
A

I
t
p
s
a
a
©

K

1

e
o
f
r
w
c
v
t
i
0
t
t
a
c
t
e

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 1489–1494

Hot isostatic pressing of optically active Nd:YAG powders doped by a
colloidal processing route

M. Suárez a,c, A. Fernández b, J.L. Menéndez a, M. Nygren c, R. Torrecillas a, Z. Zhao c,∗
a Department of Nanostructured Materials, Centro de Investigación en Nanomateriales y Nanotecnología (CINN), Principado de Asturias – Consejo superior de

Investigaciones Científicas (CSIC) – Universidad de Oviedo (UO), Parque Tecnológico de Asturias, 33428 Llanera (Asturias), Spain
b Fundación ITMA, Parque Tecnológico de Asturias, 33428 Llanera, Spain

c Department of Inorganic Chemistry, Arrhenius Laboratory, Stockholm University, SE-106 91 Stockholm, Sweden

Received 20 March 2009; received in revised form 10 November 2009; accepted 27 November 2009
Available online 29 December 2009

bstract

n this work, 1 at.% Nd doped Yttrium Aluminum Garnet Y3Al5O12 (YAG) nano-sized powder prepared by colloidal route was investigated
horoughly concerning agglomeration control and preparation of transparent ceramic by post-HIP. Electrostatic and mechanical deagglomeration

rocess followed by freeze-drying turned out to be an effective method to alleviate agglomeration, yielding a powder with a homogeneous particle
ize distribution around 100 nm. Transparent Nd:YAG ceramic samples have been successfully prepared by post-HIP without the aid of sintering
dditives. The optical properties varied markedly with the sintering and hot isostatic pressing conditions used. In-line transmittance values of 56%
t 680 nm and close to 80% in the infrared region were recorded.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Nd doped YAG laser material was first discovered by Geusic
t al.1 in 1964. Progress in crystal quality and optical properties
f the produced materials have been improved with the use of
abrication techniques such as the Czochralski (Cz) method. In
ecent years, Nd:YAG (Nd:Y3Al5O12) lasers have been applied
ith remarkable success to various industrial fields such as medi-

al operation,2,3 manufacturing for cutting and welding steel and
arious alloys, etc. Although, it would be desirable to increase
he Nd concentration in the YAG matrix, as the laser power
ncreases with increasing Nd content it is presently limited to
.2–1.4 at.% in single crystals as a result of the segregation dis-
ribution coefficient.4 Ikesue and Furusato5 first demonstrated
he possibility of fabricating transparent Nd:YAG ceramics with
sufficient quality for solid-state lasers with a reasonable effi-
iency. More recently, a number of studies have shown that
ransparent polycrystalline Nd:YAG ceramics are equivalent or
ven better than single crystals grown by the Czochralski method

∗ Corresponding author. Tel.: +46 8 162417; fax: +46 8 152187.
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n terms of laser output power and efficiency.6,7 Nowadays, poly-
rystalline Nd:YAG materials are highly preferred due to several
ey advantages over single crystals. For instance, the possibility
f preparing large samples at low cost and an improved produc-
ion rate opens up the door to mass production of this material.
n addition, the possibility of increasing the neodymium dop-
ng concentration >4 at.% compared to melt-grown technologies

akes it possible to miniaturize the laser materials and leads the
ay to new applications, such as single-mode microchip lasers.8

Concerning the methods for the fabrication of transparent
AG or Nd:YAG ceramics, either high temperature vacuum
intering4,5 or post-hot isostatic press (post-HIP),9,10 it is neces-
ary to start from high purity and agglomeration-free powders.
n addition, SiO2, as an effective sintering additive, is often used
o obtain transparent YAG or Nd:YAG ceramics.4,5,7,11 Several
echniques for the fabrication of rare earth oxides doped YAG
eramics have been recently employed12–14 to overcome the
ifficulties, low sinterability, coarse particle size, bad dopant
istribution and hard agglomerations, generally encountered in

raditional solid-state reaction techniques. However, the agglom-
ration effect in the starting powders, which is essential to
liminate as much as possible pores in transparent ceramics, is
ot investigated systematically. Very recently, the agglomeration

mailto:zhe.zhao@mmk.su.se
dx.doi.org/10.1016/j.jeurceramsoc.2009.12.006
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ffect in transparent Y2O3
15 and Nd:YAG16,17 were investigated

arefully. The additional freeze-drying process with precursor
owders was demonstrated to be effective to reduce the agglom-
ration in the calcined powders and led to improved optical
roperties. It is believed that freeze-drying with precursor led
o better sinterability. But there is no study available in litera-
ure to investigate the effect of freeze-drying on the control of
gglomeration state in final synthesized or commercial powders
nd thus the influence on sintering and optical properties.

