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Highly transparent composite YAG/1.0 at.% Nd:YAG/YAG ceramic slab was prepared by vacuum reactive
sintering method using commercial Al,03, Y,03 and Nd,03 powders as raw materials with tetraethyl
orthosilicate (TEOS) and La,0s3 as sintering aids. By selecting the sintering aids and controlling their
doping amounts, pure YAG and 1.0 at.% Nd:YAG ceramics can be well fabricated at the same sintering

temperature. A fully dense composite ceramic slab with an average grain size of ~10 wm was obtained

Keywords:

Sintering
Microstructure

YAG

Transparent ceramics
Optical properties

by sintering at 1750 °C for 50 h. The in-line transmittance of the composite ceramic was >81% near the
visible wavelength of 400 nm. Output power of a composite ceramic rod (43 mm x 82 mm) was 20.3 W
with a pump power of 201 W, corresponding to an optical-to-optical conversion efficiency of 10.1%.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Neodymium-doped yttrium aluminum garnet (Nd:YAG) single
crystals have been widely used as a solid-state laser material in the
various fields [1,2]. However, there remains the challenge of find-
ing an approach that can overcome the technologic and economic
issues of conventional single crystal laser gain media [3]. Since A.
Ikesue, et al. firstly fabricated the Nd:YAG ceramics with highly
efficient laser oscillation [4], Nd:YAG ceramics are considered to
be a promising candidate because of its numerous advantages over
single crystals, such as excellent laser performance, low cost, short
preparation period, large size, high doping concentration and com-
posite structure [5-7].

A significant problem with laser gain media, whether ceramics
or single crystal, is thermal management. The active elements (e.g.
Yb3*,Nd3*) doped into YAG can sharply degrade its thermal proper-
ties. For example, the thermal conductivity (~10W/mK) of 1.0 at.%
Nd:YAG is about 1.4 times lower than that of pure YAG [7]. In order
to address this problem, the composite structure of YAG ceramic
and single crystal was fabricated by vacuum sintering techniques
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and thermal diffusion bonding, respectively [8,9]. The thermal con-
centration of local regions can be suppressed using composite
structure design thanks to gradient distribution of active elements
[3,10]. Unlike the complicated and expensive thermal diffusion
bonding techniques [11], the fabrication of composite ceramics
is a simple process which does not need high-precision optical
polishing and thermal diffusion bonding. In the composite ceram-
ics, the uniform microstructure can be observed, and the interface
effect cannot be found between pure YAG and Nd:YAG regions. H.
Yagi et al. reported the fracture strength of the composite Nd:YAG
ceramic was the same as that of the noncomposite ceramic, the
destruction point was not in interface region [12]. For composite
Nd:YAG single crystals, the strength of the bonding interface is the
lowest inside materials due to presence of residual thermal stress.

The purpose of this paper is to study solid-state reactive sinter-
ing of the composite ceramics and to make the preparation process
for the composite ceramics as simple as possible. Microstructures
and optical properties of the samples were investigated.

2. Experimental
2.1. Nd:YAG ceramics preparation

High-purity powders of a-Al;03 (>99.99%, Alfa Aesar Company, USA), Y,03
(>99.99%, Alfa Aesar Company, USA) and Nd, 03 (>99.99%, Alfa Aesar Company, USA)
were used as starting materials. The powders were weighted precisely according to
the chemical stoichiometry composition, with Nd3* doping concentrations of 0 at.%
and 1.0 at.%, respectively, and mixed by ball milling with high-purity Al,03 balls
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Fig. 2. Schematic diagram of experimental setup for diode-side pumped composite
ceramic rod: M1, input mirror; M2, output mirror.

for 12 h in ethanol. Tetraethyl orthosilicate (TEOS, >99.99%, Alfa Aesar Company,
USA) and La, 03 (>99.99%, Alfa Aesar Company, USA) were added as sintering aids.
After ball milling, the slurries were dried at 70 °C for 20 h in oven. The dry powders
were sieved through a 200-mesh screen and calcined at 800°C for 4h to remove
the organic components. This general process is similar to that of the previous
reports [13-17]. Using a custom designed steelless mould, the mixed powders were
dry-pressed under 100 MPa and then cold isostatically pressed under 250 MPa. The
platform of the green body slab after pressing is shown in Fig. 1. During the densifica-
tion process, the powders formed pure YAG and 1.0 at.% Nd:YAG in situ as the oxide
source powders react. The compacted pellets were sintered under vacuum of 10> Pa
in the furnace equipped with tungsten mesh as heating element. After that, the sam-
ples were annealed in air at 1450°C for 20 h to completely remove internal stress
and eliminate oxygen vacancies, After being mirror-polished on both surfaces, the
composite YAG/1.0at.% Nd:YAG/YAG transparent ceramic slab (110 mm x 55 mm
x5 mm) was obtained.

