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The current status and advances of polycrystalline YAG in both structural (high temperature) and functional applications are
reviewed. A historical background of YAG and its progressive development to its current stage in functional and structural
applications is reviewed. This review emphasizes the important aspects of polycrystalline YAG processing-microstructure-
property relationships. For high temperature structural applications, the published mechanical properties (both single and
polycrystalline) of YAG are described. Selected structural applications of polycrystalline YAG (e.g., monalith, fiber and CMC
matrix) are discussed along with various aspects of processing. For functional applications, the current status of polycrystalline
YAG, both doped and undoped, is reviewed from the processing point-of-view. Certain functional applications, including IR/
laser window materials, laser hosting materials, and high intensity discharge lamp materials, are reviewed. Recent research
activities carried out in our lab for processing transparent polycrystalline YAG are also described.
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I ntroduction Background

Single crystal yttrium auminum garnet (YAG or There are many proposed phase diagrams for the
Y 3Als04,) has been recognized and utilized widdly as a system Al,Os-Y,03 and many discrepancies exist
laser gain host materid for the last four decades. In the among them [1-5]. Cockayne [5] reviewed the chrono-
mean time, research work on polycrystaline YAG has logical development of the Al,Os-Y ,0O5 phase diagram.
been reported over only the past 20 years. Over these The main differences in the proposed phase diagrams
years, polycrystaline YAG has evolved to promising are the solubility of Y,03 in Al,O; and vice versg, the
levels in two different classes of gpplications, one as a melting temperatures of the binary compounds, the
structural material for high temperature applications and stability and melting behavior of YAIO;, the eutectic
the other as a functional materid for uses such as laser compositions, and the eutectic temperatures. Some of
windows and laser-gain materials. The purpose of this these discrepancies were resolved on the pseudobinary
aticle isto review the current status of these two advances. between Al,O; and YAIO; [4]. Mah and Petry [6]

For high temperature structural applications, a reported the eutectic composition between Y 4Al,Oq and
background on YAG and its relevant published mechanicd Y,0; and revised the pseudo binary phase diagram of
properties (both single and polycrystas) will be described. Al,O5 and Y,05 as shown in Fig. 1.

The structural application of polycrystaline YAG will The pseudobinary compound Y3Als0p, (Yttrium
be discussed along with various aspects of YAG Aluminum Garnet, YAG) has attracted attention for
processing for particular applications (e.g., monolith, many decades as a laser gain host material owing to its
fiber and CMC matrix). capability to accept trivalent laser activator ions ranging

For functiona applications, we will limit our discussons from transition metals to rare earth elements. Since the
only to polycrystas. The current status of polycrystaline initial reports [7, 8] of Nd*"® doping and co-doping with
YAG, both doped and undoped, will be reviewed from Cr*3, the utilization of Nd: YAG proliferated in the
the processing point-of-view. Toward the end, recent military, industry, and medica communities. Starting
research activities carried out in our laboratory will be from about 20 years ago, attempts to fabricate optical
described. The important aspects of polycrystalline qudity, transparent polycrystaline YAG were reported [9-
YAG processing-microgructure-property rel ationships will 22]. The fabrication of transparent polycrystaline YAG,
be discussed in detail. which has a comparable optical quality to the single
crystd, was reported through vacuum sintering processes
with highly reactive solid precursors or YAG powders [12-

*Corresponding author: 16]. Recently, we reported the fabrication of transparent
Tel : +1-937-255-9829 : : . Lt
Fax: +1-937-656-7292 polycrystalline YAG with a smdl grain size utilizing a
E-mail: Taiil. Mah@wpafb.af.mil sinter/HIP process [23]. The advancement of doped and
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Fig. 1. Pseudo-binary phase diagram of Al,Oz and Y ,0s.

un-doped transparent polycrystalline YAG fabrication
opened new opportunities, since the utilization of
conventiona ceramic processing provides fadt, low-cost,
and large size production. It aso provides the possibility
to incorporate a high concentration of dopants.