In this paper, we firstly show the effectiveness of agglomera-
ion control by electrostatic dispersion and milling process with
he highly agglomerated Nd:YAG powder prepared by a col-
oidal doping route from synthesized YAG; secondly, we will
emonstrate that proper sintering parameter selection for post-
IP can lead to success of transparent Nd:YAG ceramic without
iO2 presence.

. Experimental

Nano-sized Yttrium Aluminum Garnet (YAG) powder with
verage grain size of 100 nm was first obtained by using a
everse-strike precipitation method using AlCl3·9H2O (98%),
Cl3·6H2O (99.9%) with a molar ratio of 5:3 and ammonium
ydroxide solution (28% in water) as reactants. Keeping a con-
tant pH value during the process is critical for the control
f chemical homogeneity within the particles.18 After 24 h of
ging, a gelatinous precipitate was obtained. Then, solvent was
emoved by centrifugation steps and subsequently the amor-
hous gel was dried in an oven. After that, a colloidal method was
mplemented19 to dope pure YAG with Nd. The doping was car-
ied out under argon atmosphere by dissolving the appropriate
uantity of neodimium methoxiethoxide in anhydrous ethanol
99.97%) which was then added dropwise to the YAG/ethanol
lurry to get Nd:YAG powder with 1 at.% Nd. The slurry was
rst dried under magnetic stirring between 60 and 70 ◦C and
ubsequently in air at 120 ◦C in order to eliminate most alcohol.
he dried powders were crushed in a high purity alumina mortar

o remove the agglomerates resulting from the drying process

nd sieved using a 63 �m mesh. The powders were calcined
t 800 ◦C for 2 h in air in order to remove organic residuals in
ccordance with thermogravimetric analysis (TG-DSC, Instru-
ents Model SDT 2960) conducted in air atmosphere using a

p
r

Fig. 1. Morphology of the Nd:YAG powder
eramic Society 30 (2010) 1489–1494

eating rate of 5 ◦C/min up to 900 ◦C. The powder produced by
he above procedure was hereafter named as as-prepared powder.
he zeta-potential and particle size measurement for as-prepared
d:YAG powder was taken by Malvern Nanosizer Nano-ZS.
In order to destroy the agglomerates in the as prepared pow-

er, freeze-drying was implemented. Nd:YAG slurries with solid
ontents of 40 wt% were prepared in deionized water at pH 2
nd milled with zirconia beads for 6 h in a planetary milling
achine (Retsch PM100). Frozen droplets were formed by

praying slurry in to the liquid nitrogen through a nozzle. Then,
he powder was dried in freeze-dryer (Hetosicc Model) for three
ays at −50 ◦C and 0.5 mbar pressure. The powder produced
y this process was hereafter named as freeze-dried powder.
he agglomeration state and particle size of the powders was
bserved using a high-resolution scanning electron microscope,
EM (JEOL JSM-7000F).

A dilatometric study (Dilatometer DIL 402C, Netzsch) of
he sintering behavior was carried out up to 1800 ◦C at a heating
ate of 5 ◦C/min in air. The prepared powders were cold isostat-
cally pressed (CIP) at 200 MPa prior to sintering. Finally the
amples sintered at selected temperatures (1650 and 1680 ◦C)
ere further HIPed to get transparent ceramics. The post-HIP

reatment was done with argon as media and a pressure of
00 MPa. The density of the samples was measured by the
rchimedes method using deionized water as the immersion

iquid. A theoretical density of 4.55 g cm−3 was used for rela-
ive density calculation.20 The microstructures of the prepared
amples were studied by SEM (DSM 950 Zeiss model). The
EM samples were mechanically polished using diamond sprays
own to 1 �m and thermally etched at 1400 ◦C for 1 h. The aver-
ge final grain size was measured using the intercept analysis
ethod developed by Smith and Guttman,21 using 1.56 as the

tereological correction factor. The transmission spectrum was
ecorded on VIS (AvaSpec-2048-2) and IR (Nicolet Magna IR-
60®) equipments. The emission spectrum was recorded on a
ruker MSL-400 system.

. Results and discussion
The morphology of the freeze-dried and as-prepared Nd:YAG
owders, are shown in Fig. 1(a) and (b), respectively. Fig. 1(a)
eveals that the freeze-dried Nd:YAG powders are well dispersed

s (a) freeze-dried and (b) as-prepared.
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Fig. 2. Variation of zeta-potential with pH for Nd:YAG powders.