Microstructures of the polished and thermally etched surfaces of the samples
were observed by electron probe microanalyzer (EPMA, Model JXA-8100, JEOL,
Japan). The in-line transmittances were measured with spectrophotometer (Model
Cary-5000, Varian, USA).

2.2. Laser experiment

The composite ceramic slab was processed into rod, which was 3 mm in diam-
eter and consisted of a 54 mm long 1.0at.% doped Nd3* ions region and 14 mm
long undoped end-caps. Experimental configuration of the composite ceramic rod is
shown in Fig. 2. The laser system had one laser module in which a composite ceramic
rod was used as laser medium. Both sides of the ceramic rod were antireflection
coated at 1064 nm in order to reduce the intra-cavity losses. A maximum output
power of 240 W LD with the emission wavelength of 808 nm was used as the pump
source. The laser cavity adopted plano-plano symmetrical structure to get highly
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was the output coupler (OC) which was coated with 20% transmittance at 1064 nm.

3. Results and discussion

Fig. 3 (left) shows the mirror-polished composite ceramic with
0.8 wt% TEOS sintered at 1750°C for 50 h and annealed at 1450°C
for 20 h. Words behind it can be seen clearly. The left region is pure
YAG, and the right region is 1.0 at.% Nd:YAG. The in-line transmit-
tances of the composite ceramic are shown in Fig. 3 (right). The
transmittance of the Nd:YAG region is higher than that of the pure
YAG region at the wavelength range of 200-1100 nm, which is
very close to that of single crystal. However, for pure YAG region,
the transmittances at 1064 nm and 400 nm are 76.5% and 73.9%,
respectively. The drop-off in transmittance suggests the existence
of optical scattering centers.

Inorder to investigate the main reason for decrease of the optical
quality in pure YAG region, the microstructures of the compos-
ite ceramic vacuum-sintered were observed by EPMA (Fig. 4). The
sample was sintered at 1750 °C for 50 h, a full dense and pore-free
microstructure is found in the Nd:YAG region with an average grain
size of ~10 wm (Fig. 4(b)). For the pure YAG region, quite a few pores
are remained inside the grains and between the grain boundaries
(Fig. 4(a)). The average grain size is ~5 pwm, which is approximately
twice smaller than that of Nd:YAG region. After sintering at 1765 °C
for 50 h, while all the other experimental conditions are the same,
the grain size of the pure YAG region increases to~10 pm. The pores
can be removed completely from the sample (Fig. 4(c)). As reported
by W.D. Kingery [18], by B. Slamovich [19] and by S.-H. Lee [16],
the grain growth is an important process to remove the final large
pores. Higher sintering temperature helps to promote grain growth.
However, abnormal grain growth is observed in the Nd:YAG region.
Numerous pores and inclusions are found between or in the grains
(Fig. 4(d)). Obviously, the addition of Nd,O3 results in lattice dis-
tortion of YAG by the substitution of Y3* by Nd3*. The formation
of the energy of distortion causes an increase in the whole YAG
system instability, and then decreases the sintering temperature
of YAG. As a result, the sintering temperature of 1.0at.% Nd:YAG
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Fig. 3. Photo (left) and in-line transmittances (right) of the composite ceramic with 0.8 wt% TEOS sintered at 1750°C for 50 h.
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Fig. 4. EPMA micrographs of the thermal-etched surfaces of the composite ceramics sintered at 1750°C (a, b) and 1765 °C for 50 h (c, d).
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Fig. 5. In-line transmittances of the pure YAG ceramic with 1.0 wt% TEOS and 0.8 wt% La, 05 sintered at 1750 °C for 50 h and of pure YAG ceramic with 0.8 wt% TEOS sintered
at 1765°C for 50 h.
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Fig. 6. Photo of the composite ceramic slab sintered at 1750 °C for 50 h, pure YAG
region with 1.0 wt% TEOS and 0.8 wt% La, 03, Nd:YAG region with 0.8 wt% TEOS.

ceramic is a little lower than that of pure YAG ceramic. To fabricate
highly transparent composite ceramic, it is necessary to find a way
to decrease the sintering temperature of pure YAG ceramic without
impairing optical quality.

According to previous works, the additions of TEOS and La;03
are helpful to promote densification and decrease sintering tem-
perature [15,20,21]. The transmittances of pure YAG ceramic with
1.0 wt% TEOS and 0.8 wt% Lay 053 sintered at 1750°C for 50 h are
shown in Fig. 5. For comparison purpose, the pure YAG ceramic of
the same size only with 0.8 wt% TEOS sintered at 1765 °C for 50 h
was also prepared. In spite of the different sintering temperature,
the transmittances of two ceramic samples are both >81% at the
visible wavelength of 400 nm, and reach >84% with the wavelength
shifting towards 1064 nm (Fig. 5). Overall, these results confirm
that YAG ceramic with high optical quality can be obtained through
adding multiple sintering aids and increasing their amounts, even
at a lower sintering temperature.

