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2]. However, the Y2O3 single crystal undergoes a struc-
tural phase transformation from cubic to high-temperature 
hexagonal phase at approximately 2280 °C, making it 
extremely difficult to fabricate with sufficient optical qual-
ity to large size by traditional melt-growth technology. 
Transparent ceramic counterparts have attracted the inter-
est of researchers and been explored in relation to infrared 
windows and other applications such as active laser host 
materials for lanthanide ions, refractory devices and for 
certain components of semiconductor devices, especially 
since the first laser demonstration of the Nd:YAG ceramic 
in 1995 [3].

The high melting point, however, contributes to the 
low sinterability of yttria. Many efforts have been made 
to achieve transparent Y2O3 ceramics with full densifica-
tion. A significant number of sintering methods have been 
developed including pressureless sintering methods, such 
as atmosphere sintering [4], vacuum sintering [5]. Pressure 
sintering approaches such as hot pressing and hot-isostatic 
pressing (HIP) can also be used. HIP is an advanced sinter-
ing technique by which the materials are heated with the 
simultaneous application of isostatic inert gas pressure, 
providing more driving force to eliminate internal voids 
and microporosity. In recent decades, many studies have 
been carried out in relation to the fabrication of transpar-
ent ceramics via pressureless pre-sintering and a post HIP 
treatment [6, 7]. Ikesue et al. reported in 1996 that the IR-
transparent Nd doped HfO2–Y2O3 ceramics were sintered 
under vacuum and HIPed with a pore-free structure [6]. 
Zhang et  al. fabricated highly transparent Y2O3 ceramics 
without additives by air pre-sintering at various tempera-
tures combined with a post HIP treatment [7]. Another pos-
sible technique for enhancing the sintering of Y2O3 is dop-
ing with sintering additives such as ZrO2, Al2O3, La2O3, 
HfO2, and ThO2. Among them, the addition of ZrO2 can 

Abstract  Highly transparent Y2O3 ceramics doped with 
different Zr concentrations were successfully fabricated by 
vacuum pre-sintering at temperatures ranging from 1600 to 
1800 °C combined with a subsequent hot-isostatic pressing 
(HIP) treatment using commercial powders as the start-
ing materials. All of the 1 mol% Zr-doped Y2O3 ceramics 
exhibit very good optical quality. The sample with the high-
est transparency level was realized by vacuum sintering at 
1650 °C for 4 h followed by a post-HIP treatment at 1450 °C 
lasting 5 h. It has a fine microstructure and the grain size 
is 1.48 µm. Furthermore, the in-line transmittance reaches 
83.3% at 1100 nm (1.2 mm thickness). It was found that a 
relatively low vacuum sintering temperature (1650 °C) and 
relatively low Zr doping concentration (1 mol%) are more 
appropriate to achieve optimally transparent Y2O3 ceramics 
with a subsequent HIP treatment.

1  Introduction

Cubic Y2O3 is a promising material by virtue of its excel-
lent physical and chemical properties, such as its high 
thermal stability, visible and infrared light transparency 
(0.2–8 μm), and high melting point of around 2430 °C [1, 
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improve the transmittance remarkably and inhibit the grain 
growth of the Y2O3 ceramics effectively, resulting in a 
homogeneous microstructure [8]. A smaller grain size ben-
efits the mechanical properties and facilitates a pore release 
given the increased number of grain boundaries [9, 10]. 
However, this process requires a relatively high sintering 
temperature and a long holding time. Hou et  al. success-
fully obtained highly transparent ceramics with different 
Zr doping concentrations at 1860 °C for 8  h in a vacuum 
atmosphere [5].

Many wet chemical routes are frequently utilized in the 
synthesis of starting powders for ceramic preparation but 
not suitable for scalable production [11–13]. The authors’ 
preliminary study found that the pre-sintering process has 
a significant effect on the transparency of HIPed samples 
with 5  mol% Zr using commercially available Y2O3 and 
ZrO2 powders as starting materials. However, the transmit-
tance of the samples is not ideal and the effect of Zr doping 
concentration on the sinterability was not discussed [14].

