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bstract

ensification and grain growth in pure YAG, SiO2 doped YAG and SiO2 doped Nd:YAG were explored. The activation energy for densification
235 kJ/mol) in pure YAG is lower than that of grain growth (946 kJ/mol) which is unusual in ceramic systems. Consequently, pure YAG sinters
o near full density (>99.9%) at 1700 ◦C with little grain growth (1.2 �m average grain size). The remaining large pores (radius > 2 �m) were
etermined to be thermodynamically stable because their coordination number with grains was >6. The stability of these pores underscores the

mportance of powder processing and forming in fabricating transparent YAG. SiO2 doped YAG sinters to near full density 100 ◦C lower than pure
AG because SiO2 enables liquid phase sintering and the removal of large pores. The addition of Nd2O3 further enhances both densification and
rain growth at temperatures below 1700 ◦C. Above 1700 ◦C higher concentrations of Nd3+ suppressed grain growth, possibly due to solute drag.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The need for materials that combine transparency, high
trength, scratch resistance, and thermal stability has driven
he development of transparent ceramics for armor, optical,
nd laser applications. Coble of General Electric (GE) reported
transparent” ceramics in a patent wherein MgO doped Al2O3
as sintered to full density and had an in-line transmission
f 40–50% between 400 and 600 nm.1 Coble’s patent was the
rst to demonstrate that polycrystalline ceramics, even those
xhibiting birefringence, can have substantial light transmission
t optical wavelengths by eliminating all porosity during sin-
ering. However, it is known that the optical transmission of
on-cubic, birefringent polycrystalline ceramics is limited by

cattering at grain boundaries and is the primary cause of their
ranslucency when the ceramic is fully dense. Thus, the quest
or truly transparent polycrystalline materials has focused atten-
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ion on sintering cubic crystal structure ceramics (e.g. MgO,
gAl2O4).
In 1970, Anderson of GE patented a process for sintering

0% Y2O3–10% ThO2 that had >70% in-line transmission at
ptical wavelengths.2 This material, called Yttralox, was pro-
osed for use in lamp envelopes, high temperature windows,
nd high temperature lenses, but commercialization was lim-
ted because these ceramics required sintering temperatures of
000–2200 ◦C.2 This material represented a significant tech-
ological advance because a sintered polycrystalline material
ad >70% transmission. Benecke et al. reported hot pressing
gO between 775 and 975 ◦C and annealing to transparency at

300 ◦C, and successfully demonstrated that transparent ceram-
cs could be produced at substantially lower temperatures than
ttralox.3 After 1970 many patents were issued for sintering

nd hot pressing MgAl2O4, MgO, and Y2O3 to 70–80% in-line
ransmission, and interest in each of these and other materials
e.g. ALON, PLZT, BeO, Al2O3, ZnS, ZnSe) resulted in suc-

essful commercial products such as lamp envelopes, windows,
omes, and lenses.4–7

Apetz and van Bruggen showed that porosity has a dramatic
mpact on light transmission because of the refractive index

mailto:Messing@ems.psu.edu
dx.doi.org/10.1016/j.jeurceramsoc.2007.12.006
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ifference between pores and the surrounding ceramic matrix
�n ≈ 0.76 for alumina).8 Their work showed that even nano-
ores (those with radii below 100 nm) at a concentration below
.01 vol% result in substantial scattering and thus underscored
he importance of density for achieving transparency.

Recently, Krell et al. produced fully dense, polycrystalline
l2O3 with an in-line transmission >70% at 645 nm by reduc-

ng the average grain size to 600 nm, which was similar to the
ptical wavelengths (380–750 nm).9 At that grain size, Apetz
nd van Bruggen showed that geometric optics break down and
nly Raleigh–Ganz–Debye scattering occurs at grain bound-
ries, mitigating the effects of birefringence.8 For the first time, a
early transparent polycrystalline ceramic with non-cubic crys-
al structure was produced.