As noted above, for the composite ceramic sintering, only
0.8 wt% TEOS was used as a sintering aid in the Nd:YAG region while
the combination of 1.0 wt% TEOS and 0.8 wt% La; 03 were used in the
pure YAG region. The photograph of the composite ceramic slab sin-
tered at 1750°C for 50 h and annealed at 1450 °C for 20 h is shown
in Fig. 6. The whole sample is fully transparent, which is further
demonstrated by the in-line transmittance spectrum, as shown in
Fig. 7. The transmittance at the lasering wavelength of 1064 nm is
84.2% for pure YAG ceramic region and 84.3% for Nd:YAG ceramic
region. The transmittances at 400 nm of pure YAG and Nd:YAG
regions are 81.9% and 82.2%, respectively. The results prove that the
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Fig. 7. In-line transmittances of the composite ceramic slab sintered at 1750 °C for
50h, pure YAG region with 1.0 wt% TEOS and 0.8 wt% La;03, Nd:YAG region with
0.8 wt% TEOS.

Fig. 8. EPMA micrograph of the composite ceramic slab sintered at 1750°C for 50 h,
pure YAG region with 1.0 wt% TEOS and 0.8 wt% La, 03, Nd:YAG region with 0.8 wt%
TEOS.

in-line transmittances of the composite ceramic are nearly identi-
cal to the theoretical values of pure YAG and 1.0 at.% Nd:YAG single
crystals grown by the Czochralski method [16].

Fig. 8 shows EPMA micrograph of the thermal-etched surface
(marked region in Fig. 6) of composite ceramic. It is found that the
sample exhibits a pore-free structure and the average grain size
is ~10 wm. There are no trace of abnormal grain growth and no
inclusions present both at the grain boundaries and in the grain
matrix. From left (pure YAG region) to right (Nd:YAG region), the
whole thermal-etched surface has a uniform microstructure, indi-
cating that the interfacial effect does not appear in the composite
ceramic.

Fig. 9 shows the thermal conductive values of pure YAG and
1.0 at.% Nd:YAG ceramics as a function of temperature. The thermal
conductivity of pure YAG ceramicis 13.1 W/m K, whichis 3.5 W/m K
higher than that of 1.0at.% Nd:YAG ceramic (9.6 W/mK) at room
temperature. Furthermore, the thermal conductivities of pure YAG
and 1.0 at% Nd:YAG ceramics decrease with the increase of temper-
ature, mainly due to the decrease of phonon mean free path. When
the temperature is 600 °C, the corresponding thermal conductivi-
ties are 6.2 W/mK and 4.1 W/mK, respectively.

Output power of the 1064 nm composite ceramic laser rod
versus incident pump power at 808 nm is shown in Fig. 10. It
indicates that the laser output power is basically linear with the
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Fig. 9. The thermal conductivity values of pure YAG and 1.0 at% Nd:YAG ceramics
as a function of temperature.
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Fig. 10. Laser output power versus incident pump power.

incident pump power even at the highest power level. The thresh-
old power is about 23 W. The output power is 20.3 W at a maximum
pump power of 201 W, corresponding to an optical-to-optical con-
version efficiency of 10.1%. It is worth noticing that there is no
obvious evidence of saturation from the output power curve, sug-
gesting that the higher output power will be obtained by further
increasing the incident pump power. The result shows that the laser
performance for ceramic is inferior to that for single crystal. This
may attribute to the scattering loss mainly caused by a very small
quantity of pores (cannot be detected by EPMA) in the ceramic
[4,15]. Further work is in progress to optimize the fabrication tech-
niques to further promote elimination of residual pores. We believe
that higher output power of composite structure ceramic can be
realized.

4. Conclusions

Transparent composite YAG/1.0 at.% Nd:YAG/YAG ceramic slab
was successfully fabricated by solid-state reactive sintering method
using high-purity commercial powders as raw materials and TEOS
and Lay 03 as the sintering aids. The sample sintered at 1750 °C for
50h was fully dense with the average grain size of ~10 pm. No
pores and other defects were found between or in the grains. The
interface region between pure YAG and Nd:YAG showed a uniform
microstructure, indicating that there was no interface effect present
in the composite ceramic. The in-line transmittances of the sam-
ple at 1064 nm and 400 nm were >84% and >81.5%, respectively,
which was comparable to that of single crystal. Laser oscillation at

1064 nm was generated by diode-side-pumped composite ceramic
rod. The threshold power was about 23 W. With the pump power
of 201 W, the maximum output power of 20.3 W was obtained, cor-
responding to an optical-to-optical conversion efficiency of 10.1%.
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