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a  b  s  t  r  a  c  t

Nanocrystalline  yttria  powders  were  synthesized  by a precipitation  method  from  yttrium  nitrate  solu-
tion using  ammonia  water  as a precipitant.  It  was  found  that the addition  of small  amount  of  ammonia
sulfate  in  yttrium  nitrate  solution  can  reduce  the  agglomeration  of the  produced  yttria  powders.  Y2O3

powder  with  an  average  particle  size  of 67  nm  was  obtained  by calcining  the  precursor  at  1100 ◦C  for  2  h.
Transparent  0.1  at.%Cr,1.0  at.%Nd:YAG  ceramics  were  fabricated  by a solid-state  reaction  and  vacuum
sintering  with  CaO  as  a charge  compensator  and  tetraethyl  orthosilicate  (TEOS)  as  a  sintering  aid  using
the  prepared  Y2O3, and  the high-purity  commercial  powders  of  �-Al2O3, Nd2O3 and  Cr2O3 as  raw  mate-
rials.  Fully  dense  Cr,Nd:YAG  ceramic  with  some  secondary  phase  of  alumina  was  obtained  by  sintering  at

◦

olid-state reaction
econdary phase
anocrystalline yttria
recipitation

1750 C  for  10 h. The  average  grain  size  of  the  sample  was  about  10  �m  and  the in-line  transmittance  was
∼52%  at 1064  nm, which  is lower  than  the transmission  (∼82%)  of  the  sample  from  all-commercial  oxide
powders.  The  low  transmittance  of  Cr,Nd:YAG  ceramic  is mainly  caused  by the  formation  of  secondary
phase  due  to the  non-stoichiometry  of  the starting  powders.  In  order  to overcome  the  current  limitations
of  the  study,  weight  loss  cause  by  the  decomposition  of SO4

2− ions  and  the  absorption  of  water  or  organic
materials  in  yttria  nanopowder  should  be  taken  into  account.
. Introduction

Highly transparent Nd:YAG polycrystalline ceramics have
ained more and more attention as novel solid-state laser materi-
ls due to their several remarkable advantages, such as high doping
oncentration, easy fabrication of large scale, low cost, multilayer
nd multifunctional ceramics lasing components, and mass pro-
uction, compared with Nd:YAG single crystals [1–8]. Laser-diode
umped passively Q-switched microchip solid-state lasers with
igh peak power have been shown to be useful sources for many
pplications, which has been demonstrated in Cr4+,Nd3+:YAG sin-
le crystals [9–11]. So by modern ceramic sintering technology,
r4+,Nd3+:YAG transparent ceramics can be fabricated, which may
e a more potential self-Q-switched laser material used for gener-
ting sub-nanosecond laser pulses relative to single crystals with
he same composition.

Usually there are two typical methods to fabricate rare earth

oped YAG (RE:YAG) transparent. One is solid-state reactive sin-
ering of oxide powder mixture [12–22].  The other way  is vacuum
intering of RE:YAG powders synthesize by wet-chemical method

∗ Corresponding author. Tel.: +86 21 52412816; fax: +86 21 52413903.
E-mail address: lijiang@mail.sic.ac.cn (J. Li).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.10.083
© 2011 Elsevier B.V. All rights reserved.

[23–29].  In our previous work, transparent Cr4+,Nd3+:YAG ceram-
ics were successfully fabricated by solid-state reaction and vacuum
sintering [30–32].  The commercial �-Al2O3 powders were homo-
geneous and with average particle size of about 300 nm. The
�-Al2O3 powders used were even finer compared with �-Al2O3.
However, the yttria powders with large agglomerates were of
micrometer-size, which may  inevitably affect the sinterability and
the microstructure of the sample. In the present work, yttria nano-
powders with homogeneous particle size were prepared by a wet
chemical method, which was  similar with the way reported by
Wen  et al. [33] By using the synthesized yttria powders and the
commercial �-Al2O3, Cr2O3 and Nd2O3 powders as raw materials,
fabrication of transparent Cr4+,Nd3+:YAG ceramics by solid-state
reaction and vacuum sintering was investigated. For comparison,
Cr4+,Nd3+:YAG transparent ceramics have also been fabricated with
the same process using large-scaled Y2O3 commercial powder and
other same starting powders.