The literature reports hundreds of papers concerned with the
rocessing and sintering of “transparent” ceramics. Unfortu-
ately, many of these ceramics are not truly transparent because
hey contain a certain fraction of porosity, second phases, or they
re birefringent. Although many of these materials are “trans-
arent” to the eye, measures of light transmission, if reported,
how the materials to have <50% in-line transmission at optical
avelengths. We propose that the term transparent be reserved

or ceramics with at least 95% of the theoretical transmission
ver the wavelengths of interest. For example, the theoretical
ransmission of YAG is 84% at 1064 nm. Thus, the transmission

ust be >79.8% to be described as “transparent”. Thus, YAG
eramics with an in-line transmission <79.8% should be classi-
ed as translucent to distinguish them from the exceptional case
f a truly transparent ceramic.

. Polycrystalline laser materials

Greskovich and Chernoch reported the first laser gain in a
olycrystalline oxide ceramic.10 The optical absorption spectra
nd fluorescence lifetimes of 1% Nd2O3–89% Y2O3–10% ThO2
or Nd3+ doped Yttralox) sintered to full density were similar to
tate of the art Nd:YAG single crystals and Nd:glass laser gain
edia. The slope efficiency of their ceramics was 0.098% while
d:glass tested in the same configuration had a slope efficiency
f 0.44%. Their report was an important proof of concept; suf-
ciently well processed polycrystalline materials could exhibit
aser gain, but these materials were not commercialized due to
heir low efficiency.

de With and van Dijk reported the sintering of Y3Al5O12
yttrium aluminum garnet, or YAG) to translucency starting with

c
d
a
c

able 1
ptical and Thermal Properties of Selected Transparent Ceramics

roperties Y3Al5O12

heoretical transmission at 1064 nm (%)* 83.8
efractive index at 1064 nm 1.82
ransmission range (�m) 0.2–5
hermal conductivity (W/m K) 12.9
oefficient of thermal exp. (10−6/◦C) 7.8
rimary use Laser Host

he theoretical transmission (%T) is calculated from T = 100[1 − ((n − 1)/(n + 1))2]2
n Ceramic Society 28 (2008) 1527–1534

ither mixed oxides (solid state reaction) or co-precipitated pow-
ers as long as sintering aids (SiO2 and MgO) were used.11

kesue et al. reported using SiO2 to sinter 0.9 at% Nd:YAG
eramics to sufficient transparency to achieve a laser slope
fficiency similar to Czochralski grown single crystals12. Con-
urrent with the report of Ikesue et al., Yagi et al. of Konoshima
hemical Inc. and colleagues at the Institute for Laser Science,
niversity for Electro-communication (Tokyo, Japan) devel-
ped high quality YAG laser materials.12,13 Recently, there have
een many reports of sintering YAG based systems and several
esquioxide materials (e.g. Y2O3, Sc2O3) to transparency.14–17

able 1 lists some of the other ceramics used for optical appli-
ations and their respective theoretical transmissions, which
epend on their refractive indices, at 1064 nm.

The solid state reaction (SSR) and chemical co-precipitation
rocesses are the most important methods for synthesizing YAG.
kesue et al.’s work demonstrates the SSR approach; a process
n which Al2O3 and Y2O3 powders are mixed in stoichiomet-
ic amounts and phase formation occurs during sintering, but
efore the compact densifies. The benefit of the SSR process
s that commercially available powders can be used, and thus
t is easier to implement for materials requiring dopants. Typi-
ally, transparent YAG ceramics sintered by this approach have
rain sizes over 20 �m.12,14 Konoshima Chemical Inc. uses co-
recipitated YAG powders. Transparent materials synthesized
y the co-precipitation approach have grain sizes below 5 �m
nd mass segregation issues during processing are avoided. One
f the limitations of the commercial development of YAG-based
aser gain media is that high quality, stoichiometric doped YAG
owders are not yet commercially available.

