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bstract

key feature of transparent ceramics is the absence of residual porosity because boundary between pores and ceramic grains is the origin for light
cattering. Powders characterized by a grain size in the nanometric range are generally adopted for obtaining transparent ceramics because of their
uperior reactivity, but the formation of undesired secondary phase related to the presence of impurities, is observed. The present study shows the
esults obtained with alternative, highly pure, micrometric powders with two shaping techniques, cold isostatic pressing (CIP) and slip casting

SC). The powder treatment and shaping process are easier when coarser powders are adopted. The influence of the powder properties and of the
ispersant system on the particle packing, on the density and on the porosity are studied in relation to the two shaping techniques. The role of the
forementioned features on the final microstructure and on the optical properties are also discussed.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Transparent YAG (Y3Al5O12) based ceramics are generally
btained with nanometric powders prepared following complex
hemical routes.1–6 Nanometric powders exhibit a high reactiv-
ty during the sintering process but on the other hand are difficult
o manipulate. This feature may lead to the contamination with
ndesired impurities or to the mixture of powders in a different
atio with respect to the desired stoichiometry. In addition, the
ormation of other crystalline phases beside YAG may occur.
s an example in Fig. 1 the transparency and microstructure of
sample prepared with nanometric powders are revealed.7 The

ormation of Y4(Al,Si,Nd)2O9 grains is observed in this sam-
le. Another problem encountered with nanometric powders is
elated to the difficulty to prepare slurries with the viscosity and
tability needed for the slip casting (SC) technique, especially
hen different oxides are mixed together as in the case of the

eactive sintering process.8–10 On the other hand, slip casting is
n attractive technique for laser source materials because com-

licated shapes can be obtained.11,12 The present study shows
he relationship of the shaping technique with the final density
nd residual porosity when micrometric powders characterized
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E-mail address: laura@istec.cnr.it (L. Esposito).

i
p
w
a
i
a
P

955-2219/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2008.03.047
y a high level of purity are selected. If a proper particle packing
nd density are obtained during the shaping process, the closure
f residual pores may be accomplished through the control of
he grain growth during sintering, thus obtaining fully dense

aterials from micrometric powders. The results obtained with
wo shaping techniques, cold isostatic pressing (CIP) and SC,
re discussed. The results in terms of microstructure and optical
roperties are also compared to those obtained with nanometric
owders.

. Experimental

The characteristics and morphology of the selected powders
re revealed in Table 1 and Fig. 2, respectively. The pow-
ers for all the shaping techniques were mixed according to
he stoichiometry Nd0.024Y2.976Al5O12 (0.8 at.% Nd:YAG). As
intering additive 0.5 wt% of tetraethyl-orthosilicate (TEOS) is
sed in all sintered samples. For the electroacoustic character-
zation water suspensions with a solid content of 5 vol.% were
repared by ball milling for 24 h. An automatic titrator soft-
are is used in order to evaluate the best amount of dispersant
t spontaneously resulting pH (9.9 for Al2O3, 9.2 for Y2O3),
.e. the maximum value of zeta potential reached with the tested
nionic dispersants, Duramax D3021 (Rhom and Haas), Dolapix
C 21 and PC 75 (Zschimmer and Schwarz). The amount of

mailto:laura@istec.cnr.it
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Fig. 1. Transparency (a) and SEM microstructure (b) of a Nd–YAG sample
prepared with nanometric powders by cold isostatic pressing.7 The sample
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s prepared following the same experimental procedure described for samples
btained with micrometric powders. Picture (a) shows the transparency given
y the sample not in direct contact of a printed surface.

ispersant reported in table or graphs is expressed in wt% with
espect to the ceramic powder. The reometer C-VOR Bohlin
nstruments, was used for the reological characterization of the
lurries. Gypsum moulds were used for SC. The slurries had
solid content of 80 wt% and were previously ball milled for

