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Abstract

Nanometer-sized particles (1–100 nm) are of considerable interest for a wide variety of applications, due to their unique and improved

properties primarily determined by size. In this study, homogenously dispersed nanocrystalline YAG powders were synthesized by

calcination of the YAG precursors prepared by an ultrasonic spray method. The effects of spray droplets moving path, calcination

temperature and aluminum ion concentration on the preparation of pure-phase YAG powders were intensively studied. The results

show that the well-dispersed YAG nano-powders can be prepared by this ultrasonic spray co-precipitation method. Well-crystallized

YAG powers can be generated when the precursors, produced through top symmetric spray with ammonia as precipitation agent, are

calcined at 1000 1C for 3 h. The average size of YAG particles is about 50 nm and well-dispersed.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nd:YAG single crystal is one of the most important
materials for solid-state laser application [1]. However the
synthesis methods of Nd:YAG single crystal have many
drawbacks such as low growth rate, expensive equipment
and the limited doping concentration. Core at the central
region of the single-crystal ingot and facets that exist from
the central region to the outer region induce the limitation
to the utilization of single crystals. For laser media, only
the outer volume of the ingot is suitable, and thus the size
of the laser medium is limited by the ingot size. Nd:YAG
single crystals are grown at approximately 2000 1C, and
the growth period is 1000–2000 h. Because the Nd segrega-
tion coefficient for YAG is 0.2 and solubility during
growth of Nd in YAG is �1 at%, the light absorption
coefficient of commercial single crystals is low, and such
crystals present a drawback of concentration quenching.
Recently, tremendous efforts have been taken to develop
the alternatives for Nd:YAG single crystal. Compared
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with Nd:YAG single crystal, polycrystalline Nd:YAG
ceramics has many advantages, such as the simple synth-
esis process, low cost, high concentration doping and
better homogeneity of doping ions [2]. As is known to
all, it is difficult to prepare transparent ceramics with
conventional materials and conventional methods [3].
Synthesis of high quality nano-powders is the first and
key step for preparation of highly transparent ceramics [4].
YAG powders were usually prepared by the solid-state

reaction method for its low cost and simple process [5–11].
Recent studies showed, however, YAG powders prepared
with chemical methods was preferable for sintering trans-
parent ceramics compared with powders from the solid-
state reaction method, for solution-based techniques can
achieve better chemical homogeneity [12]. Consequently,
several liquid-chemical synthesis methods have been devel-
oped, such as co-precipitation [13–22], homogeneous pre-
cipitation [23–26], sol–gel processing [27–31], hydrothermal
treatment [32], spray pyrolysis [33], etc.
In this paper, YAG precursors were first co-precipitated

by using the ultrasonic spray method. The effect of spray
droplets moving path, calcination temperature and aluminum
ion concentration on the preparation of pure-phase YAG
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powders have been mainly studied. The method is based on
ultrasonic generation of micro-sized droplets. Each micro-
droplet can be considered as a ‘‘microreactor’’, so there is no
need to manufacture a real, physical microreactor for the
reaction, and thus the cost will be greatly reduced and the
process can be extensively simplified.

What is more, microdroplets would also avoid the
heterogeneous local concentration in the liquid system
and uneven nucleation which are the two main reasons
for poor stoichiometry and nonuniform particle size.
Fig. 2. Device 2.

Table1

Precursor number.

Precursor

number

Concentration of

Al3þ (mol/L)

Device

number

A 0.5 1

B 1 1

C 0.5 2
2. Experiment

Yttrium nitrate hexahydrate (Y(NO3)3 � 6H2O, AR,
Sinopharm Chemical Reagent Co., Ltd), aluminum nitrate
hydrate (Al(NO3)3 � 9H2O, AR, Xiya Reagent Co., Ltd),
and ammonia were used as raw materials. Y(NO3)3 � 6H2O
and Al(NO3)3 � 9H2O in the molar ratio of 3:5 were
dissolved into the deionized water to obtain a mixed
solution in which the concentration of Al3þ was 0.5 mol/L
or 1.0 mol/L. Ammonia was used as the precipitation agent.
PEG (AR, Tianjin Guangfu Fine Chemical Reagent
Research Institute) with 1 wt% of the mixed solution was
added to prevent agglomeration.

Two devices were designed for the experiment. In both
devices, ammonia as the precipitation agent was intro-
duced through an entrance near the bottom. In device 1
(Fig. 1), ultrasonic nozzle was set on the side of the reactor
while in device 2 (Fig. 2), the nozzle was set on the top.
Therefore, the routes where the mixed solution was
sprayed into the reactor are different. The products were
collected in the deionized water which was put into the
container beforehand. The ultrasonic vibrating frequency
was 2.1� 106 Hz. The precursors prepared by different
processes were numbered in Table 1.

