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bstract

 fine-grained (330 nm) yttrium aluminium garnet (YAG) ceramic, presenting a non-negligible transparency (66% RIT at 600 nm), was obtained
y spark plasma sintering. The YAG powder was manufactured by co-precipitation, starting from a yttrium and aluminium chlorides solution. A
oft precursor was obtained, whose phase evolution was studied by X-ray diffraction. Calcined powders were dispersed by either ball milling or by
ltrasonication and then subjected to spark plasma sintering at several temperatures (1200–1400 ◦C) and for a reduced time (15 min). It is shown

hat the dispersion method plays a key role in enhancing the optical characteristics of YAG ceramics, in order to obtain a material with a small
rain size, transparent in both the visible and the infrared range.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Fully dense polycrystalline Y3Al5O12 (YAG) is a suitable
ransparent material for harsh environments, withstanding high
emperatures (melting point 1940 ◦C) and corrosive conditions.
t is an oxide ceramic with outstanding functional and mechan-
cal properties, exhibiting high temperature strength, low creep
ate and good mechanical properties.1,2 When doped with rare
arth elements, YAG is optically active and used in a variety of
pplications.3,4

Synthesis of highly pure YAG powder has been accom-
lished by several wet-chemical methods.5–7 Agglomeration of
he calcined powder is often an issue and it has been tackled

8 9,10
y using water scavenging solvents, dispersants and freeze
rying,11,12 or reduced by ball milling with alumina spheres, for
everal hours.13
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Polycrystalline transparent YAG has been successfully pro-
uced by vacuum sintering; the fully dense bodies usually
resent a mean grain size of about 10 �m,13–16 which is nar-
owed to about 3 �m only in a limited number of cases.5,17 In
rder to reduce the YAG grain size, thus to improve its mechani-
al properties, such as the thermal shock resistance, and to limit
hermally induced birefringence for laser application,18 free sin-
ering followed by hot isostatic pressing (HIP) and spark plasma
intering (SPS) were also tested.19,20 In Table 1 are reported
ome of the literature results for YAG and Nd:YAG, in terms of
eal in-line transmission (RIT) and grain size.

SPS, also known as field assisted sintering (FAST), is an
merging consolidation technique which combines pulsed elec-
ric currents and uniaxial compaction. In the last few years it
as become possible to obtain fine and dense materials using
PS.21,22 With respect to other advances sintering techniques,

uch as vacuum sintering or HIP, SPS offers considerable advan-
ages, such as short sintering time and, generally, lower sintering
emperatures, leading to finer microstructure.23 Additionally, the
ery short SPS sintering time, often in the range of minutes,12,24

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.052
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Table 1
Real in-line transmission (RIT), at 600 nm and 1064 nm, and grain size for transparent YAG sintered by various techniques.

Material Powder Manufacturing technique Additives RIT @ 600 nm (%) RIT @ 1064 nm
(%)

Grain size
(�m)

Thickness
(mm)

Reference

Nd:YAG Co-precipitated Vacuum sintering, SiO2

doping
SiO2 0.035 wt% (TEOS) ∼85 2.8 1 Stevenson et al.17

Nd:YAG Commercial (Sumitomo
Chemical Co., Shin-Etsu Co.,
Nippon Yttrium Co.)

Free sintering + hot isostatic
pressing

SiO2 0.06 wt% (TEOS) 84 2–3 Undecl. Lee et al.19

Nd:YAG Co-precipitated Slip casting + vacuum
sintering

Undeclared binder and
dispersant

Undecl., high Undecl., high 3, 4, 7.5 Undecl. Yagi et al.5

YAG Commercial powder
(Alumina, Sumitomo
Chemical Co.),
co-precipitated (Yttria)

Vacuum sintering + annealing TEOS 0.5 wt% 75 ∼7 Gong et al.14

Nd:YAG Co-precipitated, freeze dried Free sintering + hot isostatic
pressing

None 56 ∼80 7–8 0.8 Suárez et al.25

Nd:YAG Commercial powders
(Baikowsky, Taimei, Cerox),
spray dryed

Vacuum sintering + annealing TEOS 0.5 wt% ∼78 ∼10 3 Esposito et al.13

Nd:YAG Co-precipitated Slip casting + vacuum
sintering

Undeclared binder and
dispersant

∼84 10 104 Jianren Lu et al.15

Nd:YAG Co-precipitated Vacuum sintering + annealing MgO 0.01 wt%, TEOS
0.5 wt%

78.68 (400 nm) 82.58 >15 3 Liu et al.16

YAG Co-precipitated, oven dried SPS None Negligible (680 nm) 40 0.42 0.8 Suarez et al.12

