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Abstract

YAG:Eu nanopowder was synthesized through a sol-gel method. A master sintering curve was used as a practical approach to analyze the sintering
behavior of the synthesized powder. The effect of MgO doping on sintering of the synthesized nanopowders was evaluated. An amorphous
nanopowder was synthesized and crystallized to YAG after heat-treatment via a solid-state reaction. MgO improved the sintering rate of the YAG
nanopowders and suppressed grain boundary mobility. The activation energy for sintering decreased from 917 to 837 kJ/mol by adding MgO to

the nanopowders. The results of this study can be used to predict the densification of YAG:Eu nanopowder.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Yttrium aluminum garnet (Y3Als012, YAG) is an impor-
tant material because of its interesting optical properties. YAG
doped with Ce, Sm, Tb, Eu and Cr shows excellent fluores-
cence properties.! Owing to such application potential of YAG
ceramics, a lot of efforts have been made to try to synthesize YAG
ceramics powders, such as sol-gel,* co-precipitation,’ spray
pyrolysis,? combustion,® solvo-thermal,” polyacrylamide gel.®
Among these, the sol-gel method is a unique and useful method
for obtaining well-dispersed YAG nanopowders with very good
chemical homogeneity and high purity.

Sintering maps have been used to design and interpret sin-
tering experiments, to better understand how changes in heating
profiles affect sintering behavior, and to optimize sintering. A
practical approach to predict and control sintering is based on the
concept of the master sintering curve (MSC).>~!13 The MSC is
an empirical curve that provides a characteristic measure of the
densification of a material over a given density range. The MSC
was originally developed and demonstrated for solid-state sin-
tering materials that exhibit isotropic sintering behavior.” More
recently, the master curve concept has been extended to systems
that exhibit anisotropic sintering behavior, and that densify by
liquid-phase and viscous-phase sintering.”13
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In this theory, @(p), a function of density, can be given as the
function of temperature and time:

D(p) =6 T) = /[ l exp (—Q) dt
w T RT

where Q is the apparent activation energy for sintering, R is the
gas constant, 7 is the absolute temperature, and ¢ is the time. In
this case, if the sintering process is dominated by only one dif-
fusion mechanism (either volume or grain boundary diffusion)
and the microstructure is a function of density, a MSC can be
obtained.

In this study, YAG:Eu nanopowders were synthesized via a
sol—gel method. The densification behavior is analyzed by mas-
ter sintering curve concepts. As it is known, pores significantly
degrade optical transparency of YAG ceramics and thus, using
of dopants for improvement of densification in YAG ceramics
is desirable. Therefore the effect of MgO on sintering of the
YAG:Eu powders was studied.

2. Experimental procedure

The precursor solutions for YAG:Eu nanopowder were pre-
pared by sol-gel method using AlCI3-6H,O (Merck), Al powder
(Merck), Y,03 (Aldrich), EuCl;-6H, O (Aldrich), sodium dode-
cyl sulfate (Aldrich) and HC1 (Merck). The nominal composition
was (Yo.9Eug.1)3Al5012. Y203 powder was first dissolved in
aqueous HCIl. The main solution was prepared by dissolving
aluminum chloride hexahydrate, aluminum powder, europium
chloride hexahydrate and yttrium oxide solution into the
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Fig. 1. The XRD patterns of samples heat treated at various temperatures for
3h.

deionized water. The precursor solution was then continuously
stirred at 100 °C for 4 h to completely dissolve the starting mate-
rials. SDS was added to the resultant sol. To study the effect of
MgO on sintering behavior and microstructure of the YAG:Eu
nanopowder, MgCl,-6H>O (Merck) was added to the precursor
solution. The amount of MgO was 0.1 wt.%. The sol was aged at
60 °C. The viscosity of the batch gradually increased and finally
the batch set to a rigid gel. It was then dried at 80 °C for 48 h.
The dried gel was calcined in a muffle furnace at 900 °C and
milled for 1h in ethanol media using highly dense alumina jar
and high-purity alumina balls. A ball to powder charge ratio of
5:1 (wt%) was used. The powders were cold isostatically pressed
into compacts at the pressure of 400 MPa size 10 mm diameter
6 mm length. The samples were sintered in air using a dilatome-
ter to construct the master sintering curve. For non-isothermal
sintering, two heating rates of 2 °C/min and 5 °C/min were used
to reach the maximum temperature without holding. Dilatomet-
ric data were used to determine the density (p) applying the
following equation:

1 3
1= @L/Lo) + (T —Toy| *

P

where dL/Ly is instantaneous linear shrinkage, Ly is the initial
length of compact, « is the coefficient of thermal expansion and
0g 1s the green density.

The crystalline structure of the powders was determined
by X-ray diffraction using a Philips X-pert model with
Cu Ka radiation. The microstructure of the samples was
observed by scanning electron microscopy (SEM, XL30-
Phillips, Netherlands) and transmission electron microscopy
(TEM, CM200-FEG-Phillips, Netherlands).