In this work, highly transparent Y2O3 ceramics were fab-
ricated using a combination of vacuum pre-sintering and a 
subsequent HIP treatment with using inexpensive commer-
cial Y2O3 raw powders and ZrO(CH3COO)2 as a sintering 
additive. The effects of the sintering additive concentration 
and the vacuum pre-sintering temperature on the density, 
microstructure and optical properties were investigated in 
detail.

2 � Experimental procedure

Commercial oxide powders of Y2O3 (99.99%, grain 
size ~1.2  µm, Rare Metallic Co Ltd., Tokyo, Japan) and 
ZrO(CH3COO)2 (98%, High Purity Chemicals, Sakado, 
Japan) were used as raw materials. Based on the formula 
of (Y1−xZrx)2O3 (x = 0, 0.01, 0.03, 0.05), the powders were 
weighed and milled with ZrO2 balls in anhydrous alcohol 
(99.9%, Samchun, Pyeongtaek, Korea) for 24 h. After the 
milled slurry was dried by a rotary evaporator at 80 °C, the 
powder mixture was ground and sieved through a 150-mesh 
screen and then calcined at 800 °C for 4 h to remove organic 
components. The calcined powders were uniaxially pressed 
5 MPa into Φ18 mm disks in a steel mold and further cold-
isostatically pressed (CIP) at 200  MPa. The as-obtained 
green bodies were sintered at 1600–1800 °C for 4  h in a 
tungsten furnace under a vacuum of 1.0 × 10−3 Pa. After 
sintering, the samples were HIPed at 1450 °C for 5 h under 
an Ar gas pressure of 180 MPa to obtain transparency.

The overall structure of the samples was deter-
mined through X-ray diffraction (XRD; D/Max 2500, 
Rigaku, Tokyo, Japan) analysis using CuKα radiation 
(λ= 1.5406  Å) at 40  kV and 100  mA. A step size of 
0.01° was used with a scan speed of 6°/min. The in-line 

transmittance was measured by an UV–VIS–NIR spec-
trophotometer (Cary 5000, Varian, USA) over the wave-
length region of 200–2500 nm. The density of the sam-
ples was measured by the Archimedes method using 
H2O as the immersion medium. The microstructures of 
fracture surface of the specimens were observed by a 
scanning electron microscope (SEM, JSM-6700F, JEOL, 
Tokyo, Japan). Field emission scanning electron micros-
copy (JSM-7001, JEOL, Tokyo, Japan) and energy dis-
persive spectroscopy (EDS) were used to analyze the 
polished surface and components of samples. The aver-
age grain size was examined by the intercept method 
using the equation G = 1.56  L where G is the average 
grain size and L is the average intercept length.

3 � Results and discussion

Figure 1a displays the XRD patterns of the Y2O3 ceramics 
doped with different Zr concentrations sintered at 1600 °C 
for 4 h in a vacuum. Z0, Z1, Z3 and Z5 represent the 0, 1, 
3 and 5 mol% Zr concentration in the samples, respectively 
(see Table 1). All of the peaks of the doped and undoped 
samples perfectly match the standard cubic Y2O3 phase 
(JCPDS card, No. 41-1105) with a space group of Ia-3 
without the presence of the ZrO2 phase or other impurities. 
Upon a careful examination, the peaks were found to shift 
to higher angles gradually with an increase in the Zr con-
centration (Fig. 1b shows the peak shift between 28–30°), 
in accordance with the lattice parameter variations of the 
sintered Y2O3 ceramics as summarized in Table 1. The lat-
tice parameters decrease slightly due to the smaller radius 
of Zr4+ (R = 0.79 Å) than that of Y3+ (R = 0.89 Å). The the-
oretical densities of the samples can be calculated accord-
ing to the lattice parameters, which increase with the Zr 
concentration (Table 1).