2. Experimental

Commercial yttria powder (Shanghai Yulong New Materials Co., Ltd., 99.99%)

was dissolved in a high-purity nitric acid (Shanghai Lingfeng Chemical Reagent Co.,
Ltd., super purity), and then was  diluted with deionized water to the concentration of
0.3 M. 2.0 M ammonia water (Shanghai Lingfeng Chemical Reagent Co., Ltd., reagent
grade) was used as precipitant and 2.6 g ammonia sulfate was added to a 1250 ml
yttrium nitrate solution. The precursor precipitate was  synthesized by dripping the

dx.doi.org/10.1016/j.jallcom.2011.10.083
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lijiang@mail.sic.ac.cn
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mic  peaks with a total mass loss of 27.8% were caused by the
decomposition of Y2(OH)5NO3. The mass loss at the temperature
of 1000–1100 ◦C is mainly due to desulfurization [40].
Fig. 1. Solid-state reactive fabrication 

mmonia water solution into the mother salt solution at a speed of 3 ml/min under
ild agitation. The resultant suspension was aged for 2 h with mild agitation by

 magnetic stirrer and the final pH value of the precipitate slurry was 8.0. Then
he precipitate slurry was  filtered using a suction filter, washed three times with
eionized water, rinsed two times with the ethyl alcohol and dried at 90 ◦C for 24 h.
he dried cake was  crushed with a corundum pestle and mortar and calcined at
ifferent temperatures for 2 h to obtain nanocrystalline yttria powder.

The obtained nanocrystalline yttria powder (or commercial large-sized Y2O3

owder) and other commercial high-purity powders of �-Al2O3 (Shanghai Wusong
hemical Co., Ltd., 99.99%), Nd2O3 (Shanghai Yuelong New Materials Co., Ltd.,
9.99%) and Cr2O3 (Sinopharm Chemical Reagent Co., Ltd., spectral purity) were used
s starting materials to result in a chemical composition of 0.1 at.%Cr,1.0 at.%Nd:YAG.
he commercial CaO (Sinopharm Chemical Reagent Co., Ltd., spectral purity) was
sed as a charge compensator, because Ca2+ can balance the charge when Cr3+

hanges into Cr4+. The commercial tetraethyl orthosilicate (TEOS, Shanghai Lingfeng
hemical Reagent Co., Ltd., spectral purity) was used as a sintering aid. All the
omposites were mixed by ball-milling with high-purity (99.7%) alumina balls in
nhydrous alcohol for 10 h. The mixtures were dried at 90 ◦C, sieved 200-mesh
creen, dry-pressed under 100 MPa  into ϕ20 mm disks and finally cold isostatically
ressed under 250 MPa. The compacted disks were sintered at the tempera-
ure range of 1600–1780 ◦C for 10 h in a tungsten mesh-heated vacuum furnace
KZG-110F, Shanghai Chenrong Electrical Furnace Co., Ltd., Shanghai, China) under

 × 10−3 Pa vacuum during holding. The specimens were placed in a molybdenum
rucible. The heating rate was 5 ◦C/min and the cooling rate was  10 ◦C/min. The sin-
ered specimens were annealed at 1450 ◦C for 20 h in air. The solid-state reactive
abrication process of Cr,Nd:YAG transparent ceramics is schematically illustrated
n  Fig. 1, which is similar with that reported before [34–37]. For cell parameter com-
arison, 0.1 at.%Cr:YAG and 1.0 at.%Nd:YAG transparent ceramics were fabricated by
intering at 1750 ◦C for 10 h.

TG–DTA analysis was  recorded on a Netzsch STA 449C instrument. Measure-
ents were taken under a continuous flow of air (20 ml  min−1). Samples were heated

t  10 ◦C min−1 to 1200 ◦C and then cooled to ambient in air.
Phase identification of powders was performed by a Rigaku D/max2200PC X-ray

iffractometer (XRD) using nickel filtered CuK� radiation (1.5406 Å) in the range of
�  = 10–80◦ . The tube current and voltage were 40 mA and 40 kV, respectively. The
canning speed was 4◦ min−1 and the step size was 0.02. The XRD data of powders
re  refined by Rietveld method using the Maud program (Version 2.30).

