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bstract

ransparent Nd:YAG ceramic microchips were fabricated through the slip casting shaping directly from the slurry formed by the commercial
l2O3/Y2O3/Nd2O3 powders, and followed by the vacuum sintering procedure. Viscosity of the slurries, the phase evolution and the densification
ehavior were investigated. For the Al2O3/Y2O3/Nd2O3 compound slurries system, the optimal condition is 0.5 wt.% NH4PAA dispersant and
0 wt.% solid loading at pH ≥  8. The YAG phase started to form at 1250◦ C and pure YAG phase could be obtained at 1400◦ C. The optical in-line
ransmittance of the Nd:YAG ceramics with thickness of 2 mm was about 83.8% at 1064 nm and 82.5% at 400 nm, which hit the upper limit of the

heoretically calculated value. For the 1.0 at.% Nd:YAG ceramic microchip, the slope efficiency was 43% for 1.0 at.% Nd:YAG ceramic pumped
y 920 mW cw Ti:sapphire tunable laser, and the maximum laser output power 246 W was obtained for 2.0 at.% Nd:YAG ceramics pumped by
25 W LD.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Yttrium aluminum garnet (Y3Al5O12 or YAG) ceramics have
rown to be the focused gain media for high power, high energy
olid-state lasers1,2 due to their unique advantages such as
arge size, high doping concentration, high fracture toughness,
nd structural composite of 3-dimensional rare-earth distri-
ution which favor the easy thermal management. Different
abrication routes have been followed3–6 in which both the
onoshima method7 and the world lab procedure8 are demon-

trated to be the most successful ones. For Konoshima method,
n the beginning, high performance nanosized YAG powders are
abricated through co-precipitation, followed by slip-clasting
haping, and finally densified by vacuum sintering. The large
ize of 115 mm ×  115 mm ×  22 mm YAG ceramics have been
chieved by this method.6 For the world lab method, Al2O3
nd Y2O3 powders are used to be cold isostatically pressed

8
ollowed by vacuum sintered. However, there are some disad-
antages for both methods. For the former, it is hard to control
he co-precipitation procedure to obtain the uniform and dis-
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ersive YAG spherical powders; and for the latter, it is difficult
o fabricate the large ceramic slab with super optical unifor-

ity. Here, we report a different simple route for the synthesis
f transparent Nd:YAG ceramics, which assimilate the advan-
ages of the two methods mentioned above and is also easy to
e controlled to produce large ceramic slabs and microchips.
eanwhile, the laser properties of the as-fabricated ceramic
icrochips are reported.

.  Experimental  procedure

.1.  Ceramic  fabrication

Submicron (0.1–0.3 �m) �-Al2O3 powder (sumitomo cor-
oration, purity >99.99%), micron (2–6 �m) Y2O3 powder
Jiangyin Jiahua Advanced Material Resources Co., Ltd., China,
urity >99.99%) and micron (1–2 �m) Nd2O3 powder (Alfa
esar, purity >99.995%) were used as starting materials.
.2 wt.% MgO (Alfa Aesar, purity >99.99%) and 0.5 wt.% TEOS
Alfa Aesar, purity >99%)were used as sintering aids and a water

oluble polyelectrolyte (ammonium polyacrylate, NH4PAA)
as chosen as a dispersant to prepare ceramic slurries. The pow-
ers were mixed and ball-milled in deionised water for 24 h. The
s-obtained dispersive slurry was casted into a gypsum mold

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.020
mailto:caoyongge@fjirsm.ac.cn
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Fig. 1. Schematic of the Ti:sapphire-pumped laser oscillation.

nd dried to obtain a desired shape, followed by drying in air
t 70 ◦C and subsequent heating at 700 ◦C for 2 h. The obtained
reen compacts were vacuum sintered for different hours under
aried temperatures. After annealing and mechanical polishing,
he high quality transparent Nd:YAG ceramics were obtained.

Viscosity of the slurries was characterized by rotating
iscometer (LVDV-II + PRO, Brookfield, USA). Morphology
bservation was performed on a JSM-6700F field emission
canning electron microscope (FE-SEM, JEOL, Japan). XRD
atterns were recorded using a Rigaku Dmax2500 X-ray diffrac-
ometer. The density was measured by the Archimedes method,
sing deionized water as the immersion medium. The in-line
ransmittance was obtained by UV/Vis/NIR spectrophotometers
Lambda-900, PerkinElmer, USA).

.2. Laser  experiment

Fig. 1 shows the schematic of the Nd:YAG ceramic laser.

he laser cavity is an end-pumped plano-concave resonator.