Interest in polycrystalline YAG as a high temperature
structural material started from the current authors
group in the late 1980's. As part of a U.S. Air Force
initiative to develop high-temperature materias for use
in future turbine engines, YAG was identified as a
potentid candidate for an oxide-oxide composite matrix
as well as a reinforcement fiber. Research efforts ranged
from the synthesis of stoichiometric YAG powder to the
measurement of high temperature strength, toughness,
and creep properties of single- and poly-crystds. The
most outstanding outcome of the mechanica property
measurements on single crysta YAG is that YAG is
the most creep-resistant high temperature oxide [17,
18].

In the following sections, the structura applications
of YAG will be presented first. It will be followed by
the functional applications of YAG and will finish with
our most current work on transparent polycrystalline
YAG production.

Structural Applications

The use of YAG for high temperature structura
applications was not considered by the materials science
community until a concerted effort, led by the ceramics
group in the U.S. Air Force, began in this area. A series
of research programs were funded through various
organizations to study the potentid applications of
YAG for high temperature structurad components,
especidly in gas turbine engines. In the following
subsections, a few examples of results, generated based
on those efforts and the related applications of YAG, will
be presented.
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Characterization of YAG Properties
— Creep Properties of YAG

Corman [24,25] studied the compression creep
behavior of undoped YAG in helium in the temperature
and stress ranges of 1650° to 1850 °C and 50 to 280
MPa, respectively. The creep experiments were carried
out along the [100], [110], and [111] axes. The stress
and temperature dependence of the steady state creep
rate were calculated based on the equation by Cannon
and Langdon [26, 27]. Corman found unusual creep
behavior for the [100] and [110] directions, where the
dress exponent and the activation energy appear to
increase abruptly with an increase in either temperature
or stress. No specific mechanism was given to explain
this anomaly. Blumenthal and Phillips [28], Karato et
al. [29], and Wolfenstine [30] aso studied the creep
behavior of single crystal YAG in various orientations.
Based on their cregp experiment aong the [135] direction
and subsequent dlip trace anadysis, Blumentha and
Phillips confirmed that {110} <1-11> was the primary
dip system and the rate-controlling deformation
mechanism above 1600°C and below 300 MPa is
didocation glide. Another important aspect of the creep
experiments on single crysta YAG by various
researchers is that the steady state creep rate of YAG is
amost independent of orientation and the stress
exponent is about 3.3. Figure 2 is a collection of
reported data plotted on one graph, and al of the data
points (not shown) lie close to the drawn line. The
conclusion of these studies is that single crystal YAG is
the most creep resistant oxide known at present. The
creep behavior of YAG is compared with several other
refractory oxide single crystals in Fig. 3. It clearly
shows that the creep rate of YAG is aimost an order of
magnitude lower than the creep rate of c-axis sapphire,
which is one of the best creep resistant oxides.
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Fig. 2. Steady state creep rate vs. stress of single crystal YAG from
acollection of publications (data points not shown). The creep rate

is dmogt independent of orientation and the stress exponent is
about 3.3.
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Fig. 3. Creep behavior of several oxide single-crystals at 100
MPa.

Fig. 4. Fracture toughness of single crystal YAG measured as a
function of crystallographic orientation of the specimen at various
temperaturesin air.

— Fracture Toughness of Single Crystal YAG

Since fracture resstance is a primary concern in
sructura ceramics, it is necessary to invedigate the
fracture toughness of YAG [31, 32]. With this rationde,
the present authors studied the fracture toughness of
single crystad YAG as a function of temperature up to
1600°C in air and vacuum. The fracture toughness vaues
measured at various temperatures in air are shown in Fig.
4 and are plotted as a function of crysallographic
orientation of the specimen. The measured fracture
toughness, using the single-edge-notched-beam (SENB)
technique, was 2.2 MPa ./m a room temperature and it
increased with temperature above 1200°C, reaching a
vaue of 45 MPa ./m a 1600°C in air. The toughness
increased further to 55 MPa ./m when tested under
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Fig. 5. Flexural strength and fracture toughness of polycrystaline
YAG asafunction of temperature.