Polycrystalline Nd:YAG has several advantages over
zochralski single crystals including increased dopant homo-
eneity, lower processing temperatures and times, near net
hape forming, increased dopant concentrations, access to more
opants, and possibilities for increased scalability.12 Also,
eramic processing allows the addition of functional dopant gra-
ients to aid thermal management, increase pump efficiency, and
o add other functional elements such as Q-switches to the gain

edium.18

YAG has a cubic crystal structure with a lattice constant of
2.01 Å and belongs to the space group Ia3d. Y3+ (0.1019 nm) is

oordinated by 8 O2− ions in the form of a triangular dodecahe-
ron. Two types of Al3+ sites exist, one with CNIV (0.039 nm),
nd a second with CNVI (0.0535 nm).19 For most laser appli-
ations, rare earth elements substitute (Nd3+ (0.1109 nm), Er3+

MgAl2O4 Al2O3 ALON

86.5 85.4 84.9
1.72 1.76 1.78
0.2–6.5 0.2–6 0.25–6.0
14.6 24 12.6
8.0 8.1 7.8
Armor Lighting Envelopes Armor

where n is the refractive index of the material.
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S
mation is complete by 1450 ◦C for the same materials in this
paper.23 By 1484 ◦C, SSR compacts are single phase (garnet)
and 85% dense. Fig. 2 shows the relative density and grain size
for YAG ceramics sintered between 1484 and 1850 ◦C for 2 h.
Fig. 1. Y2O3–Al2O3 phase diagram.20

0.1004 nm), Yb3+ (0.0985 nm), etc.) for Y3+ in the lattice, and
olid solubility of these dopants is affected by the size difference
etween the dopant and the Y3+ ions19. The phase diagram for
he Y2O3–Al2O3 system is shown in Fig. 1.20 YAG (Y3Al5O12)
s a line compound which has important ramifications on pro-
essing; any non-stoichiometry in the material appears as second
hase scattering sites which may limit optical transmission.
espite the importance of Nd:YAG transparent ceramics, there

s virtually no literature pertaining to the importance of SiO2
nd Nd2O3 on achieving fully transparent YAG. The objective
f this article is to systematically examine the effects of SiO2
n densification and microstructure development in pure and
d:YAG.12,14

. Experimental procedure

Al2O3 (BA-15, >99.99% pure, specific surface area
6.3 m2/g, Baikowski Malakoff Inc., Malakoff, TX), Y2O3,
BB, >99.99%, specific surface area 35.4 m2/g, ShinEtsu Co.,
okyo, Japan), Nd2O3 (>99.99%, NYC Co., Tokyo, Japan)
nd tetraethoxysilane (TEOS, 99.9999%, Alfa Aesar, Ward
ill, MA) were used to prepare five YAG compositions: pure
AG, 0.14 wt.% SiO2 doped YAG, 0.14 wt.% SiO2 doped 1 at%
d:YAG, 0.14 wt.% SiO2 doped 5 at% Nd:YAG, and 0.14 wt.%
iO2 doped 9 at% Nd:YAG. Since Nd3+ substitutes for Y3+ in

he structure, it is important to compensate for the addition of
d3+ during batching.
Powder batches were ball milled in anhydrous alcohol

reagent grade, 0.04% water, ethanol:methanol 100:5 by volume,
.T. Baker, Phillipsburg, NJ) for 24 h using high purity Al2O3
alls (99.9%, 5 mm diameter, Nikkato Corp., Sakai, Japan). The
olume ratio of powder:balls:alcohol was 1:4:8. The milled sus-

ensions were dried in an oven, ground in an alumina mortar
nd passed through a 90 �m screen. The powders were uniaxi-
lly pressed into 12.7 mm diameter pellets and cold isostatically
ressed at 200 MPa.

F
1

n Ceramic Society 28 (2008) 1527–1534 1529

Samples were sintered to as high as 1850 ◦C for up to 16 h in
tungsten mesh heated vacuum furnace (M60, Centorr Vacuum

ndustries, Nashua, NH) under 5 × 10−6 Torr. The heating and
ooling rates were 20 ◦C/min and 40 ◦C/min, respectively. Three
amples were used for each sintering condition.

