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Neodymium doped YAG transparent ceramics were fabricated by vacuum reactive sintering method using
commercial a-Al,03, Y203 and Nd, 03 powders as the starting materials with both tetraethyl orthosilicate
(TEOS) and MgO as sintering aids. The morphologies and microstructure of the powders and Nd:YAG
transparent ceramics were investigated. Fully dense Nd:YAG ceramics with average grain size of ~10 pum

were obtained by vacuum sintering at 1780 °C for 8 h. No pores and grain-boundary phases were observed.
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The in-line transmittance of the ceramic was 83.8% at 1064 nm.

© 2011 Published by Elsevier B.V.

1. Introduction

Neodymium doped yttrium aluminum garnet (Nd:YAG) has
been proven to be one of the best solid-state laser materials in
previous research [1,2]. Its indisputable dominance in a broad vari-
ety of laser applications is determined by a combination of high
emission cross section with long spontaneous emission life-time,
high damage threshold, good mechanical strengths, high thermal
conductivity and consequently low thermal distortion of the laser
beam, etc. [3-6].

Ikesue et al. were the first to demonstrate the possibility
of elaborating transparent Nd:YAG ceramics with the required
optical properties for laser applications [7,8]. Since then, polycrys-
talline transparent Nd:YAG ceramics have attracted much attention
because the optical quality has been improved greatly. Many recent
works have shown that transparent Nd:YAG ceramics are equiva-
lent to or even better than a single crystal grown by the Czochralski
method [9-11]. Usually, Nd:YAG transparent ceramics can be fabri-
cated by reactive sintering method using highly purity commercial
Al;03, Y503 and Nd,03 powders as raw materials [7]. Because
of low sintering activity of commercial powders, some additives
are necessary in the sintering process. It is well known that the
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use of TEOS as sintering aid is required to reach fully dense and
transparent Nd:YAG ceramics by removing the microstructural het-
erogeneities such as pores and secondary phases [12-14]. However,
in our practical work, it is hard to prepare high quality Nd:YAG
transparent ceramics only using TEOS as sintering aid if commer-
cial oxide powders were used as the staring materials. MgO is a
kind of cheap and common sintering aid for fabricated ceramics
which has been successfully applied to fabricate translucent Al,03
ceramics [15,16]. The addition of MgO can inhibit the abnormal
grains growth and is helpful to eliminate the residual pores. For
YAG transparent ceramics, results for single-added TEOS or MgO
as sintering aid have been reported so far [17,18]. However, it is
surprising that few researches reported the detail effects of using
TEOS and MgO combination as the sintering aids for fabricating YAG
based ceramics.

In the present work, Nd:YAG transparent ceramics were fab-
ricated by solid-state reaction and vacuum sintering using high
purity a-Al,03,Y>,03 and Nd;03 as raw materials with both TEOS
and MgO as sintering aids. For Comparison purpose, the Nd:YAG
transparent ceramics either with TEOS or with MgO as sintering
aid were also prepared. The morphologies and microstructure of
the nanopowders and Nd:YAG transparent ceramics were investi-
gated. The effect of sintering temperature and different quantity of
sintering aids on the optical properties of transparent ceramics was
also studied.

2. Experimental procedures

High-purity powders of a-Al,03 (99.99% purity, Shanghai Wusong Chem-
ical Co., Ltd), Y203 (99.999% purity, Jiahua Advanced Material Resources Co.,
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Fig. 1. SEM morphology of starting powders (a) a-Al, 03, (b) Y203, (c) Nd,03 and (d) powder mixture after ball milling.

Ltd) and Nd,03 (99.995% purity, Jiahua Advanced Material Resources Co., Ltd)
were used as starting materials, which were all commercially available pow-
ders. Five compositions, TS (Nd:YAG+0.5wt.% TEOS), TOM(Nd:YAG+0.1wt.%
MgO), T3M(Nd:YAG+0.3wt% TEOS+0.1wt% MgO), T5M(Nd:YAG+0.5wt.%
TEOS+0.1wt.% MgO) and T8M(Nd:YAG+0.8wt.% TEOS+0.1wt.% MgO), were
designed. These powders were blended together according to the stoichiometric
ratio of 1.0 mol.% Nd:YAG and were ball-milled with high-purity Zirconia ball for
12 h in ethanol. The mixture of powders was dried and sieved through a 200-mesh
screen. After removing the organic component by calcining at 800°C for 3 h, the
powders were pressed into pellets in a stainless steel die at ~15MPa. The green
body was further cold-isostatically pressed at 200 MPa. The compacted pellets were
sintered under vacuum of around 10-3 Pa in a furnace equipped with tungsten
mesh as the heating element. After that, the pellets were annealed at 1450°C for
10h in air and mirror polished on both surfaces. Finally, the size of the Nd:YAG
transparent ceramics is @ 16 mm x 3 mm.