vacuum (107° torr) at 1600 °C. The effects of crystallo-
graphic orientation and oxygen partial pressure on
toughness were studied at 1600 °C and both temper-
ature and testing environments were found to influence
the fracture toughness. However, as in the case of creep
tests, there was no significant effect of crystallographic
orientation.
— Mechanical properties of Polycrysalline YAG
The present authors fabricated polycrystaline YAG
without any sintering aid (eg., SIO,) using two
different processing routes, sintering and hot-pressing.
The sarting YAG powder was synthesized using a
mixed alkoxide method. The strength and fracture
toughness of the polycrystalline YAG as a function of
temperature were measured using 4-point bending and
SENB configurations, respectively (Fig. 5) [33]. The
hot-pressed YAG had a strength of 234 MPa at room
temperature and maintained its strength up to 1400 °C.
The sintered YAG showed a much lower strength value
(102 MPa) due to the high porosity (> 4%) and large
grain size (8 um compared to 3 um for hot-pressed
YAG). The fracture toughness of the hot-pressed YAG
was approximately 1.5 MPa ./m at room temperature
with a gradual drop to 1.3 MPa ./m a 1400 °C. The
sintered YAG showed similar behavior. The creep
behavior of the hot-pressed YAG was aso studied in
the temperature range of 1400°C to 1610°C using
constant strain rate compression tests under strain rates
ranging from 10™%/s to 10™¥/s [34]. The temperature
dependence of creep of single crystd and polycrystaline
YAG are compared in Fig. 6. The observed similar
activation energies in both single crysta and
polycrystals suggest that the creep of YAG is lattice
diffusion controlled. The stress exponent of the creep
rate, the activation energy in comparison with that for
single crystal YAG, and the grain size dependence
suggest that the Nabarro-Herring creep rate, limited by
the bulk diffusion of one of the cations (Y or Al), isthe
operative mechanism.
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Fig. 6. Temperature dependences of the single crystd and poly
crystaline YAG show that the apparent activetion energies are
smilar.

YAG Fibers
- Single Crystal Fibers

The aforementioned superior creep resigance of single
cysd YAG indicates that YAG is a perfect candidate for a
reinforcement fiber for high temperature ceramic matrix
composites. The absence of crystalographic orientation
dependence and isotropic cubic structure gives YAG a
significant advantage over sapphire fibers. Under this
rationale, Saphikon, Inc., carried out a research effort
(under U.S. Air Force contract, '94) [35] designed to
produce a large quantity, reasonably small diameter
YAG fiber through the Edge-defined-Film-fed-Growth
(EFG) technique. As expected, the EFG YAG fiber
showed excellent creep resistance (1.48x10%/s at
1600 °C and 200 MPa) and 2.36 GPa room temperature
strength. However, due to the intrinsic difficulties
(phase instability, difficult growth parameter control,
etc.) of producing YAG fibers via EFG and the high
degree of variability (fiber orientation and strength),
Saphikon concluded that single crystal YAG fiber has
poor manufacturability potential. No other effort has
been pursued for single crystal YAG fiber growth.
- Polycrysalline Fibers

The present authors aso compared the creep properties
of polycrystalline YAG to that of adumina with similar
grain sizes and found that polycrystalline YAG has a
lower creep rate than dumina [34]. This comparison
cearly indicates the potential of polycrystalline YAG as
refractory fibers. Under a U.S. Air Force funded program,
two organizations, General Atomics [36] and the
University of Michigan [37], invedtigated the processing
of smal diameter polycrystalline YAG fibers. Chen et
al. [36], identified a reproducible method for the
synthesis and processing of a sol-gel derived precursor
YAG viscous solution through organic acid modifications
of metal akoxides. Using the viscous solution,
continuous long length, flexible precursor, 30-50 mm
diameter monofilaments were spun a ~50 m/minute.
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These pure YAG fibers (sintered at 1600-1650 °C) had
low room temperature strength because of alarge grain
size, weak grain boundaries, and large residual poresin
the fibers that could not be eiminated.