Sintered density was measured using the Archimedes
ethod. For SEM analysis (XL20, Philips, Eindhoven, Nether-

ands), the samples were first polished using a diamond wheel
nd then sequentially with silk pads with diamond slurries are 6,
, and 1 �m. The polished specimens were thermally etched at
400–1550 ◦C for 30 min. Grain sizes and pore sizes of the sin-
ered samples were obtained by the linear intercept method (200
rains counted).21 The average grain size and pore size were
alculated by multiplying the average linear intercept distance
y 1.56. The average pore volume in the samples was calculated,
ssuming spherical pore shape, by multiplying the average pore
olume times the number of pores per unit volume.

For confocal spectroscopic characterization, room tempera-
ure fluorescence spectra were recorded by a WITec alpha300

device using a tunable Argon laser coupled into a single
ode optical fiber.22 The signal was collected in backscatter-

ng geometry with a 100× magnification (numerical aperture,
.A. = 0.9 in air) and focused into a multi-mode fiber adjustable
ith micrometer precision. The core of the multimode fiber

50 �m), acts as the pinhole for confocal microscopy. The end
f the fiber is directly connected to the spectrometer and the
ignal is detected with a Peltier-cooled charge coupled device
amera. A beam splitter and notch filter were used to attenu-
te the pump laser line. Three different gratings with 600, 1200
nd 1800 lines/mm blazed at 500 nm were employed depending
n the desired spectral resolution. The sample was placed on a
-axis stage, piezoelectrically controlled in all three directions,
hus precise positioning of the sample under the laser spot was
chieved (3 nm in the XY direction). For the 514 nm excitation
avelength, the laser was focused to a diffraction-limited spot

ize of about 355 nm.

. Densification and grain growth in pure YAG

As noted above, phase formation occurs during sintering in
SR compacts. An earlier study reported that YAG phase for-
ig. 2. Densification and grain growth behavior of pure YAG sintered at
484–1850 ◦C for 2 h.
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powders to full density with little to no grain growth, as long
as the sample is sintered below the temperature where coars-
ening becomes thermodynamically favorable over densification
(i.e. 1750 ◦C). However, the requirement for achieving trans-
Fig. 3. SEM micrographs of pure YAG sintered for 2

he density of the samples increases with increasing sintering
emperature; closed porosity (92% theoretical density) occurs at
bout 1550 ◦C and samples approach 99.9% density by 1696 ◦C.
urprisingly, there is virtually no grain growth (0.8 �m and
.2 �m at 1484 and 1696 ◦C, respectively) in this system even
hough the sample is near full density. However, samples sin-
ered between 1796 and 1850 ◦C show a 3–4 time increase in
rain size. Fig. 3 shows SEM micrographs of samples sintered
etween 1484 and 1850 ◦C for 2 h.

Note that the sample sintered at 1484 ◦C has pores with
arying coordination number (i.e. the number of grains sur-
ounding each pore), but at 1564 ◦C almost all of the pores have
coordination number ≥ 6 with a diameter similar to the grain

ize. Kingery and Francois showed the relationship between
ore coordination number and its stability as a function of
rain size.24 Based on topological arguments and assuming a
ihedral angle near 120◦, they showed that pores with a grain
oordination number of 6 or greater (in two dimensions) are ther-
odynamically stable.24 Fig. 4 shows the average pore radius

nd number of pores per unit volume for YAG samples sin-
ered between 1484 and 1650 ◦C for 2 h. The number of pores
er unit volume decreases with increasing sintering temperature
hile the average pore radius increases. Clearly, in YAG there

s little grain growth up to 1696 ◦C (from Fig. 3), thus pore coa-
escence due to grain growth does not occur. Instead, pores with
oordination numbers less than 6 are eliminated because they
re thermodynamically unstable. To remove the larger pores,
he grain size must increase to satisfy the critical grain size to

ore size ratio. The average pore volume is 150,500 vol ppm at
484 ◦C but is reduced to 8256 vol ppm by sintering to 1650 ◦C.
kesue et al. demonstrated that it is important to lower the pore
olume below 150 vol ppm to achieve 84% transmission.25

F
s

) 1484 ◦C, (b) 1564 ◦C, (c) 1696 ◦C and (d) 1850 ◦C.