The XRD data of ceramics for phase identification were collected at ambient
emperature with a HUBER Imaging Plate Guinier Camera G670 [S] (Cu K�1 radiation,

 = 1.54056 Å, 40 kV/30 mA,  Ge monochromator). The 2� for all data ranged from 10◦

o 80◦ with 0.005◦ step size. The acquired data are refined by Rietveld method using
he Maud program (Version 2.30).

FTIR of the as-prepared precursor and the calcined powders were measured on
 Nicolet NEXUS 7000C spectrophotometer in the 400–4000 cm−1 range using the
Br pellet (∼1 wt%  sample) method. Each analysis consisted of a minimum 32 scans
nd the resolution was ±2 cm−1.

Microstructures of the powders were observed on a JEOL JEM 2100F FETEM
nstrument. Samples were prepared using a carbon-coated copper grid (150

eshes). Powders were dispersed in ethanol using an ultrasonic horn, and then
 drop of the dispersed powder/ethanol mixture was deposited on the grid. The grid
as  then dried in air. The FETEM was used with an accelerating voltage of 200 kV.

he  particle size from FETEM micrograph is the average value by statistic method.

Specific surface area analyses were conducted at 77 K using a Norcross ASAP

010 micromeritics, with N2 as the absorbate gas. Samples were degassed at 150 ◦C
ntil the air pressure was  below 5 �m Hg. The specific surface areas were calculated
sing the BET multipoint method with 8 data points. The average particle size of the
alcined powders is calculated from specific surface area.
ss of Cr,Nd:YAG transparent ceramics.

Densities of the sintered specimens were measured by the Archimedes method,
using deionized water as the immersion medium. Microstructures of the fractured
surfaces and the natural surfaces were observed by EPMA (Model JXA-8100, JEOL,
Japan). Mirror-polished samples (1 mm thick) on both surfaces were used to mea-
sure the in-line transmittance (Model U-2800 Spectrophotometer, Hitachi, Japan).

3. Results and discussion

Fig. 2 shows the TG/DTA curves of the synthesized precursor.
The TG curve showed that complete thermal decomposition of the
precursor into oxides was achieved at about 1100 ◦C with a total
mass loss of 35.6% which is higher than the value (19.3%) expected
for a precursor of pure hydroxide. Chemical analysis was not per-
formed on the precursor. However, previous work [38,39] revealed
that Y3+ usually precipitated as basic salt of approximate formula
Y2(OH)5NO3·nH2O instead of pure hydroxide when ammonia water
was used as precipitant. In fact, the mass loss of the present pre-
cursor is very close to the theoretical value (34.1%) calculated for
Y2(OH)5NO3·H2O. At the temperature around 111 ◦C, the endother-
mic  peak with a mass loss of 5.8% appears which is associated to the
vaporization of physically bound absorbed water and crystal water.
At the temperatures around 310 ◦C and 543 ◦C, the two  endother-
Fig. 2. TG–DTA curves showing the decomposition process of the synthesized pre-
cursor.
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Table  1
Particle size of the Y2O3 powders from precursor calcined at different temperatures.

Y2O3 800 ◦C 900 ◦C 1000 ◦C 1100 ◦C 1200 ◦C

dXRD (nm) 9 19 35 63 94
dTEM (nm) 27 28 41 67 102
dBET (nm) 45 43 65 101 189
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ig. 3. XRD patterns of the Y2O3 powders calcined at different temperatures for 2 h.