The phase composition of the specimen was identified by X-ray diffraction (XRD,
Model D5005, Siemens). Sintered density was measured by the Archimedes method,
using deionized water as the immersion medium. The morphologies of starting pow-
ders and microstructure of the polished surface of the transparent ceramics were
observed by scanning electron microscopy (SEM, JSM-6360LV, JEOM, Tokyo, Japan).
Mirror-polished samples on both surfaces were used to measure optical transmit-
tance by a UV-VIS spectrometer (Model U-2800 Spectrophotometer, Hitachi, Tokyo,
Japan). The photoluminescence (PL) spectra was measured at room temperature by
spectrofluorometer (Fluorolog-3, Jobin Yvon, France), with an 808 nm diode laser
used as the pump source.

3. Results and discussion

Fig. 1 shows the SEM morphologies of the starting powders
before and after ball milling. The «-Al,03 powders were uniform
with a narrow particle size distribution and fairly well dispersed.
The average particle size of the a-Al,03 powders was ~500 nm in
diameter. The Y, 03 powders were relatively wide distribution from
submicron to micron in scale and the mean particle size was about
~5 wm. The primary powders of Nd,03 were fine, but they were
formed into agglomerates of ~1 wm. The large particles of Y,03
and the fine particles of a-Al, 03 and Nd, 03 were homogeneously
mixed after ball milling.

There are a lot of literature discussing the phase evolution dur-
ing the sintering [8,13,19]. Generally, it is not possible to get the
pure YAG phase from the direct reaction between Y,03 and Al,03

powders during the sintering. Intermediate phases, like Y4Al;0q
(YAM) and YAIO3 (YAP) are commonly found during reaction. At
the temperature higher than 1400°C, the YAG phase will start to
form. In the present work, the similar reaction sequence has been
observed. Fig. 2 shows the XRD pattern of Nd:YAG transparent
ceramics sintered at 1780°C. All the peaks of TM, T5M and TS can
be well indexed as the cubic garnet structure of YAG. This indi-
cated that full transformation to YAG occurred during the vacuum
sintering.

Fig. 3 shows the transmittance of TS and TOM. The transmittance
of TS was much higher than that of TOM in the long wavelength
region. The maximum transmittance was 76.9% for TS and 48.2% for
TOM at the lasing wavelength of 1064 nm respectively. It could be
seen clearly that the transmittance of TS decreased sharply with a
decrease in wavelength, especially in the wavelength ranging from
500 to 300 nm. The transmittance was only 42.7% for TS at 400 nm. It
is obviously that the decrease of TS was mainly due to the inhomo-
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Fig. 2. XRD pattern of Nd:YAG transparent ceramics with TM, T5M and TS.



5276 H. Yang et al. / Journal of Alloys and Compounds 509 (2011) 5274-5279

Transmittance/%

0 T T T T T T T
200 300 400 500 600 700 800 900
Wavelength/nm

T
1000 1100

Fig. 3. Optical transmittance spectrum of Nd:YAG samples with (a) TS and (b) TOM.

geneity in different grains and small residual pores in the ceramic
which can be found from Fig. 4(B1). Compared with TS, the trans-
mittance of TOM decreased less in the measure region though the
maximum transmittance was not high. It still reached 43.5% even
at 400 nm and the total drop down is less than 10%. According to
the transmittance, it is indicated that the grains of TOM should be
uniform.

Fig. 4 shows the SEM micrographs of the sample. Grain size,
grain boundary phase and pores are usually considered as the main
factors affecting transmittance of ceramics [20,21]. As shown in
Fig. 4(A1), the average grain size of the TS was about 30 wm. Appar-
ently, no grain-boundary phases existed in the microstructure of
the TS ceramic. However, severe abnormal grain growths were
observed, and several pores were trapped into the grain which
can be observed in figure. The size of the pores is around 2 pm.
These trapped pores will work as the scattering centre and greatly
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Fig. 5. Photograph and optical transmittance spectrum of Nd:YAG samples with
T5M, T8M and T3M.

reduce the optical transmittances in the region of short wavelength.
Fig. 4(A2) shows the microstructure of fractured surface of TS. It
could be seen that the fracture mode is transgranular in the large
grain area and intergranular in the small grain area. As shown in
Fig. 4(B1), the grain size of TOM sample was homogeneous and
about 3 pm in average. It is much smaller than that of TS. How-
ever, the grains were not packed densely on each other. Many pores
existed in the triangle grain boundaries. It can be seen clearly in the
partial magnified micrograph of Fig. 4(B1). That is the reason why
the transmittance of TOM kept in low level through the measure
region. The microstructure of fractured surface of TOM is shown in
Fig. 4(B2). The fracture mode was absolutely intergranular.

The transmittance of Nd:YAG samples with 0.1 wt.% MgO and
different quantity of TEOS is shown in Fig. 5. Obviously, the trans-
mittance of T5M was the best of all. Moreover, the samples with
compound MgO and TEOS as sintering aids owned better trans-

Fig. 4. SEM micrographs of the mirror-polished surface and fractured surface of samples with (A1) and (A2) TS and (B1) and (B2) TOM.
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Fig. 6. SEM micrographs of the mirror-polished surface and fractured surface of samples with (A1) and (A2) T3M, (B1) and (B2) T5M, (C1) and (C2) T8M.

mittance than that of TS and TOM which only use TEOS or MgO
as the sintering aid. The maximum transmittance was 83.8% for
T5M, 80.9% for T8M and 75.6% for T3M at 1064 nm respectively.
The transmittance of sample T8M is only a little lower than that of
sample T5M. The transmittance of all samples decreased less in the
region from 1100 to 400 nm.