After ripening for 24 h, the precipitate precursors were
washed with deionized water repeatedly and then with
alcohol. The precursors were dried at 100 1C for 24 h and
then calcined in air at different temperatures ranging from
800 1C to 1000 1C for 3 h with a heating rate of 5 1C/min.
Fig. 1. Device 1.

Fig. 3. Lamer graph.
Differential thermal analysis and thermal gravimetric
analysis (DTA–TGA) of the dried precursor was per-
formed on a DTA–TGA analyzer (DTA–TG, NETZSCH
STA409PC, Gebruder, Germany) with Ar as the protective
gas and air as the purge gas, and the heating rate is 10 K/min.
The phase formation process, microstructure and crystalliza-
tion of the powders were investigated by a X-ray diffract-
ometer (XRD, 08DISCOVER, using nickel-filtered Cu-Ka
radiation), field emission scanning electron microscope (SEM,
HITACHI S-5500D) and JEOLJEM-2010 transmission
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electron microscope (TEM, JEOLJEM-2010, Kyoto, Japan),
respectively. The sintering was conducted at 1300 1C and
40MPa for 3 min by the spark plasma sintering (SPS-1050 T,
Fig. 4. Differential thermal analysis and thermal gravimetric analysis

(DTA–TGA) of the precipitate precursor.

Fig. 6. Scanning electron microscope (SEM) images of the YAG po

Fig. 5. XRD patterns of YAG powders from precursor A calcined at

different temperatures for 3 h.
Sumitomo Coal Mining Co., Ltd). The heating rate was
100 1C/min. After sintering, the specimens were annealed at
800 1C for 20 h in air.
3. Result and discussion

The mean droplet size of generated microdroplets was
estimated in accordance to the following Lang’s equation:

Do ¼ 0:34 8pg=rf 2
� �0:33

where g is the liquid (solution) surface tension (10�3

Nm�1), f is the ultrasound frequency (106 Hz), and r is
the liquid (solution) density (10�3 kg m�3).
Supposing r¼0.99704� 10�3 kg m�3 and surface ten-

sion g¼71.97� 10�3 Nm�1 (these data are for pure water
at room temperature, as data of the real mixed solution are
extremely hard to achieve due to the actual conditions of
our lab), the diameter of microdroplets (Do) was about
2.48 mm.
According to rate equation of mass transfer: transfer

rate¼ (driving force� phase contact area)/mass transfer
resistance, we know that in order to promote the transfer
rate we should increase the driving force and phase contact
area while reducing the mass transfer resistance. Com-
pared with phase contact area, the driving force in mass
transfer, i.e. the concentration gradient is very difficult to
increase.
Using the ultrasonic atomization method, microdroplets

with diameter of about 2.48 mm are available. Suppose 1 mL
of water makes a single spherical droplet, the surface of
which is 4.84 cm2, while the cumulative surface of multiple
atomized droplets with a diameter of 2.48 mm within such a
spherical droplet can reach 2.42� 104 cm2. So the contact
area of phases has been increased dramatically. High transfer
rate leads to dramatically effective collision among molecules,
which leads to promoted reaction rate. Moreover, ultrasonic
atomization is a process that transforms high-frequency
electron oscillations into mechanical vibrations in which high
energy microdroplets are created. The molecules included in
the high energy microdroplets are more reactive.
wders from precursor A calcined at (a) 900 1C and (b) 1000 1C.
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From thermodynamic theory, the particle size depends
on the generation rate and the growth rate of crystal
nucleus, and these two kinds of rate have close relationship
with the supersaturation of the solution. In order to keep
the particle size uniform, a large amount of crystal nucleus
should be generated simultaneously, and when the nucleus
grows, no more nucleus generates.

As is shown in Lamet graph (Fig. 3): no nucleus is
generated in Section 1; in Section 2, nucleus begins to take
shape; and in Section 3, the nucleus grows and no new
nucleus is formed. Therefore, uniform particles can be
obtained with proper control of Section 2.

By means of ultrasonic atomization, we can get a great
amount of nucleus. The generation of nucleus cuts down
the supersaturation of the solution immediately and this
conversely leads the growth rate of the nucleus to slow
down. All of the above will benefit for the generation of
ultrafine powders.

Thermal decomposition and crystallization temperature
of the dried precursor were studied by simultaneous DTA–
TGA analysis (as shown in Fig. 4, the concentration of
Fig. 7. XRD patterns of YAG powders from precursor A and B calcined

at 1000 1C.