XRD patterns of the powders calcined at different temperatures
re shown in Fig. 3. At 500 ◦C, the strongest characteristic peaks
f Y2O3 phase appear with weak intensity. With increase of the
alcination temperature, higher and sharper peaks corresponding
o Y2O3 with the cubic structure (JCPDS: 895592) observed indicate
he improved crystallinity. Crystallite sizes of the Y2O3 powders
alcined at the temperature range of 800–1200 ◦C are shown in
able 1. It can be seen that crystallite size increases with increase of
alcination temperature. Table 2 shows changes of the cell param-
ter and the microstrain of Y2O3 powders calcined at different
emperatures. It is found that the cell constant slightly decreases
ith increase of temperature up to 900 ◦C. With further increasing

he calcination temperature, the change of the lattice parameter
f Y2O3 becomes unobvious. A similar trend was recently reported
y Saladino et al. [41] on un-doped YAG powders before. For the
owders calcined at 1100 and 1200 ◦C, the cell constants calcu-

ated are 10.6108 Å and 10.6014 Å. The values are almost equal to
hat theoretically it should be (a = 10.604 Å for Y2O3, JCPDS No. 25-

200). However, there is an obvious decrease of microstrain with
ncreasing of calcination temperature.

Fig. 4 shows the FTIR spectra of the powders calcined at various
emperatures. The absorption band at ∼1626 cm−1 is characteristic
f H–O–H bending mode (�2) of molecular water. The broad-band
eaking at ∼3450 cm−1 is associated with the coupled effects of
olecular water and free hydroxyl groups. Absorption bands at

550 and 1390 cm−1 may  be caused by the absorption of H2O and
O2 in the synthesized powder. Strong absorption bands in the
ange of 1000–1280 cm−1 were reported for SO4

2− [42]. In addi-
−1
ion, the (Y–O) vibration band is clearly observed at ∼540 cm ,

uggesting the mass formation of Y2O3 along with dehydration and
esulfurization. The apparent decomposition temperature of the
resent sulfate was ∼1000 ◦C, as shown in Fig. 4. Some chemical

able 2
hanges of the cell constant and the microstrain of Y2O3 powders as a function of calcina

Y2O3 600 ◦C 800 ◦C 900 ◦C 

Cell constant (Å) 10.6282 10.6242 10.6160 

Microstrain 2.8906E−3 2.3585E−3 1.8497E−
Fig. 4. FTIR patterns of the Y2O3 powders calcined at different temperatures for 2 h.

species containing sulfur dissociated from yttria powder, however,
even at the temperature of 1200 ◦C, absorptions corresponding to
water, free hydroxyls, CO2, and SO4

2− are still observed in the pow-
der decomposed at 1200 ◦C for 2 h, as shown in Fig. 4.

Fig. 5 shows the FETEM micrographs of the synthesized pre-
cursor and Y2O3 powders calcined at different temperatures for
2 h. The precursor mainly contains sub-micrometer aggregates of
nano-sized primary particles. As the calcination temperature was
raised, the agglomerated crystallites combined into an individual
particle with increasing crystallite size. The particle size from the
FETEM observation is shown in Table 1. For comparison, the aver-
age particle size derived from the following formula is also shown
in Table 1:

dBET = 6
� · Sssa

with dBET being the average particle size, � the density of the mate-
rial, and Sssa its specific surface area. It can be concluded that the
agglomeration scope for the yttria powder calcined at 1100 ◦C is rel-
atively lower according to the average crystallite size calculated by
XRD and average particle size from FETEM observation or BET cal-
culation. In our experiment, the prepared nano-size yttria particle
is not a single crystallite but polycrystallite. The particle calculated
by XRD broadening is an average crystallite size of yttria. The par-
ticle from FETEM observation is composed of some even smaller
crystallites, and particle size is the average value of polycrystal-
lite congeries. So the particle size calculated by XRD is usually
smaller than that by FETEM observation, except that every par-
ticle is also a crystallite. The particle size calculated using specific
surface area value is the equivalent ball diameter of yttria powder,
which is usually larger than average crystallite size calculated by
XRD broadening.

Using the yttria powder calcined at 1100 ◦C, com-
mercial �-Al2O3, Nd2O3 and Cr2O3 as the raw materials,
0.1 at.%Cr,1.0 at.%Nd:YAG ceramics were fabricated by solid-

state reaction method and vacuum sintering. Fig. 6 shows the XRD
patterns of the samples sintered at 1600 ◦C, 1650 ◦C, 1700 ◦C and
1750 ◦C for 10 h. All the diffraction peaks can be well indexed as the
cubic structure of garnet (Y3Al5O12, JCPDS 82-0575) within XRD

tion temperature.