Fig. 6 shows the SEM micrographs of samples with different
quantity of TEOS. It is seen clearly that the average grain size
increased with the increasing doping amount of TEOS. Especially
for TBM sample, the grain size is obviously larger than those of
the other samples. All of the fracture modes of three samples were
transgranular.

Fig. 7 shows the transmittance of T5M under different sinter-
ing temperatures. The transmittance of samples sintered at 1720°C
and 1740 °C decrease sharply with the wavelength shifting towards
to short wavelength region. The samples sintered at 1760°C and
1780°C have the similar transmittance in the measured region.
However, the transmittance of sample sintered at 1780°C is bet-
ter than that sintered at 1760 °C. It indicated that the best sintering
temperature is 1780°C.
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Fig. 7. Optical transmittance spectrum of Nd:YAG samples sintered at different
temperatures.
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Fig. 8. SEM micrographs of the mirror-polished surface and fractured surface of samples with (A1) and (A2) 1720°C, (B1) and (B2) 1740°C, (C1) and (C2) 1760°C, (D1) and

(D2)1780°C.

Fig. 8 shows SEM micrographs of Nd:YAG ceramics sintered at
1720-1780°C for 8 h. It could be seen that the grain size increased
less with increase of sintering temperature and the average grain
size was about 10 wm. However, the residual pores were gradually
removed as the sintering temperature increased. For the sample

sintered at 1720 °C (Fig. 8(A1)), quite a few pores were remained
inside the grains and between the grain boundaries. A full dense and
pore-free microstructure was observed at 1780 °C (Fig. 8(D1)). The
fracture modes of the samples were changed from intergranular to
transgranular as the sintering temperature increased from 1720°C
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Fig. 9. Photoluminescence spectra of Nd:YAG transparent ceramic.

to 1780 °C. And the fracture mode of the sample sintered at 1780°C
was absolutely transgranular.

The room temperature photoluminescence spectra of 1.0 mol%
Nd:YAG transparent ceramic sintered at 1780°C for 8 h is shown
in Fig. 9. From 900 nm to 1200 nm, there are two emission bands
centred at 946 nm and 1064 nm, which is corresponding to the tran-
sition from #F3 5 — 4lg/» and 4F5, — #1112 of Nd3* ions respectively.
The main emission peak was at 1064 nm.

The effect of SiO, on the sintering is very complex and has been
discussed in the literature [13,14,22]. In our research, the combina-
tion using of MgO and SiO, can greatly enhance the densification for
YAG ceramics. Obviously, the addition of minor amounts of MgO as
sintering aid to Nd:YAG inhibits the grain growth during sintering
and allows the sintering process to proceed to theoretical density.
In addition to the effect of SiO,, the effect of MgO as the sintering
aids was investigated as follows:

(a) MgO is segregated as solute at the grain boundaries where it
then exerts a drag on grain-boundary motion [23]. The segrega-
tion of solute causes a decrease in the grain-boundary mobility,
and then inhibits the discontinuous grain growth. And the small
amounts of MgO can be used as an inhibitor for liquid phase
epitaxy growth of garnet [24].

(b) The effect of MgO could also result in a solid solution formation
by substitution of AI3* by Mg2* as follows:

2Mg0™2%oMg) + Vi + 205 (1)

According to Eq. (1), one expects that the formation of oxygen
vacancies improves the volume diffusion coefficient and could
proceed the vacancies diffuse from the pore to the grain bound-
aries. The vacancies are eliminated at the grain boundaries,
causing the enhanced densification rate.

(c) Moreover, there would be another more complex mechanism
while using both TEOS and MgO as composite sintering aids.
According to MgSiO3 system [18,25], the MgO-SiO, liquid phase

would be formed at the temperature as low as 1380°C. It is very
possible to form the small amount of the liquid phase during the
sintering if the combination of TEOS and MgO are used. Probably
this small amount of low-melting-point liquid enhanced the
densification rate of the Nd:YAG ceramics.

4. Conclusions

High quality transparent Nd:YAG ceramics were fabricated by
reactive sintering method and vacuum sintering using commercial
powders as raw materials with both TEOS and MgO as sinter-
ing aids. Fully dense ceramic consists of uniform grains with the
average grain size of 10 wm which distribute homogeneously. The
maximum transmittance was 83.8% at the lasing wavelength of
1064 nm. The addition of MgO inhibits the grain growth during
sintering and allows the sintering process to proceed to theoretical
density. Obviously, the Nd:YAG transparent ceramic with TEOS and
MgO as sintering aids is possible to obtain 1064 nm laser output.
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