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bstract

eodymium doped yttria (Nd:Y2O3) nanopowders were synthesized by a co-precipitation method, and the effect of thermal decomposition behavior
f the precursors were studied. Nonlinear and linear heating schedules (NHS and LHS) were adopted during the calcination processes. The results
how that as compared to the LHS the NHS can not only lower the crystallization temperature substantially, but also decrease the mean particle

ize and lighten the particle agglomeration in the obtained Nd:Y2O3 nanopowders. Using the obtained well-dispersed Nd:Y2O3 and commercial
l2O3 powders, transparent Nd:YAG ceramics were fabricated at 1750 ◦C in vacuum. Better transparency can be obtained by using the Nd:Y2O3

owders calcined in the NHS instead of the LHS.
 2013 Elsevier Ltd. All rights reserved.
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.  Introduction

Yttria, with its excellent properties, including a high melting
oint (2425 ◦C), optical transparency over a wide wavelength
egion, and high corrosion resistance, has aroused increased
nterest in optical applications, such as ceramic lasers.1–3 As
ompared with single crystals, transparent ceramics can be pro-
uced in larger volumes and at a low cost, and can be heavily and
omogeneously doped with laser-active ions.4 However, fabri-
ation of high transparency ceramics requires 100% density to
orm a pore-free microstructure. The densification of ceramics is
etermined by the microstructure of the green body (such as the
rain size and morphology, particle size distribution (PSD), the
verage sizes of agglomerates and pores), rather than individual
articles.5 Generally, a well sinterable powder with a small par-
icle size, narrow PSD, and low-agglomeration is crucial for the
abrication of Nd:Y2O3 or Nd:YAG transparent ceramics.

Various methods have been explored to get the opti-

um conditions of synthesizing yttria nanopowders, such

s sol–gel combustion,6,7 hydrothermal synthesis8 and co-
recipitation.9,10 Among these methods, it is generally agreed
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hat the co-precipitation is probably the most effective route
o synthesize Nd:Y2O3 powders. Previous efforts have mainly
ocused on the effect of synthesis conditions9,11 on particle
haracteristics. However, the thermal decomposition behavior
f the precursor, which also strongly impacts the characteris-
ics of the powders involving the particle agglomeration and
SD, is not still paid enough attention. The precursor calcina-

ion process generally includes four stages: the water removal
tage, the decomposition stage, the crystallization stage and the
gglomeration stage at high temperatures.12 Moreover, in the
ase of complex salts, the decomposition stage can be divided
nto two steps: the intermediate formation in a low tempera-
ure zone and the final product generation in a high temperature
one.13 Based on this consideration, a nonlinear heating sched-
le has been explored recently in the synthesis of well-dispersed
SZ nanopowders12 by controlling the calcination parameters

n each stage. The nonlinear calcination mode can be expressed
s: (1) a maximum heating rate is selected to produce an inter-
ediate substance; (2) a slow heating schedule provides the best

emperature-time condition to form crystallites; (3) a relatively
igh heating rate is used for crystallization completion.
The objective of this study is to synthesize well-dispersed
d:Y2O3 nanopowders by optimizing the calcination schedule
f the precursors. Therefore, the effect of the calcination mode
n morphology, PSD and agglomeration of Nd:Y2O3 powders

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jeurceramsoc.2013.04.029&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
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re discussed. After optimization of processing parameters,
d:YAG ceramics have been obtained by the solid state reac-

ion in vacuum at 1750 ◦C by using the synthesized Nd:Y2O3
nd commercial Al2O3 powders as starting materials.

.  Experimental  procedures

Coarse yttria (Y2O3, 99.99%), neodymia (Nd2O3, 99.99%),
mmonium hydrogen carbonate (NH4HCO3, ACS grade),
mmonium sulfate ((NH4)2SO4, ACS grade) and nitric acid
HNO3, semiconductor grade) were used as raw materials
nd provided by Aladdin-Reagent (China). First, Y(NO3)3 and
d(NO3)3 solutions were prepared by dissolving the coarse
ttria and neodymia powders in the dilute nitric acid solution
espectively, and were mixed together in proportion to molar
atio of 1 at.% Nd:Y2O3. Then 1.5 M NH4HCO3 solution was
ripped slowly into the mixed salt nitrate solution until the final
olution pH reaches 7.5 by adding (NH4)2SO4 (5 mol% of the
ttrium) as the dispersant. The precursor was then washed with
eionized water and alcohol thoroughly, following by drying at
0 ◦C for 24 h in an oven. Finally, the precursor was calcined
t 900, 1000 and 1100 ◦C to obtain Nd:Y2O3 nanopowders via
wo calcination modes, linear heating schedule (LHS) and non-
inear heating schedule (NHS), which were used to examine their
nfluences on the characteristics of the powders.