Researchers at the University of Michigan studied the
feasibility of producing YAG fibers from colloidal sols
and meta-organic precursors [37,38]. King and
Holloran [37] used commerciadly available colloidal
sols of Y,053 and AIOOH, while Lin et al. [38], used
mixtures of either yttrium acetate hydrate and
aluminum formate hydrate or yttrium isobutyrate and
aluminum isobutyrate. King and Holloran [37] added
polyethylene oxide to their mixed sols to aid
stabilization as well as a spinning aid at various stages
of aging. After the addition of water to the mixture, the
green fibers were easily spun into a diameter of 150
pum. Lin et al. [38], also drew fibers either by hand or
by a commercia spinneret after purification and
evaporation of the precursor mixtures into viscous
solutions. The thinnest diameter of the drawn fiber was
~20 um. In both cases (colloidal sol mixture and metal-
organic precursors), the green fibers produced were
dense and mostly defect free. As in the case of
commercia ceramic fibers (eg., 3M's Nextel ™ series),
the green fibers have to maintain their structural
integrity during drying and crystallization/sintering
processes. These two steps involve large amounts of
volume shrinkage. The primary difference between the
YAG fiber and the Nextd™ series fibers is the
crystalization and sintering behaviors of YAG.
Nexted ™ series fibers (alumina or aluminosilicate) are
rather easy to crydtdlize and sinter, due to the high
sinterability of aumina and the viscous nature of
silicates (with a small addition of a sintering aid, like
borid). As will be briefly discussed in the YAG powder
production section, the crystallization of YAG from
chemica precursors follows very complicated stages
with increasing temperature before the find YAG
crystdlization. Not only the complicated crystalization,
but also the high creep resistance of YAG plays an
opposite role in terms of sintering (low lattice diffusion
rate). The evidence of this low diffusion rate is that the
grain growth rate of polycrystaline YAG is extremely
dow until the temperature reaches near 0.85T,, [34].
These factors (crystallization and sintering) are the
current impediments to the full scale YAG fiber
production. Other researchers [39-41] have aso
experienced similar drawbacks, as described above.

Other Applications of YAG
-YST

The authors studied another application of YAG as a
matrix materia for a ceramic composite (Y ST:YAG,
SiC,, and TiC) cutting tool materia for the improved
machining of titanium aloys [42]. The rationde of
usng YAG as a matrix was based on the thermodynamic
and reaction couple studies of the cutting tool material,
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Fig. 7. SEM photomicrograph of YST (light = YAG, grey =TiC,
and dark = SIC,).

as well as YAG single crystas, with commercia grade
titanium. The reaction couple study showed the
formation of a thin passivating layer of Y,0O3 next to
the composite, which is exceptionally resistant to attack
by titanium. This cutting tool is electrically conductive
and was easily machined using electro-discharge
machining. A typicad microstructure of the YST is
shown in Fig. 7. Further details (processing, micro-
structure, and properties) of this materia can be found
in this issue of the Journa [43].

- Fiber Coating and Matrix for CMCs

Ceramic matrix composites have been studied for
amost three decades based on the fact that high
damage tolerance can be achieved through distributed
damage mechanisms. These mechanisms are dependent
on matrix cracks deflecting into matrix/fiber interfacia
debonding cracks. One way of achieving the interfacia
debonding crack is the introduction of a weak coating
on the fiber. YAG was utilized for this purpose in the
form of porous coatings on Nextel ™ 610 fibers [44]. A
polymeric solution-derived YAG with a fugitive carbon
phase was used to develop the porous fiber coating.
The porous YAG fiber coating did not reduce the
strength of the tows when heated in argon, and they
degraded the tow strength by only ~20% after heating
in ar a 1200°C for 100 hrs. Minicomposites containing
porous YAG coated fibers were nearly twice as strong
as those containing uncoated fibers. Long-term exposure of
the composite induced the densfication of the porous
YAG coating, which made the coating ineffective.
However, below the threshold of porous YAG coating
densfication, the porous YAG coating is effective for
crack deflection.