Fig. 5 shows that the activation energies for densification and
rain growth (or coarsening) in pure YAG are 235 kJ/mol and
46 kJ/mol, respectively. This is a surprising result because the
ctivation energy for densification is greater than grain growth in
ost ceramic systems.26 The fine microstructure observed here

s consistent with the analysis performed by Brook, in which he
ndicated that the grain size versus density trajectory during sin-
ering is controlled by the relative magnitudes of the activation
nergies for coarsening and densification.26,27 The uniformity
f the microstructures in Fig. 3 may be another reason for the
ack of grain growth in the system. This effect is demonstrated in
igs. 2 and 3, where densification is nearly complete by 1650 ◦C,
ut little grain growth has occurred.

These results suggest that it may be possible to sinter SSR
ig. 4. Average pore radius and number of pores per unit volume for pure YAG
intered at 1484–1650 ◦C for 2 h.
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n (left) and grain growth (right) in pure YAG.
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Fig. 5. Activation energy for densificatio

arency in fine grained ceramics (<5 �m average grain size) is
o prevent the occurrence of large pores (i.e. ≥2 �m) that are
hermodynamically stable. Since large pores are most likely a
esult of powder processing and forming, the importance of these
rocesses is clear for ceramics requiring full density.

. The effect of SiO2 on densification and grain growth

SiO2 was added to pure YAG to study its effect on microstruc-
ure development and to separate the effect of Nd2O3 on sintering
f SiO2 doped Nd:YAG. Fig. 6 shows the relative density ver-
us temperature for both pure and silica doped YAG sintered
etween 1484 and 1850 ◦C for 2 h. Densification is significantly
nhanced between 1484 and 1750 ◦C, and the sintering temper-
ture required to achieve full density is reduced by 100 ◦C in the
iO2 doped samples. Fig. 7 shows SEM micrographs of samples

intered between 1484 and 1850 ◦C for 2 h. Note that the sam-
les show no porosity at 1606 ◦C and the average grain size is
till less than 2 �m. However, by 1850 ◦C, the average grain size
as increased to 25 �m. Fig. 8 shows the average grain size ver-

a
s
s
1

Fig. 7. SEM micrographs of SiO2 doped YAG sintered for 2 h a
ig. 6. Relative density vs. temperature for both pure YAG and SiO2 doped
AG sintered between 1484 and 1850 ◦C for 2 h.

us sintering temperature for both pure and SiO2 doped samples
intered between 1484 and 1850 ◦C for 2 h. Between 1484 and
650 ◦C the grain size increases from 0.5 to 1.5 �m, but the aver-

ge grain size increases to 25 �m by 1850 ◦C in the SiO2 doped
ample. The computed phase diagram of the Y3Al5O12–SiO2
ystem in Fig. 9 shows that a liquid phase begins to form around
400 ◦C in SiO2 doped YAG.28 This indicates that the enhanced

t (a) 1484 ◦C, (b) 1606 ◦C, (c) 1745 ◦C and (d) 1850 ◦C.
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Fig. 10. Relative density vs. temperature for 0.14 wt.% SiO2 doped 1, 5, and
9 at% Nd:YAG sintered for 2 h.
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ig. 8. Grain growth vs. temperature for both pure YAG and SiO2 doped YAG
intered between 1484 and 1850 ◦C for 2 h.

ensification in the SiO2 doped YAG is a result of liquid phase
intering. The average grain size increase above 1750 ◦C in the
iO2 doped sample relative to the pure YAG sample (over 17 �m
t 1850 ◦C) is also explained by liquid phase enhanced transport.