YAG Co-precipitated, freeze dried SPS None 56 (680 nm) 82 0.38 0.8 Suarez et al.12

YAG Commercial (Nanocerox,
50 nm average size)

SPS None ∼20 (500 nm) ∼42 (1000 nm) ∼0.15 4 Frage et al.20

YAG Commercial (Nanocerox) SPS LiF ∼73 (500 nm) ∼82 (1000 nm) ∼1.5 4 Frage et al.20

YAG Commercial (Tal materials,
34 nm average size)

SPS None 1.1 ∼0.5 0.5 Chaim et al. 24



an C

a
t

s
p
a
r

(

(

2

s
c
t
r
r
g
(
r

f
i

b
a
B

b
8

a
o

(
u
e
w
6
T
w
o
a
p
(

2
p

6

p
2
s
f
r
p
t
o

t
t
w
r
t
u

T

w
w

S
s
1
c
f
v
t

i
t
t

3

b
8
0
(
(

r
p
o
b

t
h
O
m

G. Spina et al. / Journal of the Europe

llows to easily test the sinterability of different powders, and is
herefore suitable for fast comparative studies.

In the past, few researchers have investigated the spark plasma
intering of transparent YAG ceramics.12,20,24 In all cases, the
owders were directly poured in the SPS graphite die, without
ny specific preparation, i.e. no shape forming nor particle size
efinement procedure was set out.

Thus, the objective of the present paper is to:

1) demonstrate that a fine grained, transparent YAG ceram-
ics can be obtained by spark plasma sintering, with neither
dispersants nor sintering aids,

2) highlight the critical importance of powder processing on
the sintering behaviour, the final microstructure and the
related optical properties.

.  Material  and  methods

YAG powder was synthesized by the co-precipitation route,
tarting from a mixed aqueous solution of yttrium and aluminium
hlorides. This solution was added drop-wise to an aqueous solu-
ion of ammonium hydrogen carbonate, under mild agitation at
oom temperature. Then the slurry was aged for 24 h, until its pH
ose from 7.5 to 9. The precipitate was then washed by centrifu-
ation several times, in distilled water and in absolute ethanol
98.9%). It was finally dried for 2 days in an oven at 60 ◦C,
esulting in a soft cake, easily crushed in an agate mortar.

Simultaneous DTA–TG analysis (Netzsch STA409) was per-
ormed on a powdered sample of about 150 mg, up to 1400 ◦C
n static air, with a heating rate of 10 ◦C/min.

The dried powder was submitted to thermal treatments in a
ox furnace, in the temperature range 900–1200 ◦C, for 30 min,
nd its phase evolution was followed by X-ray diffraction (XRD,
ruker D8 Advance).

The phase evolution of the dried precursor was also followed
y high temperature X-ray diffraction (HT-XRD), in the range
50–1000 ◦C, with a temperature step of 25 ◦C.

On the basis of these analyses, the powders were calcined in
 box furnace at 1000 ◦C for 30 min, in air, with a heating rate
f 10 ◦C/min.

Two dispersion routes were tested, precisely ball milling
BM) and ultrasonication (US). Ball milling was carried out by
sing alumina spheres (purity > 95 wt%) with a Gaussian diam-
ter distribution around 1.5 mm. Weight ratio powder/spheres
as 1:10. Solid load of the slurry was 33 wt%. Approximately

 h of milling were necessary to fully disperse the particles.
he dispersion process by ultrasonication required 1 h, during
hich the ultrasonic pump was operative 50% of the time, in
rder to avoid heating of the slurry. Absolute ethanol was used
s a dispersion media for all the studies. The evolution of the
article size distribution was followed by laser granulometry
Mastersizer 2000, Malvern).

After dispersion, the powders were subjected to flotation for

4 h in 200 ml ethanol, in order to avoid any residual coarse
articles.26

Finally, drying was performed by rotative evaporation, at
0 ◦C and 200 mbar pressure.

s
t
s
b
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After being poured into a graphite die of 20 mm diameter, the
rocessed powders were sintered into an SPS equipment HPD
5/2 (FCT, Germany), under low vacuum (0.1 mbar) at a con-
tant pressure of 74 MPa. The SPS cycles were constructed as
ollows: a fast heating rate (100 ◦C/min) up to 1100 ◦C, then a
elatively slow heating rate (8 ◦C/min) up to the sintering tem-
erature, followed by an isothermal step of 15 min. The sintering
emperature was varied between 1200 ◦C and 1400 ◦C, while all
ther parameters were kept constant.