 1.0 at.% Nd:YAG ceramic microchip (15 mm in diameter
nd 1 mm in thickness) without any anti-reflection or high-

s
d
c

ig. 2. SEM images of the starting materials: (a) Al2O3, (b) Y2O3, and (c) Nd2O3,
intering.
ramic Society 31 (2011) 2241–2246

ransmission coating was used as the gain medium. A cw 808 nm
i:sapphire tunable laser (Model 3900 s, Spectra-Physics) with
ump-beam radius of about 20 �m was used as the pump source
hich was focused into the sample through a lens with a 30 mm

ocal length. The total cavity length was approximately 100 mm,
nd the sample was held in an aluminum mount and positioned
n the middle of the cavity. The input mirror of the laser cav-
ty was 90% transmission at 808 nm and 99.7% reflectivity at
064 nm. An output coupler with a curvature of 100 mm and
% transmission was also used.

. Results  and  discussion

Fig. 2 shows the SEM micrographs of the starting materials
nd the green compact obtained by slip casting. The average
article sizes of the Al2O3, Y2O3 and Nd2O3 are about 200 nm,

 �m and 2 �m, respectively. After processing by ball-milling
nd slip casting, the as-obtained green compact displays a uni-
orm structure with density of about 33.5% of the theoretical
alue.

Fig. 3 indicates the viscosity vs. shear rate flow curves for
ompound slurry as a function of different ammonium poly-
crylate concentration from 0.1 wt.% to 1.0 wt.% at pH ≥  8 and
he same solid loadings. It exhibited pseudoplastic flow behav-
or when the viscosity decreased with increasing shear rate.
he rheological properties of the compound slurries were inten-
ively dependent on the content of additive dispersant. When
he amount of dispersant increased from 0.1 wt.% to 0.5 wt.%,
lurry was close to Newtonian fluid at 0.5 wt.% concentration
ispersant. However, the viscosity began to increase when the
ontent of dispersant was increased to 1.0 wt.% of the solid

 and (d) the fracture surface of green compact obtained by slip casting before
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Fig. 3. Viscosity vs. shear rate flow curves for Al2O3, Y2O3 and Nd2O3 com-
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ound slurries as a function of different dispersant concentration, (a) 0.1 wt.%,
b) 0.3 wt.%, (c) 0.5 wt.%, (d) 1.0 wt.%.

oading. It signifies that adding dispersant beyond what gives
aximum coverage of the surface of the particles would lead to

etrimental effects on rheology behavior.
Fig. 4 shows that the rheology behavior of suspensions

epends on the solid loadings at pH ≥  8 and the same amount
f dispersant. Near Newtonian fluid was observed at 30 wt.%
olid loading, whereas increasing the solid loading obviously
nhanced the viscosity of slurries. It showed a shear-thinning
ehavior with shear rate enlarged. It can be assumed that
hearing stress shears off a part of the charge diffuse layer in
he solid particle surface. The rheology behavior described by
igs. 3 and 4 can be explained by the following two possible
echanisms9–11: firstly, at lower content of deflocculant, the

harge density is low and the electrical double layer is thin, so the
lectrostatic force among particles is not completely screened,
hich results in the interacted electrostatic attraction in the

eramic particles. As it is well known that higher charge den-
ity will cause the increase of electrical double layer thickness,
hich strengthen the electrostatic repulsive force in each parti-

les. At optimum electrolyte concentration, the zeta potentials of
he neighbouring particles set up an ideal equilibrium between
ttractive and repulsive forces. This leads to optimum repulsion
etween the particles. Hence the fluid behavior of the slurry is

lose to ideal Newtonian flow with increasing the amount of dis-
ersant. However, if the amount of dispersant is more than the
ptimal value, the diffuse layer will become thinner with increas-

ig. 4. Viscosity vs. shear rate flow curves for the suspensions prepared at
ifferent solid loadings, (a) 30 wt.%, (b) 40 wt.%, (c) 55 wt.%.
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ig. 5. The XRD patterns of the 1.0 at.% Nd:YAG green compacts calcined for
 h under different temperatures from 1000 ◦C to 1400 ◦C.

ng electrolyte concentration and finally the attractive force will
e predominated once again, all of which lead to the tendency
f agglomeration and the rheology behavior reduced as shown
n Fig. 3. Secondly, the mutual influence of the electrical attrac-
ion potentials of neighbour particles must be taken into account,
articularly at high solid concentrations. At a low solid concen-
rations, the distance between particles is so large that the zeta
otentials do not overlap. If the solid concentrations is greater,
here will be superimposition of the zeta potentials of neighbour
aw material particles thus preventing maximum repulsion of
eighbour particles, the agglomeration tendency of slips cannot
e avoided and lead to augmenting the viscosity of the slurries as
hown in Fig. 4. In this system, the optimal condition is 0.5 wt.%
mmonium polyacrylate dispersant and 30 wt.% solid loading at
H ≥  8.