The as-prepared Nd:Y2O3 nanopowders were blended with
ommercial Al2O3 nanopowders (AKP-30, Sumitomo Chem-
cal Co., Ltd.) by ball milling, with 0.5 wt% tetraethyl
rthosilicate (TEOS) added as sintering aid. The mixed pow-
ers were pressed into pellets and then sintered at 1750 ◦C for
0 h in vacuum.14

The morphologies of the precursors, the Nd:Y2O3 nanopow-
ers, and the Nd:YAG ceramics were examined by scanning
lectron microscopy (SEM, Sirion 200). The precursors were
lso characterized by thermal gravimetric analysis (TGA, Pyris
iamond). The particle size and PSD of Nd:Y2O3 nanopowders
ere measured by a laser particle size analyzer (Mastersizer,
alvern), and the specific surface area and the pore size distri-

ution were measured by the BET and BJH method (Omnisorp
00CX) respectively, using nitrogen as an absorbate. The equiv-
lent particle size (DBET) could be calculated form BET surface
rea based on the following formula,

BET = 6

ρSBET
(1)

here ρ  is the theoretical density (5.031 g cm−3) of yttria15 and
BET is the specific surface.

The phase identification was investigated by X-Ray diffrac-

ion (XRD) using a Cu K�1 irradiation (Philips X’pert). The

ean grain size was calculated using the Scherrer’s formula,
nd a silicon standard was used to determine the instrumental
roadening. Mirror-polished Nd:YAG ceramics (1.6 mm thick)
n both surfaces were used to measure optical transmittance by

 UV-VIS-NIR spectrometer (Carry 5E, Varian, USA).
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.  Results  and  discussion

Three group of experiments (simply labeled as #1, #2, and
3) were conducted to prepare Nd-doped yttrium carbonate
recursors at the yttrium concentration of 0.1 M, 0.3 M and
.5 M, respectively. From the SEM images of the as-prepared
recursors, as shown in Fig. 1a–c, one can see that the low con-
entration (0.1, 0.3 M) is favor of the formation of small granular
nd low-agglomerated particles, while the higher concentration
eads to irregular and seriously agglomerated particles. The cor-
esponding Nd:Y2O3 powders calcined at 1100 ◦C via a LHS of
00 ◦C/h, have similar morphologies (Fig. 1d and e), indicating
he great dependence of the morphologies of Nd:Y2O3 powders
n those of the precursors. Particularly, obvious sintering necks
re found from the Nd:Y2O3 powders of #3, indicating the for-
ation of hard agglomeration of the precursors (Fig. 1c). This

gglomerates should be attributed to the over-high solution con-
entration, which could lead to the compression of the double
lectrode layer of the colloidal precursors and the formation of
trong flocculation and coagulation.16

The thermal decomposition of the precursors were stud-
ed by TGA-DTG analysis at a heating rate of 180 ◦C/h,
s shown in Fig. 2. The TG curves reveal that the thermal
ecomposition of the precursors (#1, #2, and #3) completes
t ∼750 ◦C with a weight loss of 43.7%, 42.6%, and 42.6%
espectively, which approximately equal to the theoretical value
42.66%, calculating from the molecular weight ratio of Y2O3
o Y2(CO3)3·2H2O). The first peak of the DTG curve (Fig. 2a)
s assigned to the removal of the absorbed water. The valley of
he DTG curves of the precursors (#1, #2, and #3) corresponds
o the temperature of 628 ◦C, 633 ◦C and 651 ◦C, respectively
Fig. 2b), indicating the formation of the intermediate substance.
he difference of the temperature between precursor #3 and the
ther two precursors should be attributed to the thermal hys-
eresis during the heating process, which arises from the serious
gglomeration. Consequently, the whole decomposition process
an be divided into three stages by two characteristic tempera-
ures at about 630 ◦C and 750 ◦C for precursor #1 and #2, and at
bout 650 ◦C and 750 ◦C for precursor #3, respectively. Based on
his analysis, a nonlinear heating schedule (NHS) was suggested
s specified below:

