

mittance of ceramics sintered at 1800 �C for 8 h in

vacuum without any sintering additives was 78.7% at

1064 nm.
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