The grain growth kinetics of both pure and SiO2 doped YAG
intered at 1745 ◦C fit the grain growth model:

n − Gn
o = kt (1)

here G is the average grain size, Go is the initial grain size,
is a rate constant, and t is time. The pure YAG samples fit

n n = 2 dependence and the SiO2 doped samples fit an n = 3
ependence. As described by Brook, a grain growth exponent
f 2 indicates that solid state mass transport is the dominant
echanism for coarsening while n = 3 indicates that liquid phase
ass transport occurs in the sample (for the case of boundary

ontrolled migration).29

. Optically active ions and densification and grain

rowth in YAG

Fig. 10 shows the effect of Nd3+ on density for SiO2 doped
AG sintered between 1484 and 1850 ◦C for 2 h. Samples doped

Fig. 9. YAG–SiO2 phase diagram.28

b
w
u
m
e
g

1
1

ig. 11. Grain size vs. temperature for 0.14 wt.% SiO2 doped 1, 5, and 9 at%
d:YAG sintered between 1484 and 1850 ◦C for 2 h.

ith higher concentrations of Nd3+ showed higher sintered den-
ities (87% for 1 at% Nd3+ vs. 93% for 9 at% Nd3+) between
484 and 1600 ◦C. Fig. 11 shows that samples with a greater
d3+ content underwent enhanced grain growth between 1523

nd 1700 ◦C (2 �m and 8 �m average grain size at 1650 ◦C for
and 9 at% Nd3+, respectively). As shown in the Nd2O3-SiO2

inary phase diagram (Fig. 12), Nd2O3 forms a liquid phase
ith SiO2, and while the exact composition of the liquid phase is
nknown in the quaternary Y2O3–Al2O3–Nd2O3–SiO2, Nd2O3
ay increase the amount of liquid phase present leading to

nhanced liquid phase sintering and increased densification and
30
rain growth rates.

Fig. 11 also shows that grain growth at temperatures above
650 ◦C scales inversely with Nd3+ concentration (e.g. 21 and
0 �m for 1 and 9 at% Nd3+ at 1850 ◦C, respectively). The plot

Fig. 12. SiO2–Nd2O3 phase diagram.30
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Fig. 13. Detail of the total emission area corresponding to crossing two grain
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397–429.
oundaries using fluorescence confocal scanning optical microscopy. Nd3+ and
iO2 concentration were 1 at% and 0.14 wt.% respectively. The sample was
intered at 1850 ◦C for 16 h.

n Fig. 13 is a line scan of a confocal fluorescence scanning
ptical microscopy image where the intensity is inversely pro-
ortional to the Nd3+.31 The intensity profile shows that the Nd3+

ontent at grain boundaries is higher than the bulk. To inter-
ret this figure it is important to note that intensity decreases
t the grain boundaries because higher Nd3+ content quenches
he fluorescence signal used to probe Nd3+ location. The high
emperature grain growth behavior shown in Fig. 11, combined
ith the increased Nd3+ content at grain boundaries shown in
ig. 13, may be explained by solute drag effects as first explored
y Cahn.32 Presumably, Nd3+ has a lower diffusion constant
han either Y3+ or Al3+ due to its increased atomic mass and
onic radius; therefore, as the grains grow Nd3+ may begin to
ollect at grain boundaries effectively slowing coarsening in the
ample. It should be noted that decreased grain growth above
700 ◦C in higher Nd3+ content samples may also be explained
y the slower diffusion of Nd3+ in the bulk separate from solute
rag effects.

. Summary

Densification and grain growth in YAG, SiO2 doped YAG,
nd SiO2 doped Nd:YAG ceramics were explored with special
mphasis on the effects of SiO2 and Nd2O3. Pure YAG sin-
ers by solid state diffusion and near full density is reached by
700 ◦C. The activation energy for coarsening is higher than
ensification in pure YAG indicating that samples can be sin-
ered to near full density with little to no grain growth provided
hat no thermodynamically stable pores are present in the sam-
le. SiO2 doped YAG densifies by liquid phase sintering. SiO2
oped YAG sinters to full density at 100 ◦C lower than pure YAG
nd also shows significantly increased coarsening at higher tem-

eratures. SiO2 doped Nd:YAG shows enhanced sintering and
rain growth at low temperatures relative to SiO2 doped YAG,
ost likely due to increased liquid phase content. At tempera-

ures above 1700 ◦C, high Nd3+ content Nd:YAG has a smaller

1

2

n Ceramic Society 28 (2008) 1527–1534 1533

rain size than low Nd3+ content Nd:YAG, possibly due to solute
rag effects.
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