Fig. 5 shows the phase transformation of 1.0 at.% Nd:YAG
reen compacts calcined for 5 h at temperatures from 1000 ◦C to
400 ◦C. In the Al2O3–Y2O3 system, it is well-known that there
re three phases, i.e., monoclinic phase YAM(Y4Al2O9), per-
vskite phase YAP(YAlO3) and cubic phase YAG(Y3Al5O12).
nd their formations depend on different sintering tempera-

ures, as shown in Fig. 5. At 1000 ◦C, the ceramic was mainly
omposed by Y2O3 and Al2O3 with minor YAM phase. With
ncreasing the temperature to 1100 ◦C, the peak intensity
f YAM enhanced, which indicated the increase of YAM
ontent. However, the YAM content decreased with further
ncreasing the temperature and finally disappeared at 1250 ◦C.
he YAP phase was first observed at 1100 ◦C and the YAG
hase began to form at 1250 ◦C. It was found that the higher
emperature (>1250 ◦C) would promote the reaction between
AP and Al2O3 and led to the formation of pure YAG phase
t temperature of 1400 ◦C. Based on the XRD observation, the
ormation of YAG phase can be depicted as follows:

Y2O3 +  Al2O3 →  Y4Al2O9 1000–1100 ◦C
4Al2O9 +  Al2O3 →  4YAlO3 1100–1250 ◦C

YAlO3 +  Al2O3 →  Y3Al5O12 1250–1400 ◦C
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F ered under vacuum for 5 h at (a) 1400 ◦C, (b) 1500 ◦C, (c) 1600 ◦C, (d) 1700 ◦C, and
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ig. 6. SEM surface morphologies of the 1.0 at.% Nd:YAG green compacts sint
e) 1800 ◦C, respectively.

ompared with the formation temperatures for YAG phase at
600 ◦C by Ikesue12 and at 1500 ◦C by Lee,13 here we report
he temperature is much lower. The YAG phase started to form
t 1250 ◦C and pure YAG phase could be obtained at 1400 ◦C.
his may be due to the fact that we used much coarser Y2O3 and
d2O3 particles with narrow size distribution as raw materials.

n addition, the density of our green compact is lower than that of
eported,12,13 which indicate that the density of the green com-
act has no effect on the formation temperature of YAG phase.
hile the grain diameter and distribution of the starting powders

hould be an important factor for the formation of YAG phase.
The SEM morphologies of the 1.0 at.% Nd:YAG green com-

acts sintered for 5 h under vacuum are shown in Fig. 6 as a
unction of the sintering temperatures from 1400 ◦C to 1800 ◦C.
ig. 7 shows the dependence of the relative densities and grain
izes sintered at corresponding temperatures. In Fig. 6, it was
bserved that the sample was loose at 1400 ◦C and the green
ompact began to be sintered at 1500 ◦C. The pores disappeared
uickly with further increasing temperatures, and the “pore-
ree” microstructure was observed at 1800 ◦C. It was found
hat both the relative density and the grain size increased with
ncreasing the temperature as shown in Fig. 7. From 1400 ◦C

◦
o 1550 C, the density increased from 74.6% to 89.5% while
he grain size only enlarged from 0.3 �m to 0.7 �m; but from
700 ◦C to 1800 ◦C, the density only increased from 98.7% to
9.9%, while the grain size enlarged from 2.7 �m to 4.5 �m.

o
F

1

ig. 8. The SEM surface morphologies for the polished 1.0 at.% Nd:YAG transparent
intering aid, and for (c) 20 h with SiO2 sintering aid.
ig. 7. The relative density and grain sizes vs. temperatures for 1.0 at.% Nd:YAG
reen compacts sintered under vacuum for 5 h from 1400 ◦C to 1800 ◦C.

bviously, the densification process of the ceramic was mainly
erformed at lower temperatures (1400–1700 ◦C), and higher
emperatures (1600–1800 ◦C) mainly promoted the elimination
f the residual pores and the rapid grain growth, as indicated in

ig. 6.

Fig. 8 shows the SEM surface morphologies for the polished
.0 at.% Nd:YAG transparent ceramics sintered at 1800 ◦C for

 ceramics sintered at 1800 ◦C under vacuum for (a) 10 h and (b) 20 h with MgO
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Fig. 10. Optical transmittance of 1.0 at.% Nd:YAG ceramics (2 mm thick) sin-
tered at 1800 ◦C under vacuum for (a) 20 h and (b) 10 h.