ith an average particle size around 100 nm without indication
f agglomeration. On the other hand, the as-prepared powders
hown in Fig. 1(b) reveal the presence of large agglomerated
articles with size around 1–2 �m which are always consisted
f smaller crystallite with size about 100 nm. Milling has been
idely used as the most common technique to reduce the average
article size by either crystal cleavage or particle detachment.
ut the strong tendency to agglomerate in nano-sized parti-
les always makes such simple milling process less effective.
s indicated in Fig. 2, highest zeta-potential of 104.5 mV was
btained at pH 2. In this case, the repulsive electrostatic force
etween 100 nm Nd:YAG crystallites can ensure a perfect dis-
ersion in water if the agglomerates can be broken down by the
echanical force in planetary milling. In such a sequence, the

ollowing freeze-drying can lead to an agglomeration-free pow-
er through a gentle water evaporation process. Without doubt,
e may conclude that an electrostatic and mechanical deagglom-

ration process followed by freeze-drying is an effective method
o avoid agglomerates, yielding a material with a homogeneous
article size distribution.

To further elucidate the effect of deagglomeration on sinter-
ng performance, the as-prepared and freeze-dried powders were
intered at 1650 ◦C for 4 h with a constant heating rate 5 ◦C/min.
he freeze-dried powder can reach a density of 92.0%, mean-
hile the as-prepared powder only get 76.0%, which is far below

he density limit (92–93%) for a non-encapsulating post-HIP
reatment. Only the freeze-dried powder can be used for further
ost-HIP treatment to get transparent ceramics. Such a dramatic

hange in density again illustrated the importance of proper
owder deagglomeration treatment, especially for pressureless
intering.

h
r
A

able 1
intering parameters and densities for post-HIP samples.

pecimen number Pre-sintering temperature (◦C) D

1 1650 91
2 1650 91
3 1680 96
4 1680 96
ig. 3. Dilatometry curve and derivate for a cold pressed green body of Nd:YAG
owder. The heating rate was 5 ◦C/min.

For the selection of pre-sintering and HIP temperature, a
ilatometric study with the freeze-dried powder was carried out
n air up to 1800 ◦C with constant heating rate of 5 ◦C/min.
he linear shrinkage curve is shown in Fig. 3. It can be seen

hat the material starts shrinkage around 1140 ◦C and stops
round 1750 ◦C, while the maximum shrinkage rate is reached
t ∼1350 ◦C. So the temperatures of 1650 and 1680 ◦C were
hosen for the pre-sintering experiments as these temperatures
ught to yield compacts with closed pore structure and density
etween 92 and 96%, which is the major premise for a non-
ncapsulating post-HIP. It has been reported that a minimum
elative density of 94–95% is required for a good performance
n the following post-HIP procedure in order to get highly trans-
arent Al2O3 ceramics.22 For the purpose of depressing grain
rowth as much as possible to improve the mechanical strength
nd thermal shock resistance, which are highly recommended
y the recent solid-state laser engineering, two HIP treatment
emperature of 1650 and 1700 ◦C were selected.

In Table 1, the sintering parameters and densities for all four
ost-HIPed samples (A1–A4) are listed. Relative densities of
2 and 97% were successfully obtained after pre-sintering in air
t 1650 and 1680 ◦C. Post-HIP generally improves the densities
or all four samples. However, it was found pre-sintered samples
ith a relatively high density of 97% (A3 and A4) got a worse
ensity compared to the samples with lower pre-sintering den-
ity of 92% (A1 and A2). The samples pre-sintered at 1650 ◦C
A1 and A2) can reach a density of 99.7% by the HIP at both 1650
nd 1700 ◦C. By contrary, for samples pre-sintered at 1680 ◦C,

igher HIP temperature of 1700 C (A4) even led to a slight
eduction in the final density compared with HIP at 1650 ◦C.
ll these results suggest that the initial pre-sintering density is

ensity (%) HIP temperature (◦C) Density (%)

.9 ± 0.5 1650 99.7 ± 0.3

.9 ± 0.5 1700 99.7 ± 0.3

.5 ± 0.5 1650 99.0 ± 0.5

.5 ± 0.5 1700 98.8 ± 0.5
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the in-line transmittance in the visible range below 1 �m. This
can be further confirmed by the outlook of samples shown in
Fig. 6, sample A1 (Fig. 5(a)) clearly is less transparent than A2
(Fig. 5(b)). But this difference cannot be simply explained in
Fig. 4. SEM micrographs of specim

ot the only factor in determining the final density after HIP
rocess.