–24 h. The powders for the CIP were wet ball milled in ethanol

ith 99.9% pure Al2O3 grinding media and dried with rotava-
or. The obtained powders were linear pressed and finally CIP at
500 bar. Pellets with a diameter of 1 cm and 2–4 mm thick are
repared. The porosity of the SC samples was measured after a

able 1
roperties of the powders

owder Purity (%) SSA (m2/g) D50 (�m)

l2O3 99.99 17.22 0.20

2O3 99.999 7.56 3.91
d2O3 99.95 8.34 0.03–0.05a

l2O3: Taimei TM-DAR. Y2O3: Alfa Aesar Reacton®. Nd2O3: China rare mate-
ials nano-Nd2O3. Purity levels are manufacturer’s data. D50 of Nd2O3 powder
efers to the crystallite size. Particle size distribution measured by SediGraph.
pecific surface area (SSA) measured by BET method.
a Manufacturer data.
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ig. 2. Al2O3 Taimei TM-DAR (a), Y2O3 Alfa Aesar (b), Nd2O3 China rare
aterials (c).

ebonding cycle at 1100 ◦C × 1 h (heating rate 100 ◦C/h) using
mercury intrusion porosimeter, Pascal 240, Thermo Finnigan.
slow debinding + air sintering cycle is adopted for the densi-

cation of the samples. In particular, in the temperature range
etween 300 and 600 ◦C a slow heating rate is used (50 ◦C/h).
he sintering temperature is 1650 ◦C with a soaking time of
h. Vacuum sintering at 1750 ◦C × 4 h was also performed on

elected CIP samples previously debinded at 1100 ◦C. The den-

ity of the as-cast samples is geometrically measured whereas
he density of samples after sintering is measured in distilled
ater following the Archimedes method. The phases formed
uring the heating treatment are identified by X-ray powder
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iffraction (XRPD) (10–90◦ 2ϑ range, scan rate 0.02◦ 2ϑ, 5 s per
tep). Scanning electron microscopy (SEM) (Leica Cambridge
tereoscan 360) coupled with an energy-dispersive X-ray spec-

rometer (EDS) is used for the microstructure characterization.
he laser transmission was measured at 1064 nm (i.e., one of

he more typical laser emission wavelength of Nd:YAG when
sed as solid state laser source) and was performed at a dis-
ance of 1–4 mm (Vilnius University) on 1 �m mirror-polished
amples.

. Results

The SEM analysis of the powders revealed in Fig. 2 shows that
l2O3 and Nd2O3 have a quasi-spherical morphology whereas
2O3 has an irregular morphology and is particularly coarse, as

lso confirmed by the SSA and D50 values revealed in Table 1.
he Nd2O3 powder exhibits a low specific surface area value
espite it is nanometric because it is highly aggregated. All pow-
ers exhibit a high purity level. In Fig. 3, the results obtained
ith the electroacoustic characterization are revealed. The zeta
otential curves obtained with DOLAPIX PC75 are very simi-
ar to those obtained with PC21. In all the measures the positive

tarting zeta potential value becomes negative after the addition
f a small amount of dispersant and reaches a plateaux value of
bout −60 mV. The amount of dispersant needed to reach the
tabilization of the suspension is quite similar (0.3–0.5 wt%).

ig. 3. Zeta potential curves of Al2O3 and Y2O3 suspensions with Duramax (a)
nd Dolapix (b) as dispersant.
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Fig. 4. Slurries prepared with Dolapix PC21 as dispersant.

he starting positive values of zeta potential is coherent with
he surfaces of basic oxides that subtracts protons to the water
here they are dispersed. The affinity of these surfaces for
oth dispersants is revealed by the immediate inverting of zeta
otential already after the first additions. Further dispersant
dditions slightly increase the absolute value of zeta poten-
ial until a plateaux is reached, i.e., when the particle surface
s fully coated. The related dispersant amount is considered
he optimum one to stabilize the suspension. Any further addi-
ion would not be adsorbed and would negatively affect the
tability of the suspension with depletion and/or flocculation
henomena.

On the basis of the electroacoustic results, Dolapix PC21
as selected for the reological measures and two slurries with
.40 wt% of Dolapix PC21 and a solid content of 50 vol.% were
all milled for 1, 7 and 24 h, respectively. The resulting slurries
xhibited the viscosity curves revealed in Fig. 4. The viscosity
f the slurry ball milled for 24 h could not be measured because
t was higher than the detection limit of the instrument. The
orosity distribution of the samples obtained after slip casting of
hese slurries is revealed in Table 2. A higher viscosity, a higher
verall porosity and a larger mean pore diameter is observed
ith the ball milling treatment of 7 versus 1 h. Moreover, the
istribution of the pores in the slip cast samples is different. A
igher amount of pores is found in the range between 2.0 and
.1 �m in the sample obtained with the slurry ball milled for 7 h.