Stage 1: from 0 ◦C to 630 ◦C (precursor #1 and #2)/650 ◦C
precursor #3), 600 ◦C/h;

Stage 2: from 630 ◦C (precursor #1 and #2)/650 ◦C (precursor
3) to 750 ◦C, 100 ◦C/h;

Stage 3: from 750 ◦C to 900, 1000, and 1100 ◦C, 300 ◦C/h.
In order to verify the best temperature-time condition for

rystallization in NHS, XRD patterns of precursors #1 which
ere calcined to 700 ◦C and 750 ◦C without holding time under

wo heating modes (a LHS at a heating rate of 600 ◦C/h and
he NHS) are investigated. The Nd:Y2O3 powders were taken
mmediately out of the furnace when the calcination schedule
as over. From the XRD patterns of Fig. 3, it can be concluded

hat an amorphous substance formed at temperatures lower than

00 ◦C and cubic yttria crystallites formed at 750 ◦C in the LHS,
hile yttria crystallites form in the temperature zone lower than
00 ◦C in the NHS. The mean grain sizes (D222) of the powders
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ig. 1. SEM images of the precursors (a–c) and the corresponding calcined Nd:
espectively.

re 10 nm and 14 nm, corresponding to the LHS and NHS to
50 ◦C respectively. Based on the results, one can see that the
rystallization temperature can be decreased distinctly and better
rystallinity can be realized in the NHS.

The SEM images of Nd:Y2O3 powders synthesized at yttrium
oncentration of 0.1 M and calcined at 1100 ◦C in NHS are
rovided in Fig. 4. Comparing with the powders synthesized
n the LHS (Fig. 1d), the as-prepared Nd:Y2O3 powders show
ood homogeneity in a large scale (Fig. 4a), clear particle con-
ours and less agglomerate bridging (Fig. 4b), indicating a better
ispersity. The result illustrates that the NHS can effectively
void the bridging between neighboring particles. This should
e attributed to the better crystallization of Nd:Y2O3 grains (as
hown in Fig. 3b and d) and the slow rate of their growth in the
ow temperature region, which can avoid the agglomerate bridg-

ng forming effectively in the next high temperature region. As
or the LHS, due to the rapid heating the crystallization and the
ecomposition cannot complete in the low temperature region.

w
t
p

Fig. 2. TGA curves (a) of the precursors and the
powders (d–f) synthesized at yttrium concentration of 0.1 M, 0.3 M and 0.5 M,

s a result, the high-temperature decomposition and crystal-
ization are inevitable, leading to the nonuniform agglomerate
ridging.

Since the sintering driving force and the shrinkage inside
gglomerates are different from those in between agglomerates,
he sintering property of the nanopowders is particularly sensi-
ive to the agglomerates of the nanoparticles.5 For the fabrication
f transparent ceramics, it is crucial to prepare well sinterable
anopowders with small particle size, low-agglomeration, and
arrow PSD. Here we define a parameter to evaluate the aggre-
ation degree of the powders,

 =
(

DBET

DXRD

)3

(2)
here DXRD is the mean grain size which is calculated using
he Scherrer’s formula, DBET is the equivalent particle size. The
arameter N gives an approximation of the average number of

 corresponding magnified DTG curves (b).
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Table 1
The N value of the calcined Nd:Y2O3 powders synthesized from 0.1 M [Y3+].