YAG was aso used as a filler material for Nextel ™
610 fiber reinforced porous alumina matrix composites
[45, 46]. Various ratios of alumina and YAG were used
as matrices to determine the effect of YAG on the
retained tensile strength of the composites after heating
to 1100 and 1200 °C. A plot of average tensile strengths of
various composites containing either YAG or a yttrium-
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Fig. 8. Average tendle strengths of Nextel ™ 610 fiber reinforced
Aluminabased compositewith YAG and/or yttrium additionin the
matrix.

doped matrix versus heat-treatment conditions is shown
in Fig. 8. It was found that in al cases, the YAG
containing composites gave higher ultimate stresses
and greater strains to failure than the all-alumina
composites, when processed at 1200 °C for times up to
100 hrs. No correlation was found between strength
and the amount of YAG in the matrix; however,
composites with matrices containing YAG vs. alumina
as the binder phase had higher strengths. YAG was
found to greatly hinder densification of aumina at
1200 °C, similar to the case of mullite in Nextel ™ 720
fiber reinforced auminamullite matrix composites
[47]. The observed high strength retention of YAG-
containing composites may be attributed to the matrix
resistance to densfication during high temperature

exposure.
Functional Applications

Since the first report of the successful production of
optical quality polycrystalline YAG, a series of concen-
trated research efforts were carried out throughout the
world. It has reached the stage that some of the doped
YAG materials are available commercialy. In the
following subsection, we will start with the various
processes used to produce stoichiometric YAG powder.
It has been our experience that the correct stoichio-
metry is the most important pre-requisite to achieving
high optica quality, transparent polycrystaline YAG.
This will be followed by discussions on some of the
functional applications of transparent polycrystaline
YAG, including the densification processes.

YAG powder Synthesis
YAG powders are commercialy available through
Ceralox (Condea Vista Company, Tucson, AZ 85706).
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This commercia powder is produced through the high
temperature reaction of Al,O; and Y,0;, followed by
extensive particle size reduction steps (e.g., crushing,
milling, etc). Consequently, the average particle size is
large and has a wide particle size distribution. Due to
the high temperature solid-state reaction process, it
often contains un-reacted starting congtituent phases. In
order to overcome the problems (i.e, particle size,
stoichiometry, phase purity, etc.), the production of
YAG was pursued via various chemica processes. The
reported YAG powder syntheses are by a mixed
akoxide process [34, 48, 49], by metalloorganic precursors
[50], by co-precipitating water-based precursors (nitrates,
sulfates, chlorides, citrates) with different precipitants
(urea, ammonium hydroxide, ammonium hydrogen
carbonate, etc.), or some combination of precursors and
variations of processes (combustion, flame pyrolysis,
etc.) [51-75]. The difficulties involved in YAG powder
production are the direct crystalization of YAG from
precursor materials and the control of the final particle
size. Typicd sol-gel processng of YAG powder
invariably results in the formation of intermediate
yttrium duminates (Y 4Al,Oy and YAIOs) with temperature
before the finad transformation to YAG, even though
the overal starting composition of Y,O3; and Al,O; is
3:5. The temperature where the intermediate yttrium
auminate phase forms and the ultimate YAG
transformation occur varies a little with the precursors
and processing methods. However, the most important
factor, which governs the direct crystalization of YAG
from the precursors, is the atomistic mixing/bonding of
yttrium and auminum and their close proximity
throughout the whole duration of the processing stages.

Recently, the present authors synthesized YAG
powder through two different combustion processes.®

*Aqueous precursors

Combustion. ~220°C agglomeration
7y

Calcination

sintering aid ~0.2
< wt.% SiO,

Ball milling,

| Cold isostatic pressing l

| Sintering, ~1550-1650°C ]