Table 3 reveals the characteristics of the samples selected for
he sintering cycles. Two SC samples obtained from slurries pre-
ared with 0.4 wt% of Dolapix PC21 (sample 1) and with 0.4%

f Duramax D3021 (sample 2), are selected for the densifica-
ion cycle in air. The obtained densities and microstructures are
ompared with those of CIP samples sintered in air and under
acuum.

able 2
orosities of slip cast samples obtained after ball milling of 1 and 7 h

all milling
ime (h)

Total porosity
(%)

Pore Size distribution (%)

2.0–0.1a 0.1–0.05a 0.05–0.01a

32.54 0.82 82.24 16.94
34.40 5.56 88.05 6.39

he porosity is measured after a calcination cycle at 1100 ◦C × 1 h.
a Range (�m).
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Table 3
Description of samples prepared for sintering

Sample Dispersant Forming
technique

Sintering cycle and
atmosphere

1 PC21 SC 1650 ◦C × 6 h, air
2 D3021 SC 1650 ◦C × 6 h, air
3 PEG 400 CIP 1650 ◦C × 6 h, air
4 PEG 400 CIP 1750 ◦C × 4 h, vac.

SC: slip casting. CIP: cold isostatic pressing. Samples 1 and 2 were ball milled
for 1 and 24 h, respectively.

Table 4
Density and mean grain size of samples before and after sintering in air at
1650 ◦C × 6 h

Sample Density (%) Grain size (�m) Pore size (�m)

As-dried As-sintered

1 61.8 96.0 3–5 ∼6
2 62.8 98.9 10–12 ∼9
3 60.0 99.5 8–10 ∼4
4 60.0 100 10–15 ∼2
Ref. – 100 1–2 –
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he theoretical density of Nd:YAG is 4.55 g/cm3. Grain and pore size are mea-
ured by the SEM image analysis. Ref.: material used as reference, 1.1 at.%
d:YAG (Konoshima Chemical Co. Ltd.).

The results obtained after sintering in air are reported in
able 4 and in Fig. 5.

The density of SC samples before sintering is higher than
he density of CIP samples, whereas after sintering the lat-
er exhibit a higher density. Sample 1, despite the optimal
iscosity of the slurry, exhibits a lower as-dried and sintered
ensity, smaller grains and pores than sample 2. The lat-
er sinters better but the not homogeneous particle packing
btained during casting leads to relatively large pores which
urvive after sintering. CIP samples have smaller pores than SC
amples, whereas the grain size is similar despite the higher
ensity.

Samples sintered in air are opaque whereas under vacuum
nd at a higher temperature different values of transparency are
btained. During sintering closed pores forms. The air pressure
hat builds up within the closed pores during sintering in air
nhibits their closure. On the contrary if sintering is conducted

nder vacuum no pressure forms into the pores, which therefore
lose more easily. For this reason vacuum sintering generally
nhances the pore closure.

able 5
aser transmission of samples @ 1064 nm wavelength

ample Transmission (%) Average (%)

1 mm 2 mm 3 mm 4 mm

38.9 36.3 36.3 38.1 37.4
ample of Fig. 1 78.3 78.1 78.1 76.1 77.6
ommercial Nd:YAG 84.5 84.3 84.3 84.3 84.4

easures from Vilnius University (Prof. Valdas Sirutkaitis). The commercial
d:YAG material used as reference is produced by Konoshima Chemical Co.
td. and contains 1.1 at.% of neodymium.
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ig. 5. Microstructure of the fracture surface of samples 1 (a), 2 (b) and 3 (c)
fter sintering in air (Table 4).

In Table 5, the laser transmission of sample 4 (Fig. 6) and
f the sample prepared with nanometric powders (Fig. 1) are
ompared with the transmission of a commercial material.