N value

900 ◦C 1000 ◦C 1100 ◦C

LHS 2.7 3.8 8.1
NHS 2.6 3.4 6.9
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ig. 3. XRD patterns of Nd:Y2O3 powder #1 calcined in (a) LHS to 700 C, (b)
HS to 700 ◦C, (c) LHS to 750 ◦C and (d) NHS to 750 ◦C.

he primary particles in the aggregates. The dispersity of the
d:Y2O3 powder can be reflected in the N  value, and the smaller

he N, the better the dispersity.
Table 1 shows the variation of parameter N  with the cal-

ination temperature for the powders (#1) under two heating
odes. The N  value increases with the increasing temperature,

nd the relatively lower N  values are obtained in the NHS, which
mplies the less primary particles in the aggregates. Meanwhile,
s shown in Fig. 5a, the range of pore size did not vary with

he calcination mode and temperature, but a larger proportion of
he pores in the range of 20–120 nm were obtained in the LHS.
he more micro-pores inside the aggregates will result in the

t
1
l

Fig. 4. SEM images of Nd:Y2O3 powder #1 calcined at 1100
onuniform compaction, which will cause the different shrink-
ges and shrinkage rates inside and in between agglomerates
uring the sintering process.17

Powders with a small particle mean size and a narrow PSD
re conducive to achieving the best particles packing with the
mallest pore size and the narrowest pore size distribution,
hich could conduce to preventing the pore-boundary separa-

ion and making full dense ceramics.18 The PSD of the Nd:Y2O3
anopowders calcined at 900, 1000 and 1100 ◦C in the LHS,
ave similar trends, as shown in Fig. 5b. When the yttrium
oncentration of 0.1 M was employed in synthesis, the PSD
urves of the powders (#1) change from double peaks to single
eak and the mean particle size increases slowly from 260 nm
o 320 nm, with the increasing calcination temperature. Simi-
arly, the Nd:Y2O3 powders (#2) synthesized from 0.3 M yttrium
ave mean particle size of 120 nm, 200 nm, and 300 nm, cor-
esponding to the calcination temperature of 900, 1000 and
100 ◦C, respectively. The growing mean particle size should
e resulted from the increasing agglomeration with the temper-
ture, in agreement with changes of the N  values (as listed in
able 1). In contrast, when yttrium concentration equals 0.5 M,

he obtained powders (#3), show a narrow PSD and small mean
ize (∼200 nm) at 900 ◦C, while a broader PSD and larger mean
article size (∼300 nm) are obtained at the higher temperature.
he broadened PSD should be attributed to the formation of

 large amount of sintering-necks at the high temperature (as
hown in Fig. 1f).

Fig. 5c presents the PSD of the Nd:Y2O3 powders synthe-
ized at 1100 ◦C in the two calcination modes. As illustrated
n the figure, one can see that the powders (#1) have a rela-
ively smaller mean size and a narrower PSD in the range of

00–300 nm via the NHS. The PSD of sample #2 shows that the
arger particles (>220 nm) take a relatively small proportion via

◦C for 4 h in (a) NHS and (b) a magnified image of (a).
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Fig. 5. (a) Pore size distribution curves of the Nd:Y2O3 powders #1 calcined in LHS and NHS; PSD curves of Nd:Y2O3 nanopowders #1, #2 and #3 calcined at (b)
different temperatures in LHS, and under (c) different heating modes at 1100 ◦C.

F S at (
t

t
d

p
w
m
e
c
s
1
i
i
(
s

n
i
a
f
l
c
o
a
m
e
a

F
c

ig. 6. The same magnification SEM images of the powders #3 calcined in NH
he corresponding powders.

he NHS, indicating the superiority of the NHS for synthesizing
ispersed nanopowders.

However, the PSD of sample #3 shows that a larger mean
article size is obtained via the NHS (as shown in Fig. 5c),
hich is in contrast to former two samples. To clarify the abnor-
al effect of the NHS on the PSD of the powders (#3), we

xamined the morphology evolution of the powders (#3) cal-
ined in the NHS. Fig. 6 shows the morphologies and dispersion
tates of Nd:Y2O3 powders synthesized via NHS at 750 ◦C and
100 ◦C, respectively. It is clear that, after calcination at 750 ◦C
n NHS, the powders show not only better crystallinity (the inset

n Fig. 6a, JCPDS, No. 41-1105) but also serious agglomeration
Fig. 6a), which is analogous to the morphology of the precur-
or (as shown in Fig. 1c). Though the powders decompose to

f
t
d

ig. 7. (a) XRD patterns of the sintered Nd:YAG ceramics with the obtained Nd:Y2

eramics (1.6 mm thick).
a) 750 ◦C and (b and c) 1100 ◦C, respectively; the inset in (a), XRD pattern of