‘ Hipping, ~1500°C l

‘ Transparent YAG E" Characterization

Fig. 9. Processing flow chart for YAG powder synthess and
densification.
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The schematic processing flow chart is shown in Fig. 9.
First, apartial combustion (PC) route was attempted by
mixing commercial a-Al,03 (AKP53, dsp:0.2 um,
Sumitomo Chemical) with an aqueous yttrium nitrate
solution at a mole ratio of 5:3 of Al:Y, and to this, the
appropriate amounts of reductants (amino-acids) were
added. Second, a full combustion (FC) process was
evaluated by dissolving yttrium nitrate and aluminum
nitrate in water with a mole ratio of 5:3 of aluminum
and yttrium, and the proper amounts of reductant
(amino-acids) and oxidant (ammonium nitrate) were
aso added. After drying water from both precursors,
they were combusted at temperatures around 200°-240
°C. The as-combusted PC-YAG and FC-YAG were
further calcined at 1000° and 1100°C with holding for
2 hours. The as-calcined powders were mildly ball
milled for 24 hours with high purity alumina grinding
media (Tosoh) using ethyl acohol as a liquid medium.
The dumina balls were weighed before and after ball
milling to monitor potential contamination and a
negligible amount of contamination was observed.
Both of the as-combusted powders were snow-like
flaky and porous large agglomerates. The agglomerates
were very soft and could be readily de-agglomerated
during ball milling. The agglomerates also were well
dispersed during ultra-sonification. The morphology
and size of the FC-YAG powder, calcined at 1000 °C,
are shown in Fig. 10. The primary particle size of the
1000 °C cadcined FC-YAG was estimated to be ~30
nm, whereas the PC-YAG consisted of 50-100 nm
sized particles. The results of x-ray analyses of FC-
YAG are shown in Fig. 11. The as-combusted FC-YAG
consists of a small amount of hexagona YAP (YAIO; :
ICDD file No. 16-0219) with an amorphous phase.
After a 2 hour calcination at 1000°C, only the single
phase cubic YAG was detected. Further heating at 1600
°C confirmed the single phase cubic YAG with an
increase in peak intensity.

Fig. 10. SEM photomicrograph of FC-YAG powder after
calcination at 1000 °C.
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IR/Laser Window M aterials

As mentioned in the introduction, YAG possesses a
high efficiency of energy transfer and radiation damage
resistance, which has made it a popular laser host
materid. Another attractive goplication of polycrystdline
YAG is as IR and laser window materials. Since the
transmittance of YAG extends from the UV (0.2 um)
range to the mid-IR (5.5um) range, YAG can be
potentially used as IR and laser windows, along with
missile domes. It is reported that high power laser
window materials should possess a very low distortion
during use and a high hardness (for scratch and erosion
resistance) while retaining its structure and optica
properties for the lifetime of the component, which for
airborne missile applications is about 20 years [76-81].
Optical flatness is the desired property and YAG is
cubic in crystal structure, which imparts optical isotropy
(unlike sapphire), and it exhibits no birefringence.
Although YAG does not have a negative thermo-optic
coefficient, it has very low values for both the thermo-
optic coefficient and the therma expansion coefficient
in the temperature range of 100 to 300 K [82], as well
as a much better thermal conductivity than FS (fused
silica) or low-OPD (optica path difference) glasses,
which are the currently used materials. Further, it has a
very low absorption coefficient, making its optical
figure of merit comparable to FS and low-OPD glasses
[83]. These factors, along with its far superior wear/
abrasion resistance, higher fracture toughness/strength,
and ultra-high environmenta stability, make polycrystdline
YAG an ideal choice for bulkhead laser window
applications in airborne and space vehicles.
— Transparent Polycrystalline YAG Processing

For IR/laser applications, high optical transparency is
demanded, and single crystal YAG can be preferred. As
mentioned earlier, transparent polycrystalline YAG,

which possesses similar optica qudities as single
crysta YAG, can successfully be fabricated through
vacuum sintering processes with highly reactive solid
precursors or YAG powders [12-22]. The production of
high quality transparent YAG hinges on the complete
elimination of pores, since significant optica scattering
can occur from the residual pores. The total volume of
the residual pores must be restricted below a few ppm
in order to achieve the desirable optical quality.
Because of such an extreme requirement, the current
processes that produce transparent polycrystalline YAG
have mostly been conducted under high vacuum (< 107
torr) and high temperatures (> 1750 °C) with lengthy
soaking periods (> tens of hours).