1000 ◦C 1100 ◦C 1200 ◦C

10.6106 10.6108 10.6014
3 1.4435E−3 6.6016E−4 3.4426E−4
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Table  3
Changes of the cell constant and the microstrain of 0.1 at.%Cr,1.0 at.%Nd:YAG ceramic as a function of calcination temperature.

0.1 at.%Cr,1.0 at.%Nd:YAG 1600 ◦C 1650 ◦C 1700 ◦C 1750 ◦C

12.02
7.05

d
o
t
s

F
f

Cell constant (Å) 12.0224 

Microstrain 3.6552E−5 
etection limit. Changes of the cell constant and the microstrain
f 0.1 at.%Cr,1.0 at.%Nd:YAG ceramic as a function of calcination
emperature are shown in Table 3. It can be seen that there are
light increase in the lattice constant and obvious decrease in

ig. 5. FETEM micrographs of (a) the synthesized precursor and Y2O3 powders from the 

or  2 h.
66 12.0274 12.0340
46E−5 1.9643E−4 2.6058E−4
the microstrain with increasing the sintering temperature. YAG
(Y3Al5O12) belongs to the space group Ia3d (Oh

10). The standard
crystallographic unit cell of YAG is a body-centered cube with
ao = 12.005 Å and contains eight formula units. (There are at least 4

precursor calcined at (b) 800 ◦C; (c) 900 ◦C; (d) 1000 ◦C, (e) 1100 ◦C and (f) 1200 ◦C
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Fig. 6. XRD patterns of the samples sintered at different temperatures for 10 h.

Fig. 7. EPMA micrographs of (a–c) the fractured surfaces of the specimens sintered at 16
sintered at 1650 ◦C and 1700 ◦C for 10 h, and (f) the mirror-polished and thermal etched s
mpounds 515 (2012) 49– 56 53

independent lattice parameter evaluations for pure YAG powders
in the commercial literature of ICSD: the values are 12.002 Å,
12.004 Å, 12.006 Å and 12.008 Å. In this paper, an average lattice
constant of 12.005 Å was used.) The cations are all in special lattice
positions labeled as a, b, c with no positional degrees of freedom,
while the oxygen atoms locate in the general positions 96(h) [43].
Yttrium occupies dodecahedral 24(c) positions whereas there are
two different sites for aluminum ions, namely octahedral 16(a)
and tetrahedral 24(d) in the lattice. In YAG lattice, the ionic radius
of eightfold coordinated yttrium ions is 0.102 nm and the ionic
radii of sixfold and tetrahedrally coordinated aluminum ions are
0.054 nm and 0.039 nm [44]. When divalent calcium ion (Ca2+)
is added as a charge compensator, both Cr3+ and Cr4+ can be
introduced in to YAG lattice. The ionic radii of Cr3+ and Cr4+ are
0.062 nm and 0.041 nm, respectively. So Cr3+ and Cr4+ are regarded

as being substituted into the octahedral Al site and the distorted
tetrahedral Al site in the garnet lattice, respectively. The substitu-
tion of Cr for Al in Y3CryAl5−yO12 will lead to the slight expansion
of YAG lattice. The cell constant of 0.1 at.%Cr:YAG transparent

50 ◦C, 1700 ◦C and 1750 ◦C for 10 h, (d and e) the natural surfaces of the specimens
urface of the sample sintered at 1750 ◦C for 10 h.
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ig. 8. Back-scattered electron images and energy spectra of the sample sintered
econdary phase, (c and d) matrix.

s 12.0094 Å, which is larger than that of YAG. In addition, the
onic radius of Nd3+ is 0.112 nm and Nd3+ is considered as being
ubstituted into the dodecahedral Y site. It is undoubted that the
ntroduction of Nd3+ will also expand the YAG lattice, as can be
onfirmed by the work reported by Caponetti et al. [45] before. For
.0 at.%Nd:YAG transparent ceramic, the cell constant is as high as
2.0264 Å. When 0.1 at.%Cr,1.0 at.%Nd:YAG ceramic was  sintered
t 1600 ◦C, pure phase of cubic garnet phase formed and partial
d3+, Cr3+ and Cr4+ ions entered the YAG lattice. More doping ions
ent into the YAG lattice and the lattice constant increased from