The relative densities of sintered bodies with different 
Zr concentrations before and after the HIP treatment are 
shown as a function of the initial vacuum pre-sintering 
temperature in Fig.  2. When the doping concentration of 
Zr increases from 1 to 5 mol%, the relative densities of the 
specimens vacuum sintered at 1600 °C decrease from 93.3 
to 73.9% in Fig. 2a. When the vacuum pre-sintering tem-
perature exceeds 1700 °C, the Z0–Z5 specimens all show 
similar relative densities. The appearances of samples 
after vacuum pre-sintering are described in Table  2. The 
Z0 samples pre-sintered at different temperatures are all 
opaque and exhibit a minimal relative density differential 
of approximately 99.5%, while the Z1–Z5 samples become 
translucent with an increment in the sintering tempera-
ture. After the post-HIP treatment, the relative densities of 
the Z1–Z5 samples vacuum-pre-sintered at relatively low 
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temperatures are greatly improved. In addition, the samples 
pre-sintered at higher temperatures show a slight improve-
ment in the relative density.

SEM micrographs of the microstructures of the Z0–Z5 
samples vacuum-pre-sintered at 1650 °C for 4 h are shown 
in Fig.  3. Compared to the samples with Zr doping, Z0 
clearly has larger grains and smaller intergranular pores, 
as presented in Fig.  3a. Meanwhile, several intragranular 
pores were also found, these can be attributed to the rapid 
grain growth. The Z1–Z5 samples (Fig. 3b–d) with Zr dop-
ing possess many large remnant intergranular pores with a 
similar grain size around 1 µm. Moreover, with an increase 
in the Zr concentration, the number of pores increases, 
which is consistent with the decreasing relative density 
results shown in Fig. 2a.

When the vacuum pre-sintering temperature increases 
to 1800 °C, relatively large intragranular pores exist in the 

Fig. 1   a X-ray diffraction pat-
terns of Y2O3 ceramics doped 
with different Zr concentrations 
sintered at 1600 °C for 4 h in a 
vacuum atmosphere. b Magni-
fication of the XRD patterns in 
the 2θ range of 28–30°

Table 1   The lattice parameter (a = b = c) and density of cubic Y2O3 
doped with different Zr concentrations

Sample name Zr concentration 
(mol%)

Lattice param-
eter (Å)

Calculated 
density (g/
cm3)

Z0 0 10.6118 5.020
Z1 1 10.6091 5.029
Z3 3 10.6025 5.047
Z5 5 10.5973 5.064

Fig. 2   Relative densities of Y2O3 with different Zr doping concentrations after a vacuum pre-sintering and b a post-HIP treatment at 1450 °C
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Z0 ceramic, as shown in Fig. 4a, whereas only a few small 
intergranular pores can be found in the Z1–Z5 ceramics 
as indicated by the white arrow. Moreover, the grain size 
decreases with an increase in the Zr doping concentration. 
Consequently, Zr doping can improve the densification 
behavior. This is most likely attributable to the uniformly 
fine microstructure and the smaller number of pores.

After the subsequent HIP treatment (Fig. 5), the micro-
structure differs somewhat from that of the samples pre-
sintered at 1650 °C (Fig. 3) with different Zr doping con-
centrations. The Z1 sample (Fig.  5b), is fully densified 
with a nearly perfect pore-free microstructure, while for 
the samples with higher doping concentration Z3, there 
are some pores inside and, in particular, a large number of 
intergranular pores are still visible in the Z5 sample which 

may be due to the low density of the pre-sintered body [15]. 
Nevertheless, without an additive, some small intragranu-
lar pores remain after HIPing in both of the Z0 samples 
pre-sintered at 1650 and 1800 °C (Fig. 6a). No pores were 
observed after HIPing in the Z1–Z5 ceramics pre-sintered 
at 1800 °C (Fig. 6b–d), indicating that the relative density 
was improved slightly after the subsequent HIP treatment, 
as shown in Fig. 2. The main driving force during the HIP 
process for further densification is the mechanical stress 
provided by pressurizing argon [16], which will help to 
remove residual intergranular pores from Zr-doped sam-
ples but will not help Z0 samples with intragranular pores. 
Therefore, it is deduced that during the subsequent HIP 
treatment, a reduction of the porosity content reduction and 
shrinkage of the intergranular pores occurs predominantly 