Sample 4 exhibits a lower transmission than the sample
btained with nanometric powders. The latter sample, prepared
y cold isostatic pressing under the same experimental condition
f sample 4, contains less and smaller residual pores and these

elate to the grain size.9,13–15 On the other hand, sample 4 is a
ure Nd:YAG material, whereas in case of the sample shown in
ig. 1 and prepared with nanometric powders, secondary phases
ormed during sintering.
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. Discussion

The results obtained with the electroacoustic characteriza-
ion show that the selected dispersants are suitable for the
lectrosteric stabilization of the slurries (Fig. 3). The viscos-
ty measurement, however, showed that the ball milling process,
n particular the ball milling duration, affects the slurry stabi-
ization, probably by breaking the residual aggregates of the
tarting powders (Fig. 4), thus increasing the specific surface
rea. The consequent change of the slurry stabilization pro-
otes an increase of the viscosity. A higher viscosity of the

lurry inhibits an intimate particle packing during casting, as
hown by the higher porosity and larger average pore size of
he sample obtained with the slurry ball milled for longer time
Table 2).

The effect of the ball milling time on the particle pack-
ng can be evaluated even by comparing the characteristics of
ample 1 and 2, Table 4. Sample 1, obtained from a well stabi-
ized slurry, exhibit a lower density but smaller grain size and
esidual pores after sintering compared to sample 2, obtained
rom a slurry which was ball milled for 24 h (Fig. 5). A long
all milling improves the intimate mixing among the powders
nd therefore it is expected to enhance the sintering rate. In
eed, sample 2 exhibits a higher density than sample 1, but
he large pores from the casting process survive after sinter-
ng. On the other hand, sample 1 is fully transformed with no
esidual Al2O3 or Y2O3 grain, i.e. an intimate powder mix-
ng was obtained even with the short ball milling treatment.
hese results show that the density value is not the sole param-
ter that must be considered in order to evaluate the quality
f transparent materials. Transparency, a fundamental require-
ent for laser source materials, is affected by the residual pore

ize, not only by the overall amount of residual porosity. In par-
icular, pores with dimensions smaller that the wavelength of
he radiation allow its in-line transmission with no scattering
ffects.3,14 The best results in terms of microstructure and trans-
arency are obtained by cold isostatic pressing (Tables 4 and 5,
igs. 5 and 6). Sample 3 exhibits comparable grain size, a
igher density and smaller residual pores as samples 1 and 2
intered under the same heating conditions. If sintered under
acuum (sample 4), it exhibits a relatively high transmission
alue (Table 5). The best sample in terms of transparency is
owever the CIP-ed sample prepared with nanometric pow-
ers, which exhibits a pore-free microstructure (Fig. 1). On

he basis of these results, it is necessary to improve the qual-
ty of the particle packing during shaping. This can be obtained
hrough a better stabilization of the slurry for slip casting and

ig. 6. Transparency (a and b) and SEM (c and d) pictures of sample 4 (Table 4).
icture (b) shows the tilted sample not in direct contact with a printed surface.
he EDS analysis of the grain boundaries and of the triple points of this sample,
ven of the bright spots, does not evidence phases with a composition differ-
nt than the expected Nd–YAG phase. The bright spots, not evidenced in the
s-polished surface, should be a consequence of the migration of the heavier
lements (Y and Nd) from the inner part of the material during the thermal
tching treatment performed at 1350 ◦C. If so, the difference of composition is
elow the detection limit of the available EDS instrument.
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y selecting other starting powders, in particular Y2O3 powder
haracterized by a more spherical morphology and a smaller
rain size with respect to the powder used in the present study.
n addition, shaping by CIP can be further improved with a
ispersant which promotes the formation of a close particle
acking.

. Conclusions

The materials described in the present study and produced
ith micrometric powders by reactive sintering are fully YAG
ased materials. No additional phases or presence of impuri-
ies which may come from the powder contamination during
he shaping treatment are found. Cold isostatic pressing pro-

otes a better particle packing and consequently a higher
ensity, lower porosity and smaller residual pores than slip
asting. The latter is influenced by the ball milling duration.

long milling fastens the sintering process but increases the
lurry viscosity with detrimental effects on the particle pack-
ng during casting and consequently on the final grain and
ore size. The YAG based material obtained with nanometric
owder exhibits a higher transparency related to the smaller
rain and residual pores. On the other hand in this mate-
ial the formation of undesired phases during sintering was
bserved. Improvements in the particle packing during cold
sostatic pressing by selecting powders still in the micromet-
ic range but not aggregated, finer and with a more spherical
orphology than those used in the present study, may improve

he transparency of materials by reducing the residual pore
ize.
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