Fig. 11. Laser output power as a function of the absorbed pump power for the
1

s
s
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0 h and 20 h under vacuum, Fig. 8(a) and (b) are the results
ith MgO sintering aid and Fig. 8(c) indicates the result with
iO2 sintering aid. Three samples were pore free and there was
o evidence for abnormal grain growth. The average grain sizes
or Fig. 8(a) and (b) were about 6 �m and 10 �m, respectively.
owever, the average grain size was greatly increased to 30 �m

or Fig. 8(c) with SiO2 as sintering aid at the same sintering tem-
erature. It is suggested that high temperature boost the rapid
rain growth with increasing duration time. The mean size of
0 �m was also reported by Lee13 in which the TEOS was used
s the sintering aid for the 1.0 at.% Nd:YAG ceramic sintered
t 1800 ◦C for 16 h. It is indicated that the mean grain size
or sample with MgO as sintering aid is much smaller than
hat with SiO2 as sintering aid. The similar results had been
lso observed by de with.14 It is well known that MgO can
nhibit the moving of the grain boundary and restrain the growth
ate of the grain. Consequently, abnormal growth can be hin-
ered and small grain size can be obtained. Moreover, Mg2+

an diffuse into the crystal lattice of YAG and occupy Al3+

ites during high-temperature sintering. The replacement of Al3+

y Mg2+ may accompany the formation of oxygen vacancy as
MgO →  2MgAl

′ + Vö + O2, and thus oxygen vacancies are pre-
ominant in YAG, which can accelerate the pores moving out
rom green compact. The uniform microstructure and extremely
ow pore volume can significantly reduce the scattering loss in
he laser transparent ceramics.

The polished transparent ceramics sintered at 1800 ◦C are
hown in Fig. 9. Although the full transparency can be seen
learly in Fig. 9, the in-line transmittances of both samples were
ifferent as shown in Fig. 10. The optical transmittance of sample
intered at 1800 ◦C for 20 h hit the upper limit of the theoreti-
ally calculated values of above 82.5% @ 400 nm and 83.8% @
064 nm,15 while another sample sintered for 10 h at 1800 ◦C
hows a lower transparency.

Fig. 11 shows the 1064 nm laser output power dependence on
he absorbed pump powers for the 1.0 at.% Nd:YAG transparent
eramic. The laser threshold was found to be 30 mW. When the
ump power reached 86.5 mW, a laser output power of 24.5 mW
as obtained. And a laser output power of 385 mW was obtained
ith a maximum absorbed pump power of 920 mW. The slope
fficiency and optic–optic transformation efficiency were 43%
nd 41.8%, respectively.

ig. 9. Photographs of the polished 1.0 at.% Nd:YAG ceramics (2 mm in thick-
ess) sintered at 1800 ◦C under vacuum for (a) 20 h, and (b) 10 h.
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For further investigation, the low power Ti:sapphire pump
ource was changed to a high power LD array of 808 nm. The
ample size is around Φ  50 mm ×  2.5 mm and the Nd dopent
oncentration is 2 at.%. The testing parameters for the solid-
tate laser system are as follows: the cavity length is 0.5 m, the
urvature radius of the fully reflecting mirror is 5 m, the transmit-
ance for the output mirror is 8%, the pulse width is 250 �s with
epetition frequency of 150 Hz, and the effective pump power is
25 W. Finally, the 246 W laser output at 1064 nm was realized
ith 32% optical–optical efficiency.

. Conclusions

Highly transparent polycrystalline Nd:YAG ceramics were
abricated by slip casting shaping, directly from the mixed
lurry composed of Al2O3, Y2O3, Nd2O3 powders, followed
y vacuum sintering. Viscosity of the slurries, the phase evo-

ution and the densification behavior were investigated. For
he Al2O3/Y2O3/Nd2O3 compound slurries system, the optimal
ondition is 0.5 wt.% ammonium polyacrylate dispersant and
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0 wt.% solid loading at pH ≥  8. Pure YAG phase was obtained
hen the sintering temperature was higher than 1400 ◦C. The
ensification process of the ceramic was mainly performed at
ower temperatures (1400–1700 ◦C), and higher temperatures
1600–1800 ◦C) mainly promoted the elimination of the resid-
al pores and the rapid grain growth. Pore-free 1.0 at.% Nd:YAG
ransparent ceramics with an average grain size of about 10 �m
ere obtained when sintered at 1800 ◦C for 20 h. However, the

verage grain size is 30 �m with SiO2 as sintering aid at the
ame sintering temperature. The in-line transmittances were
3.8% at 1064 nm and 82.5% at 400 nm, which hit the upper
imit of the theoretically calculated values. For its laser behavior,

hen pumped by cw Ti:sapphire tunable laser, the slope effi-
iency and optic–optic transformation efficiency were 43% and
1.8%, respectively. The maximum output power was 248 W
hen pumped by 925 W LD. These results show that the as-
repared Nd:YAG ceramic can be used as a highly efficient laser
aterial.
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