Table 2   The appearances 
of Zr-doped samples after 
vacuum pre-sintering at various 
temperatures for 4 h

Sample name 1600 °C 1650 °C 1700 °C 1750 °C 1800 °C

Z0 Opaque Opaque Opaque Opaque Opaque
Z1 Opaque Translucent Translucent Translucent Translucent
Z3 Opaque Opaque Translucent Translucent Translucent
Z5 Opaque Opaque Translucent Translucent Translucent

Fig. 3   SEM micrographs of the fracture surfaces of vacuum-pre-sintered Y2O3 ceramics at 1650 °C for 4 h with different Zr contents a Z0, b 
Z1, c Z3, and d Z5
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for Zr-doped Y2O3 ceramics pre-sintered at these two tem-
peratures. With an increase in the Zr doping concentration, 
the grain sizes of the samples decrease. A previous study 
revealed that in Y2O3, grain boundary mobility is con-
trolled by cation diffusivity, and cations diffuse by an inter-
stitial mechanism [17]. For Zr-doped samples, two tetrava-
lent Zr4+ substitution cations tend to introduce one oxygen 
interstitial Oi’’ the presence of which can inhibit the mobil-
ity of grain boundary. With an increase in the Zr doping 
concentration, the number of oxygen interstitials Oi’’ in the 
samples increases. Because densification and grain growth 
are attributed to lattice and/or grain boundary diffusion 
[18], an increase in the Zr doping concentration leads to 
a decrease in the relative density, a smaller grain size and 
more residual pores.

Figure  7 shows the in-line transmittance spectrum of 
the Z1 ceramic vacuum-pre-sintered at 1650 °C for 4  h 
and then HIPed at 1450 °C for 5 h (1.2 mm in thickness). 
The inset shows the dependence of the in-line transmit-
tance versus the vacuum pre-sintering temperature cen-
tered at 1100 and 400 nm. It is important to note that the 
Z1 samples vacuum pre-sintered at various temperatures 
have very good in-line transmittance which exceeds 80% at 

a wavelength of 1100 nm. The optimum values are 83.3% 
at 1100 nm and 76.9% at 400 nm when the Z1 specimen 
was vacuum-pre-sintered at 1650 °C for 4 h and then HIPed 
at 1450 °C for 5 h. Furthermore, the in-line transmittance 
of the Z1–Z5 ceramics with a subsequent HIP treatment in 
the near-infrared region increases with a decrease in the Zr 
concentration at an identical vacuum pre-sintering tempera-
ture below 1700 °C, corresponding to the behavior of the 
relative density and microstructure before and after the HIP 
treatment. When the samples with higher Zr doping con-
centration were vacuum-pre-sintered at 1800 °C, the cor-
responding in-line transmittance levels in the near-infrared 
region and especially in the visible region are not as good 
as those of samples pre-sintered at lower temperatures 
such as 1700 °C. Given that a relatively low pre-sintering-
temperature always results in better light transmittance in 
the visible wavelength range [19], which is sensitive to 
the porosity and pore size, the small number of pores and 
defects which form in Zr-doped samples pre-sintered at a 
high temperature of 1800 °C may be difficult to remove by 
a further HIP treatment, as large grains decrease the area of 
grain boundary, thus decreasing the driving force to remove 
pores.