Fig. 8. Scanning electron microscope (SEM) images of the YAG pow
Al3þ was 0.5 mol/L). The wide endothermic peak between
100 1C and 300 1C was assigned to the removal of water
and alcohol. Major mass loss of the precursor took place
below 300 1C, corresponding to about 25% of the total
weight. The mass loss slowed down between 300 1C and
900 1C and almost completed at around 900 1C. In this
period, mass loss of about 10% of the total weight was
mainly caused by the decomposition of carbonate species
into oxide. There was a small exothermic peak at 924 1C,
which was attributed to the crystallization of YAG and
YAP. This conclusion can be supported by the results of
XRD (Fig. 5).
Fig. 5 shows the XRD patterns of YAG powders from

precursor A calcined at different temperatures ranging
from 800 1C to 1000 1C for 3 h. No obvious diffraction
peaks were observed for the sample calcined at 800 1C,
indicating that the as-precipitated powders were still
amorphous below this temperature, which was consistent
with the DTA–TGA results (Fig. 4). After calcination at
1000 1C for 3 h, the precursor was crystallized as
pure YAG.
ders from the precursor B calcined at (a) 900 1C and (b) 1000 1C.

Fig. 9. XRD patterns of YAG powders from precursor C calcined at

different temperatures.



Fig. 10. Scanning electron microscope (SEM) images of the YAG powders from the precursor C calcined at (a) 900 1C and (b) 1000 1C.

Fig. 11. (a) TEM and (b) HRTEM images of the YAG powders from precursor C calcined at 1000 1C for 3 h.
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Fig. 6 shows the microstructure of YAG powders from
precursor A calcined at different temperatures. The aver-
age particle size of the powders calcined at 1000 1C was
about 50 nm, and the particles were well dispersed.

Increasing the concentration of the mixed solution to
1 mol/L, the temperature of transforming to pure YAG
did not increase correspondingly (as shown in Fig. 7). The
Ultrasonic spray co-precipitation method made the higher
concentration of mixed solution possible, which leads to
higher efficiency. However, at the same time, the agglom-
eration became a little bit severer (as shown in Fig. 8).

Comparing the XRD patterns of microdroplets sprayed
from the top and the side of the reactor (Fig. 9 and Fig. 5),
we can easily discern that the device 2 is better than the
device 1 for there was no YAM phase detected in the
powders produced by device 2 below 1000 1C. This result
indicated that top spray is better than side spray. The SEM
photos show the microstructure of the powders, indicating
the particles were well dispersed (Fig. 10).

Fig.11 shows TEM images of YAG powders from the
precursor C calcined at 1000 1C for 3 h. Fig.11(a) clearly
indicates that the powders were well dispersed, with an
average grain size of 50 nm. The clear lattice fringe shown
in Fig.11(b) reveals good crystallization of the powder.

Precursor C calcined at 1000 1C for 3 h was uniaxially
pressed in a 20 mm die at 15 MPa. The sintering was
conducted at 1300 1C and 40 MPa for 3 min by the spark
plasma sintering (SPS). The heating rate was 100 1C/min.
After sintering, the specimens were annealed at 800 1C for
20 h in air. The specimens remain gray after annealing and
only the edges of the specimens appear to be translucent,
which is caused by carburizing as an inevitable result of
spark plasma sintering.
The density of the specimens is 4.5510 g/cm3 measured

by the Archimedes technique. The relative density is
99.95% when taking 4.5533 g/cm3 as the theoretical den-
sity. The relative density is much higher than that men-
tioned in other papers (e.g. Chaima conducted sintering at
100 MPa and 1300 1C for 3 min resulting a relative density
below 90%) [34]. The powders produced in this experiment
are much easier to achieve high relative density which is
the precondition of transparent ceramics, in other words,
these powders have an obvious advantage in sintering
behavior.

4. Conclusion

Homogenously dispersed nanocrystalline YAG powders
were synthesized via ultrasonic spray co-precipitation with
ammonia as precipitation agent. DTA–TGA and XRD
results indicate that the as-synthesized precursor could be
converted to pure YAG phase after being calcined at
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1000 1C for 3 h. Compared with the side spray, the top
spray is better, for there is no YAM phase detected in the
powders below 1000 1C. SEM results reveal that the
particles, sizes of which are about 50 nm, are well dis-
persed. TEM results that show the clear lattice fringe
reveal a good crystallization of the powder. Increasing the
concentration of the mixed solution, the temperature of
transforming to pure YAG did not increase correspond-
ingly which shows the potential competence in high yield
efficiency which is always a problem with other methods.
After sintering at 1300 1C and 40 MPa for 3 min by the
SPS, we got ceramics with high relative density of 99.95%
which is much higher than Chaima’s 90%. After annealing,
the edge of the specimen appears to be translucent.
Considering the inevitable carburizing by using the spark
plasma sintering, these powders are anticipated to be used
as candidates for sintering transparent ceramic materials if
we conduct the sintering with a vacuum furnace.
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