2.0224 Å to 12.0340 Å with increase of sintering temperature up
o 1750 ◦C. The cell constant of the sample sintered at 1750 ◦C
or 10 h is larger than those of 0.1 at.%Cr:YAG and 1.0 at.%Nd:YAG
eramics. In a large extend, the degree of lattice distortion is
nfluenced by the doping ion quantity in lattice. So the microstrain
n Cr,Nd:YAG ceramic distinctly increases with increasing the
intering temperature. Of course, there are many other factors that
ill influence the micro-strain of YAG lattice. For example, the

uantity and the distribution of dislocations, the size and the shape
f grains, the quantity, the size, the shape and the distribution
f micro-pores, the quantity, the position and the distribution
f doping ions and the surface defects and micro-strain of the
rushed ceramic powders will all influence the micro-strain of the
AG lattice. Besides, the error of X-ray diffractometer will also

nfluence the peak position and the peak width.
Fig. 7 shows the EPMA micrographs of the samples sintered

t different temperatures for 10 h. It can be seen from the micro-
raphs of the fracture surfaces that grain size increases with
ncrease of sintering temperature. Obvious pore removal occurs

etween 1650 and 1700 ◦C, which can be detected from the EPMA
icrographs of the natural surfaces. A dense and nearly pore-free

urface-microstructure of sample was observed at 1700 ◦C. How-
ver, even at 1750 ◦C, there are still some residual pores at the grain
00 ◦C for 10 h using self-synthesized yttria powder as starting material (a and b)

boundaries or inner grains observed from the mirror-polished
and thermal etched surface of the sample. It can be seen that the
specimen displays average grain size of about 8 �m. With further
increase the sintering temperature to 1780 ◦C, the sample would
be over-sintered and no grains could be found from the EPMA
microscope observations. By using commercial yttria powder as
starting material, very dense and nearly pore-free microstructures
of 0.1 at.%Cr,1.0 at.%Nd:YAG ceramics solid-state-reactive-sintered
at 1750 ◦C, 1780 ◦C and 1800 ◦C for 10 h could be obtained [30,31].
It is found that the use of nano-sized yttria powder instead of
commercial large-scaled yttria powder can effectively decrease
the sintering temperature to a certain degree because of the high
reaction and sintering activity of nano-yttria powder. Neverthe-
less, more micro-pores were remained at the grain boundaries or
inner grains in the present fabrication process. This may be caused
by the low green density and over-quick solid-state-reaction and
grain growth speed. Only by optimizing the fabrication process,
such as increasing the green density and controlling the grain
growth and grain boundary migration speed, pore-free structure
Cr4+,Nd3+:YAG ceramics could be obtained. However, for the
sample sintered at 1750 ◦C using self-synthesized yttria powder
as starting material, it is still confusing that the optical trans-
mittance of the sample is relatively low, although there are not
so many micro-pores at the grain boundaries or inner grains. So
back-scattered electron image and energy spectrum observations
of the sample sintered at 1700 ◦C was  done to validate whether
there was secondary phase or not. It can be considered from Fig. 8
that the formation of secondary phase corresponding to alumina
is caused by the decomposition of SO4

2− ions in yttria powder and

the absorption of water by yttria nanopowder, which has led to
nonstoichiometry of 0.1 at.%Cr,Nd:YAG, when the prepared nano-
sized yttria powder reacted with other oxide powders. For the
sample sintered at 1750 ◦C, there were few micro-pores, however,
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Fig. 9. Photo of the of the mirror-polished 0.1 at.%Cr,1.0 at.%Nd:YAG transparent
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Fig. 11. Optical transmittances of the mirror-polished 0.1 at.%Cr,1.0 at.%Nd:YAG
transparent ceramics sintered at (a) 1750 ◦C (dashed line) and (b)1780 ◦C (solid line)
eramics sintered at (a) 1650 ◦C, (b) 1700 ◦C, (c) 1750 ◦C (using wet-chemical syn-
hesis nano-yttria powder), (d) 1750 ◦C and (e) 1780 ◦C for 10 h (using commercial
arge-scaled yttria powder).

he secondary phase of alumina was still remained. However, the
ontent of the secondary phase is too small to be detected by XRD
bservation, because it is out of the XRD detection limit.