3. Results and discussion

The X-ray diffraction patterns of the gel heat-treated for 3 h
at temperature ranges from 600 to 1400 °C are shown in Fig. 1.
There are no diffraction peaks for the samples calcined up to
700 °C indicating that the powders are amorphous below this
temperature. The characteristic peaks of YAG phase appear at
800 °C and no other crystalline phase such as Y4Al;1209 (YAM)

Fig. 2. TEM image of the nanopowders heat treated at 900 °C.

or YA1O3 (YAP) can be detected. The crystallization temperature
of YAG powder prepared by the sol—-gel method is lower than that
in the solid-state reaction by the constituent oxide mixtures.'*

Fig. 2 shows the TEM image of the nanopowders heat treated
at 900°C. As can be seen a uniform structure consisting of
irregular particles with sizes up to 120nm. There are some
agglomerates in the powders. During the drying step, the parti-
cles form agglomerates due to their high adhesion activity after
the evaporation of water.'

Fig. 3 shows dilatometric curves of the YAG:Eu (Fig. 3a) and
MgO doped YAG:Eu (Fig. 3b) samples. All specimens showed
an isotropic shrinkage behavior. The sample doped with MgO
exhibits higher percentage of shrinkage than undoped sample.
The temperature for densification onset for the doped sample was
lower than the pure sample. More shrinkage was obtained when
the heating rate was 2 °C/min, because the samples are exposed
to sintering for a longer time. In addition Bernard-Granger and
Guizard'® explained that surface diffusion is assisting densifi-
cation for low heating rates values. This kind of “boost effect”,
given by surface diffusion to densification until the neck forma-
tion step is completed, enables attaining higher relative densities
at the end of firing when heating rate is low.

Fig. 4 shows the relative density for the samples as a function
of temperature when the heating rate was 2 °C/min. It can be
seen that, the densification improved by doping the samples with
MgO. At the same heating rate, doped sample starts to densify
at a lower temperature, and a significantly lower temperature is
required to achieve the end-point density. Adding of MgO can
result in a solid solution formation by substitution of AI** by
Mg?* as follows:

Al O3 /

2MgO=252Mg) | + Vi + 200

According to this equation, one expects that the formation of
oxygen vacancies improves the volume diffusion coefficient and
could precede the vacancies diffuse from the pore to the grain
boundaries. The vacancies are eliminated at the grain bound-
aries, can cause an increase in densification rate. In this work,
the samples were not reached to full density. This problem can
be alleviated by sintering in a vacuum. As it is known sintering
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Fig. 4. The relative density of the samples as a function of temperature when
the heating rate was 2 °C/min.

Fig. 6. Master sintering curves for (a) pure YAG:Eu and (b) MgO doped YAG:Eu
powder compacts.
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Fig. 7. The SEM images of the (a) pure YAG:Eu and (b) MgO doped YAG:Eu
specimens sintered at 1750 °C for 3 h.

residual squares of error.2” For this purpose, an estimation was
taken as starting value for the activation energy Q, and the related
MSC including all three heating profiles was constructed. By the
optimum of Q, all curves should converge. If the curves did not
converge then another value for Q was taken and the procedure
continued until the best estimate of Q was obtained (Fig. 5).
The apparent activation energy values for the whole sintering
behavior obtained on this basis for the pure and doped samples
were 917 and 837 kJ/mol, respectively. It is clear that adding
MgO can cause reduction in activation energy for sintering of

YAG:Eu, which may be used to explain why MgO doping leads
to a decrease in sintering temperature.

The MSC curves can now be constructed from the complete
set of experimental data for the samples (Fig. 6). Almost all of
the sintering data for the pressed powder compacts sintered at
2 and 5 °C/min collapsed onto a single master curve. A good fit
of the data to the MSC is an indication of a good Q value. Su
and Johnson? noted that the MSC applies only to green powder
compacts processed with the same powder to the same green
density using the same green forming process. The grain growth
at higher densities will shift the higher density part of the MSC
down and to the right. MgO doping results in a lower value of
0(1,7(¢)) at a given density than the pure sample.

Fig. 7 presents the SEM images of the specimens sintered
at 1750°C for 3h. The grains are fairly equiaxed in shape,
without any observable abnormal or anisotropic grain growth.
It can be seen that a small amount of MgO doping decreases
the grain size of the samples. MgO is segregated as solute at the
grain boundaries where it then exerts a drag on grain-boundary
motion.?" The segregation of solute causes a decrease in the
grain-boundary mobility, and then inhibits the grain growth.

4. Conclusion

In the present study a YAG:Eu nanopowder was synthesized
through a modified aqueous sol-gel method. Master sintering
curve theory has been applied successfully to the sintering of
YAG:Eu nanopowder compacts. An amorphous nanopowder
was prepared and it was crystallized to YAG after heat-treatment
via a solid state reaction. The results showed that a systematic
approach to design and control YAG:Eu nanopowder sintering is
possible through the implementation of the MSC. Small amount
of MgO doping enhanced the densification rate and suppressed
the grain growth of the YAG nanopowder. The activation energy
for sintering decreased from 917 to 837 kJ/mol by adding MgO
to the nanopowders.
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