The SEM micrographs of the samples A1–A4 are shown in
ig. 4. It shows that the microstructures of samples with the same
re-sintering temperature are very similar in terms of grain size
nd pores structure. A1 and A2 both show a pore-free struc-
ure and the average grain sizes are 7.0 ± 2.0 and 8.0 ± 1.5 �m,
espectively. Meanwhile, A3 and A4 both show residual pores
t triple junctions and the average grain sizes are 5.0 ± 1.5 and
.0 ± 1.5 �m. During HIP process, the main driving force for
urther densification is mechanical stress realized by a pres-
urizing gas (Ar). This should generally facilitate the removal
f residual pores in the pre-sintered ceramic compacts. In this
ase, the potential densification mechanism of creep at high tem-
erature should be considered. For this, lower relative density
nd higher temperature will be beneficial for the densification
ue to the enhanced deformation ability. It is rational to sup-
ose that the small difference between pre-sintering and HIP
emperature for A3 and A4 cannot introduce more thermally
nduced densification. A density of 97% might be too high to
ealize effective densification through a deformation mecha-
ism. The homogeneous grain size and pore size distribution
n A3 and A4 indicate that the abnormal grain growth or poor
ore structure should be excluded as the reason leading to worse
intering behavior. A similar phenomenon has been reported
n the transparent MgAl2O4 ceramics prepared by hot-pressing

lus post-HIP.23 Lower hot-pressing temperature always leads
o better light transmittance in visible wavelength range, which
s sensitive to porosity and pore size. But the further improve-

ent in density by further increasing HIP temperature cannot be F
1 (a) and A2 (b), A3 (c) and A4 (d).

imply excluded, even for A3 and A4. Actually, once effective
ensification mechanism can be activated, in the case of A1 and
2, the increase of HIP temperature definitely results in better
ptical properties even the density data shows no difference.

The in-line transmittance spectra (400 nm–6 �m) for the sam-
les A1–A4 are given in Fig. 5. The samples A3 and A4 show low
alues of transmittance due to the presence of residual porosity,
aking it impossible to characterize them in the visible range.
he main differences between samples A1 and A2 are found

n the visible range. Sample A1 shows a dramatic decrease of
ig. 5. The real in-line optical transmittance spectra for samples A1–A4.
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yttrium aluminium, yttrium gallium and gadolinium garnets. Appl Phys
ig. 6. Photographs showing the appearance of Nd:YAG transparent ceramics:
pecimen A1 (a) and A2 (b).

erms of density or grain size. However, as we mentioned above
hat the increase of HIP temperature can potentially further
emove the minor amount defects which cannot be detected by a
imple water immersion density measurement. Also, sample A2
resents a high intensity absorption line at 588 nm which can be
ssigned to the distortion of neodymium sites in the material.24

his result indicates that Nd3+ ions in sample A1, HIPed at
650 ◦C have not entered the YAG crystal lattice, whereas Nd3+

ons in sample A2, HIPed at 1700 ◦C have already entered the
AG crystal lattice. The other strong bands, located between 500
nd 1000 nm, can be ascribed to the absorption due to transitions
f the Nd3+ ions.24 The emission spectra of samples A1 and A2
re shown in Fig. 7. Under the excitation of 532 nm diode laser,
oth samples show the same emission lines and their spectra
re identical to that of a YAG single crystal doped with 1 at.%
f Nd. The peaks belong to the transition between the excited
F3/2 to lower energy, 4I11/2 levels. The spectra show that the
mission of YAG samples doped with 1 at.% Nd is centered on
064.2 nm.

The highest in-line transmittance, for a thickness of 0.8 mm,
6% at 680 nm and nearly 80% in the infrared range is achieved
n A2. This is similar to the transparent Nd:YAG ceramic by
acuum sintering while with SiO2 as sintering additive.25 Li
t al.,26 have demonstrated that transparent YAG can be pre-
ared from nanocrystalline powder by vacuum sintering without

iO2 presence, but there is no transmittance data available. Here,

he success of transparent Nd:YAG ceramic by post-HIP with-
ut SiO2 as sintering additive further extend the possibilities of
ig. 7. Optical emission (4F3/2 → 4I11/2 transition) spectra of A1 (solid line)
nd A2 (doted line).

mproving the quality of Nd:YAG laser ceramics, where SiO2
ight introduce defects bad for laser performance.

. Conclusions

In conclusion, Nd:YAG powders with an average size about
00 nm have been prepared following a colloidal doping route.
lectrostatic and mechanical deagglomeration process followed
y freeze-drying turned out to be an effective method to avoid
gglomerates, yielding a material with a homogeneous parti-
le size distribution. Dense Nd:YAG ceramic samples with a
igh degree of transparency have been successfully prepared by
onventional sintering and post-HIP treatment without use of
iO2 as sintering additive. A potential densification mechanism
f creep at high temperature has been considered, showing that
elatively lower density before HIP and higher HIP treatment
emperature will be beneficial for the densification due to the
nhanced densification. A high in-line transmittance value, up
o 56% at 680 nm and close to 80% in the infrared range, for
.8 mm thick samples were obtained without SiO2 as sintering
dditive. Finally, it has been found that the emission spectra of
amples A1 and A2 under the excitation of a 532 nm diode laser
re identical to that of a Nd:YAG single crystal with 1 at.% Nd.
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