anoparticles when calcined at 1100 ◦C, agglomerates consist-
ng of interconnected particles are obtained (as shown in Fig. 6b
nd c). The result indicates that the agglomerates are inherited
rom the agglomerated precursors (#3) and have formed at the
ow temperature. Generally, for the seriously agglomerated pre-
ursors, the crystallization and sintering process overlap each
ther at the low temperatures and cannot be distinguished clearly,
nd thus it is infeasible to control the evolution processes of
icrostructures independently by tuning the calcination param-

ters. In other words, one cannot avoid particle agglomeration
t the high temperatures whether the NHS or the LHS are used,

or they cannot break the agglomerates into dispersed nanopar-
icles. In this case, the agglomeration of the powders is strongly
ependent on the duration of calcination at high temperatures.

O3 powders. (b and c) Transmittance spectra of the mirror-polished Nd:YAG
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Fig. 8. SEM images of the fracture surface and the mirror-polished surface of the Nd:YAG transparent ceramics using Nd:Y2O3 powders #1 calcined in NHS (a and
b) and LHS (c and d), respectively.
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calcined in LHS and NHS, transparent Nd:YAG ceramics were
pecially, in comparison to the LHS the longer heating time of
he NHS (due to the slow heating rate) during the crystallization
rocess exacerbate the agglomeration at the low temperature, as
hown in Fig. 5c (#3).

XRD patterns of the Nd:YAG ceramics are demonstrated in
ig. 7a. It could be seen that pure YAG phase can be obtained by
sing the as-prepared Nd:Y2O3 powders, and no impurities are
etected in all of the ceramics (Fig. 7a). From the transmittance
pectra of mirror-polished Nd:YAG ceramics, we can see that
ell-dispersed granular Nd:Y2O3 nanopowders (#1 and #2) con-
uce to excellent transparency (Fig. 7b,c). The transmittances of
he ceramics are all above 73% at lasing wavelength of 1064 nm.
urthermore, Nd:YAG ceramics employing the Nd:Y2O3 pow-
ers calcined in the NHS, show higher transmittance values
74.9% of #1 and 70.7% of #2 at wavelength of 400 nm) than
hose in the LHS (60.9% of #1 and 59.7% of #2 at wavelength of
00 nm), indicating that the NHS is more conducive than LHS
o the densification of ceramics.

Fig. 8 illustrates the SEM images of the fracture surface and
he mirror-polished surface of the Nd:YAG transparent ceram-
cs using Nd:Y2O3 powders (#1) calcined in NHS and LHS,
espectively. It could be seen that the average grain sizes both
ere about 5 um and the fracture modes of the ceramics were
ainly intergranular. The Nd:YAG ceramic with the Nd:Y2O3

owder calcined in NHS exhibited a nearly pore-free structure
Fig. 8b), while the ceramic with the Nd:Y O powder calcined
2 3
n LHS showed a large grain and a small quantity of residual
ores in the grain and at the boundary (Fig. 8d). The abnormal
rain growth should be due to the existence of large original

f
s
h
t

articles in the Nd:Y2O3 powders obtained via LHS, indicating
hat the powders with a narrow PSD are necessary to fabricate
ransparent ceramics.

.  Conclusions

Nanostructured Nd:Y2O3 powders have been synthesized by
he co-precipitation method. The results indicate that the mor-
hology of the Nd:Y2O3 particle is strongly related to that
f the precursor, which is influenced by the initial solution
oncentration. The precursors were calcined by two different
alcination modes, nonlinear and linear heating schedules (NHS
nd LHS). The NHS shows a particular superiority to the LHS
n the synthesis of well-dispersed nanopowders with a narrow
SD from the well-dispersed precursors. Studies on the precur-
or decomposition confirm that the crystallization temperature
an be reduced substantially in NHS, which can lighten the
igh-temperature agglomeration. Nevertheless, for the serious
gglomerated precursors, the hard agglomerates inheriting from
he precursors have formed at the low temperature of crystal-
ization process, and thus it is infeasible to control the evolution
rocesses of microstructures independently by tuning the cal-
ination parameters. By using the dispersed Nd:Y2O3 powders
abricated through the solid state reaction in vacuum. The result
how that Nd:YAG ceramics corresponding to the NHS route
ave higher optical transmittances and less residual pores than
hose corresponding to the LHS.
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