After polishing on both sides up to 1 �m diamond paste,
ransparency measurements were performed by using a spec-
rophotometer UV/Vis NIR V-670 (Jasco, Japan) in the
avelength range from 300 nm to 2500 nm. Transmittance

esults Ts were recorded on samples of different thicknesses
s and then normalised to the desired thickness t  of 1.5 mm by
sing the formula:

 =  Tth

(
Ts

Tth

)t/ts

,

here Tth is the YAG theoretical transmittance at the given
avelength.
SEM and TEM micrographs were performed with a Zeiss

upra 55VP and a Hitachi S2300 microscope. Each polished
ample was chemically etched with boiling phosphoric acid for
5 s in order to evidence the grain boundaries. For each grain size
alculation more than 150 grains were measured. The correction
actor 1.225 was applied, as explained in the work by Apetz and
an Bruggen.27 Thermal etching, 50 ◦C lower than the sintering
emperature, was also performed on some of the samples.

Subsequent annealing were performed in air, for 1 h at
ncreasing temperatures, measuring the transmittance after each
reatment, in order to follow its evolution as a function of the
emperature.

. Results

The as-dried precursor was completely amorphous, as stated
y XRD analysis. No crystalline phases were detected up to
50 ◦C, whereas the presence of YAG (JCPDS reference 33-
040) as well as of the hexagonal transition phase YAlO3
JCPDS reference 74-1334) was found at 875 ◦C by HT-XRD
Fig. 1). Starting from 950 ◦C, pure YAG was present.

The DTA–TG curves for the as-synthesized powder are
eported in Fig. 2. The TG curve shows that the precursor com-
letely decomposes below 1100 ◦C, with an overall weight loss
f approximately 43.4%. Much of this weight loss took place
elow 400 ◦C, corresponding to about 70% of total weight loss.

The formation of YAG phase is usually found in the litera-
ure as a sharp exothermic peak in the DTA curve.5,16 However,
ere two exothermic peaks at 918 ◦C and 1032 ◦C are observed.
n the basis of the previously reported XRD results, the for-
er exothermal signal can be reasonably imputed to the almost
imultaneous crystallization of YAG and YAlO3 phases, the lat-
er to the transformation of the metastable YAlO3 into the final,
table YAG phase. This behaviour is similar to the one observed
y Li et al.28 when ammonia water was used as a precipitant.
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Fig. 1. HT-XRD showing the crystallisation behaviour between 850 ◦C and
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arrows). However, it should be pointed out that their size does
not exceed 50 nm. In the insert of Fig. 7, the fracture surface is
50 ◦C. Y indicates the YAG phase (square markers), h the hexagonal transition
hase YAlO3 (triangular markers).

The crystallite size, as calculated by Sherrer’s method,29 is
bout 30 nm for a calcination temperature of 1000 ◦C, while
ignificantly increasing, to 65 nm size, at 1200 ◦C. The pre-
reatment temperature of 1000 ◦C was thus selected for this
tudy.

The calcined powder presented coarse agglomerates (insert in
ig. 4), with a mean size of about 100 �m, which were effectively
educed by both the dispersion routes tested, i.e. ball milling
BM) and ultrasonication (US). In fact, a sharp, monomodal
article distribution was achieved after dispersion, presenting a
ean agglomerate size of about 120 nm (Fig. 3).
The dispersion process was considered completed when the

0% of the cumulative size distribution (by volume) was below
00 nm, a threshold reached after about 1 h and 6 h for US and
M, respectively. A transmission electron microscopy (TEM)

mage of the dispersed particles is presented in Fig. 4.
Sintering was carried out at different temperatures, following

he cycle described above. Very different results were obtained
or the BM and the US powder, with much higher transmittance

alues recorded for the US powder. The best sintering temper-
ture for obtaining a high transmittance material was not the
ame for BM or US dispersed powder. Indeed, the best result, in

Fig. 2. DTA–TG curves of the as dried YAG precursor.

s

F
c

ig. 3. Typical particle size distribution (by volume) before and after dispersion,
egardless of the dispersion method.

erms of transmittance in both the infrared and visible range, was
btained, for BM powder, at a sintering temperature of 1225 ◦C,
hile a higher temperature (1325 ◦C) was best suitable for US
ispersed powder (Table 2).

The transmittance for the infrared and the visible range as a
unction of the dispersion method is presented in Fig. 5.