Fig. 4   SEM micrographs of the fracture surfaces of vacuum-pre-sintered Y2O3 ceramics at 1800 °C for 4 h with different Zr concentrations a 
Z0, b Z1, c Z3, and d Z5
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Figure  8a, d display the representative SEM micro-
graphs of HIPed Z1 ceramics pre-sintered at 1650 °C 
(Fig. 8a) and 1800 °C (Fig. 8d) for 4 h. The average grain 
sizes of HIPed Z1 ceramics is 1.48  µm (1650 °C) and 
4.18  µm (1800 °C). Because the average particle size of 
the Y2O3 raw powder is 1.2 µm, negligible grain growth 
occurs in HIPed Z1 transparent ceramic pre-sintered at 
1650 °C. These two Y2O3 ceramics both exhibit high opti-
cal transmittance. With regard to the mechanical prop-
erties, a relatively low vacuum sintering temperature is 
recommended, which results in a much smaller grain size 
but equivalent transmittance (Fig. 7). Figure 8b, e exhibit 
the EDS spectra of HIPed Z1 ceramics pre-sintered at 
1650 °C (Fig. 8b) and 1800 °C (Fig. 8e). There appeared 
no other emissions apart from Y, Zr, O, and C in the two 
samples. The elemental compositions of the samples in 
atom percent are given in Table 3. The Y and Zr atomic 
ratio in the samples is about 99:1, which is close to the 
nominal compositions. Figure 8c, f demonstrate the EDS 
mapping images of Zr element in the HIPed Z1 ceramics 
pre-sintered at 1650 °C (Fig.  8c) and 1800 °C (Fig.  8f). 
The Zr element is uniformly distributed in the samples.

4 � Conclusions

In summary, Y2O3 ceramics with excellent optical trans-
mittance were fabricated successfully by a combination 
of vacuum sintering and the HIP process using inexpen-
sive commercial Y2O3 raw powders and ZrO(CH3COO)2 
as sintering additive. With an increase in the Zr doping 
concentration, the relative density of the sintered body 
decreases. Moreover, the grain size decreases and is much 
smaller than that of a sample without a dopant at different 
sintering temperatures, providing evidence of the lack of 
rapid grain growth. In order to achieve highly transparent 
Zr-doped Y2O3 ceramics, a relatively low Zr doing con-
centration and a relatively low vacuum pre-sintering tem-
perature but relatively high density are necessary for the 
subsequent HIP treatment. The optimum transmittance 
in the present work is 83.3% at 1100  nm and 76.9% at 
400 nm when the Z1 specimen was vacuum-pre-sintered 
at 1650 °C for 4 h and then HIPed at 1450 °C for 5 h. The 
average grain size is 1.48 µm after the HIP treatment with 
an ultra-fine microstructure.

Fig. 5   SEM micrographs of the fracture surfaces of HIPed Y2O3 ceramics pre-sintered at 1650 °C with different Zr contents a Z0, b Z1, c Z3, 
and d Z5
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Fig. 6   SEM micrographs of the fracture surfaces of HIPed Y2O3 ceramics pre-sintered at 1800 °C with different Zr contents a Z0, b Z1, c Z3, 
and d Z5

Fig. 7   In-line transmittance 
spectrum of the Z1 ceramic vac-
uum-pre-sintered at 1650 °C for 
4 h and then HIPed at 1450 °C 
for 5 h (1.2 mm in thickness). 
The inset shows dependence 
of the vacuum pre-sintering 
temperature versus the in-line 
transmittance centered at 400 
(left) and 1100 nm (right)
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Fig. 8   a, d SEM micrographs of the HIPed Z1 transparent ceramics pre-sintered at 1650 °C (a) and 1800 °C (d) for 4 h and the corresponding 
EDS spectra and EDS surface scanning of Zr element in the HIPed Z1 transparent ceramics pre-sintered at 1650 °C (b–c) and 1800 °C (e–f)

Table 3   EDS estimation of elemental composition for HIPed Z1 
transparent ceramics pre-sintered at 1650 °C and 1800 °C for 4 h

Pre-sintering 
temperature

Y (atom%) Zr (atom%) Y:Zr
(atomic ratio)

1650 °C 111.32 1.12 99.39
1800 °C 111.32 1.13 98.60
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