Fig. 9 shows the photo of the of the mirror-polished
.1 at.%Cr,1.0 at.%Nd:YAG transparent ceramics sintered at 1650 ◦C,
700 ◦C, and 1750 ◦C for 10 h (using wet-chemical synthesis nano-
ttria powder), and 1750 ◦C and 1780 ◦C for 10 h using commercial
arge-scaled yttria powder as starting material. The thickness of all
he samples is 1.0 mm.  Fig. 10 shows the optical transmittances
f the samples sintered at 1650 ◦C, 1700 ◦C and 1750 ◦C for 10 h
sing nano-yttria powder as raw material. The in-line transmit-
ance increases with increase of sintering temperature. For the
ample sintered at 1750 ◦C for 10 h, the transmittance reached 52%
t 1064 nm.  However, the value of transmission is much lower
han the theoretical value. With further increase the sintering tem-
erature to 1780 ◦C, the over-sintered sample became completely
paque. The low transparency of Cr4+,Nd3+:YAG ceramics is due to
he existence of secondary phase and the remained micro-pores.
nly through properly adjusting the nano-sized yttria addition
nd controlling the preparing process, the secondary phase can
e eliminated, the micro-pores can be further decreased and the
ptical transmittance of the sample can be greatly improved. For
omparison, in-line transmittances of the Cr4+,Nd3+:YAG ceramics
acuum-sintered at 1750 ◦C and 1780 ◦C using commercial large-
caled yttria powder as raw material is shown in Fig. 11.  It is
ound that the transmittances of the samples are 80.8% and 82.1%
t 1064 nm,  respectively, which are much higher than those of
amples with nano-yttria as starting powder. In order to improve
he transparency of the samples fabricated using nano-sized and

omogeneous yttria powder as one of the starting materials, weight

oss cause by the decomposition of SO4
2− ions and the absorption

f water or organic materials in yttria nanopowder should be taken
nto account.

ig. 10. Optical transmittances of the mirror-polished 0.1 at.%Cr,1.0 at.%Nd:YAG
ransparent ceramics sintered at (a) 1650 ◦C, (b)1700 ◦C and (c)1750 ◦C for 10 h
using wet-chemical synthesis nano-yttria powder).
for  10 h (using commercial large-scaled yttria powder).

4. Conclusions

Nanocrystalline yttria powders were synthesized by a precipi-
tation method from yttrium nitrate solution with ammonia water
as a precipitant. Using the prepared nanometer Y2O3, and the
high-purity commercial powders of �-Al2O3, Nd2O3 and Cr2O3 as
raw materials, Cr,Nd:YAG transparent ceramic was fabricated by a
solid-state reaction and vacuum sintering. The results of the present
study can be summarized as follows:

(1) It was  found that the addition of small amount of ammonia
sulfate in yttrium nitrate solution can reduce the agglomeration
of the produced yttria powders.

(2) Fine and low-agglomeration yttria powder with an average par-
ticle size of 67 nm was  obtained by calcining the precursor at
1100 ◦C for 2 h.

(3) The transparent Cr,Nd:YAG ceramic obtained by sintering
at 1750 ◦C for 10 h exhibited a dense and homogeneous
microstructure with secondary phase of alumina. The sec-
ondary phase was  caused by the desulfurization and absorbed
water evaporation of the prepared nano-yttria powder.

(4) The in-line transmittance of the Cr,Nd:YAG ceramic sintered
at 1750 ◦C for 10 h reached 52% at 1064 nm,  which was much
lower than that of the sample (82.1%) sintered at 1780 ◦C for
10 h using all-commercial powders as starting materials. The
low transmittance was mainly due to the existence of secondary
phase.

(5) Through further optimizing the fabrication process, Cr,Nd:YAG
transparent ceramics with high optical quality could be
obtained, which is a potential self-Q-switched laser material
used for generating sub-nanosecond laser pulses.
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