SEM micrographs allow to appreciate the highly homoge-
eous and dense YAG microstructure. The material obtained
rom the BM powder presents a mean grain size of 360 ±  20 nm
Fig. 6). Elongated pores of 100–200 nm size are observed. In
he insert of Fig. 6, a micrograph of the thermally etched sam-
le (1175 ◦C, 1 h) is presented. Energy dispersive X-ray analysis
EDX) was performed on points A and B. Atomic % of the ele-
ents were calculated. Atomic % ratio Y:Al is 0.4 in point A

nd 0.58 in point B (close to the expected 0.6 value for YAG).
oint A revealed therefore an Al-rich stoichiometry.

For the US powder sintered at 1325 ◦C, the grain size is
30 ±  50 nm (Fig. 7). In this case intragranular pores (white
rrows) have been observed, as well as intergranular ones (black
hown.

ig. 4. TEM micrograph of YAG powder US dispersed. Agglomerated, as-
alcined powder in the insert.
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Table 2
Density, grain size and real in-line transmission (RIT), at 600 nm and 1064 nm, for transparent YAG.

Dispersion
method

SPS sintering
temp. (◦C)

Density over the theoretical
density [4.55 g/cm3] (%, ±0.5)

Mean grain
size (�m)

RIT at 600 nm for 1 mm
thickness (%, ±0.5)

RIT at 1064 nm for 1 mm
thickness (%, ±0.5)

US

1300 99.84 – 26.16 59.31
1325 99.99 0.33 ± 0.05 66.29 (annealing 900 ◦C) 79.69 (annealing 950 ◦C)
1350 99.99 1.99 ± 0.06 54.69 (annealing 800 ◦C) 77.00 (annealing 800 ◦C)
1400 99.99 9.79 ± 1.89 23.34 73.04

BM

1200 99.78 – 2.48 27.95
1225 99.33 0.360 ± 0.02 13.77 47.88
1250 99.99 – 13.07 46.6
1300 99.78 – 1.39 21.14
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tal to transmittance at low wavelengths, as the sample turned
ig. 5. Transmittance in the visible and infrared range as a function of the
ispersion method (only the best results for each method are shown).

Samples from US powder sintered at higher temperatures
ave also been observed. As expected, the grain size increases.
or a sintering temperature of 1350 ◦C the grain size is about

 �m, with small pores of about 20 nm in size (Fig. 8, insert).
t 1400 ◦C exaggerated grain growth occurs, accompanied by
ore coarsening. Grains and intragranular pores as large as 15
nd 1 �m, respectively, were observed.

Samples from US powders were submitted to air annealing.

he results for US YAG 1 mm thick, sintered at 1325 ◦C, are
resented in Fig. 9. The small leaps at 850 nm are due to the
ifferent detectors used inside the spectrophotometer, in the

ig. 6. Microstructure of YAG obtained from BM powder, sintered at 1225 ◦C,
hemically and thermally (insert) etched.

o
w

F

ig. 7. Microstructure of YAG obtained from US powder, sintered at 1325 ◦C.

orresponding wavelength range. A PMT detector is used for
he UV–VIS range, while a Peltier-cooled PbS detector is
rovided in the NIR region [Jasco specifications].

The annealing procedure led to a brighter colour of the
amples subjected to thermal treatment (Fig. 10). The best trans-
ittance in the wavelength range <600 nm was achieved after

nnealing at 900 ◦C, while higher temperatures were detrimen-
paque. Transmittance in the infrared range, on the opposite,
as increased for all the annealing studied temperatures.

ig. 8. Microstructure of YAG obtained from US powder, sintered at 1350◦.
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Fig. 9. transmittance of the sample sintered at 1325 ◦C (thick line), after anneal-
ing at 800 ◦C (dotted line, almost no change is detectable), at 900 ◦C (solid line,
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igher transmittance for wavelengths <700 nm) and after annealing at 950 ◦C
long dash line, higher transmittance for wavelengths >700 nm).

The results for density (Archimedes’ method), mean grain
ize, transmittance in the visible and in the infrared range are
ummarized in Table 2 as a function of the sintering tempera-
ure and of the dispersion method. The US sample sintered at
300 ◦C is inhomogeneous, being the centre much darker than
he borders. The measurement was taken at the sample’s centre.

. Discussion

By observing results reported in Table 2, it is clear that sam-
les from BM powder show lower transmittance and density
han the ones from US powder. Part of this difference can be
xplained with the different sintering temperature applied for
he two powders. However, even when the sintering temperature
f BM powder was raised, no improvement in terms of density
nd transmittance was found. The larger size of the pores in the
M sample can explain the loss of transmittance, particularly in
he visible range.
It has been shown that for dense metal oxides of the same

orosity, an increasing pore diameter has a detrimental effect on

ig. 10. Sample from US powder, sintered at 1350 ◦C, before (left) and after
right) annealing at 800 ◦C for 1 h in air. The two samples are 1.4 and 1.3 mm
hick.
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ig. 11. YAG transmittance as a function of pore size, at wavelength 600 nm
nd 2000 nm, for porosity 0.01% and 0.05%.

heir optical characteristics.30,31 We calculated the effect of the
ore size mean diameter on the in-line transmission, using the
eer–Lambert law:

 =  Tth exp(−γt)

here Tth  is the theoretical transmittance, γ  is the extinction
oefficient and t is the sample thickness.

The extinction coefficient γ  is the sum of the contributions
f the grain boundaries and of the pore scattering.27 As YAG
s a monorefrigent material, with a symmetric cubic cell,32 no
nfluence of the grain size on transparency is expected, and the
rain boundary scattering can be neglected, leading to:

 = 3pCsca

4πr3

 is the porosity of the specimen, r is the mean radius of the pores,
sca is the scattering cross section of one spherical pore and it
an be calculated numerically using the Mie scattering theory.33

he scattering cross section of pores Csca has been determined
or incident light of two wavelengths, 600 nm and 2000 nm, as a
unction of the mean pore size, by using the computer program
iven by Bernhard.34 The scattering coefficient due to the pores
an thus be determined. The in-line transmission is calculated as

 function of the pore size, for the two wavelengths, for different
mounts of porosity and for a sample thickness of 1.5 mm.

The results of the calculation are presented in Fig. 11. As
xpected, the in-line transmission depends not only on the poros-
ty but is very sensitive to the pore diameter. When the pore size
ecomes of the same order of magnitude of the wavelength of
he incident light, the transmission reaches a minimum. For a
orosity of 0.01%, at the wavelength 600 nm, the transmission
ecreases significantly (RIT from 84% to 65%) if the pore size
xceeds 100 nm, whereas at 2000 nm, the same decrease occurs
or a pore size higher than about 1 �m.

The difficulty in eliminating pores in the BM YAG could
e explained by the presence of pollution coming from the
illing media. It can be supposed that alumina debris either
inder the densification, because of their non-spherical shape,
r segregate as second phases, thus reducing transmittance
ecause of their different refractive index. Partial evidence of
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his hypothesis can be identified in the presence of grains with
 Al-rich stoichiometry (insert of Fig. 6).

On the basis of the measured porosity and pore size of US
AG, a higher transmittance is expected. Carbon contamination
nd/or oxygen vacancies are the most probable factors causing
ransmittance loss for SPS-sintered samples.35,36 Oxygen vacan-
ies are formed in the reducing atmosphere of the SPS chamber
uring sintering, while carbon contamination arises out of dif-
usion from the graphite die. Annealing in air has an effect on
oth oxygen vacancies and carbon particles. Post-SPS anneal-
ng in various environments has been successfully tested for
ome oxide ceramics,36,37 but to the best of our knowledge its
ffectiveness for SPS sintered YAG had not yet been tested.

The higher transmittance recorded after annealing in air can
e due to oxygen vacancies removal, as suggested by Lee et al.19

he lower transmittance in the range 300–600 nm, recorded after
nnealing at 950 ◦C, could be due to evaporation of carbon parti-
les, leaving behind tiny pores in the bulk, or to microstructural
hanges during annealing, leading to new or larger defects.38

.  Conclusions

Co-precipitation of chlorides in ammonium bicarbonate led
o a YAG precursor which was calcined and effectively dispersed
y ultrasonication, resulting in a fine and well sinterable YAG
owder.

Ultrasonic dispersion proved to be a suitable dispersion
ethod for obtaining transparent samples, while only translu-

ent samples were obtained from ball milled powder.
The appropriate handling of the powder led to a fine grained

330 nm), transparent (66% at 600 nm for 1 mm thickness)
AG ceramics. Spark plasma sintering has been applied, with

 relatively short thermal cycle, followed by annealing in air,
ncreasing the sample transmittance.

Our study demonstrates that, even if a coarse powder is
btained by oven drying, its size can be reduced by ultrasonic
ispersion without significant drawbacks. Such a simple, low
ost, method could be potentially extended to other materials,
hen sintering to transparency is required.
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