Recently, the present authors studied the fabrication
of transparent polycrystalline YAG through a sinter/
HIP process using the YAG powder produced in the
authors lab via combustion process [23]. By combining
these two technologies (powder synthesis and a two
step consolidation process), we were able to produce
transparent polycrystalline YAG that exhibited an
excellent optical quaity comparable to single crysta
YAG. As shown in the processing flow chart (Fig. 9),
the process can be carried out at much lower temper-
atures with shorter processing times and can be easily
scaled up. Thus, it is believed to be highly economic. A
brief description of the consolidation process will be
presented. Due to the limited space for the current
article, we will limit our discussion of polycrystalline
YAG processed using the FC-YAG powder only.

The calcined powders were mildly milled and further
processed with binder (PEG), and finally granulated by
passing through a 200-mesh nylon seve. The granulated
powders were cold pressed into a disc shape with
dimensions of 12.7 mm (1/2") diameter and 3 mm
thickness. The cold pressed discs were further cold
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Fig. 12. SEM photomicrographs 2 atom. % Nd-doped YAG, cacined at 1000° and 1100 °C, sintered at 1650 °C, and HIPed at 1550 °C.
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Fig. 13. Transmittance of HIPed (a) FC-YAG at 1500°C and (b) PC-YAG at 1550 °C, and (c) single crystal YAG. (inset picture corresponds

to HIPed FC-YAG).

isostatically pressed at 200 MPa and the measured
green density was 45°-50% of the theoretical density
(Pvac =455 g/om®). The cold-isostatically-pressed discs
were heated at 700°C in air for binder removal. The
cacined discs were sintered in air at temperatures
between 1550° and 1650 °C for 5 hours in an alumina
tube muffle furnace. The tranducent as-sintered bodies
were sngle phase YAG, identified with x-ray diffraction
analysis, and the densities were 95.0-99.0% theoretica
density (measured by Archimedes method). Finaly, the
as-sintered YAG was hot isostatically pressed (HIPed)
at temperatures of 1450°-1550 °C for 5 hours under 200
MPa argon pressure. Fig. 12 shows the microstructure of
HIPed YAG specimens. The pores were apparently
completely eliminated during HIPing, and the grains
are uniformly distributed with sizes ranging from 1-2
pm. Both HIPed YAG showed a similar grain size
digribution even a dightly different HIPing temperatures.
The average grain size of the HIPed YAG (1-2 um) is
considerably smaller (about an order of magnitude)

than the published vacuum sintered polycrystaline
YAG (10-20 pm). It is therefore anticipated that the
HIPed YAG would posses superior mechanica properties
than the vacuum sintered YAG.

The HIPed samples were surface ground and
polished with a 1 um diamond durry for optica
transmittance measurements. The transmittance in the
wavelength from the visible (400 nm) to near |.R.
(2500 nm) was measured by a Cary 5E spectrophoto-
meter. The sample dimension for transmittance measu-
rements was 12 mm diameter with a 2 mm thickness.
The transmittance results are plotted in Fig. 13 aong
with a single crystal Nd doped YAG with thickness of
1.2 mm. The transmittance of the HIPed FC-YAG
looked nearly identical as the single crystal. The small
deviation can be attributed to the dightly different
polishing quality. The great advantage of PC-YAG
can be found in its simple powder production and
highly economic aspect; however, further processing
optimization is needed.
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High Intendty Discharge Lamp Material

Another interesting potential application of poly-
crystaline YAG would be as arc tubes in high-pressure
sodium or metal hdide (eg., Na, Cd or Hgly)
discharge lamps [84, 85] Lucdox™ has been used
successfully for many decades. Lucalox™ is a patented
material from GE and is a tranducent alumina, which
was based on the pioneering work by Coble [86] MgO
was used as an additive and its role is still somewhat
controversial; however, it does reduce grain boundary
mohility and thus prevents discontinuous grain growth
[87]. The suppression of grain growth promotes the
reduction of pore entrgpment in the grain and
effectively eliminates pores during sintering. An almost
theoretical density is needed to achieve the desired
transdlucency for lighting applications. The corrosion-
resistant Lucalox™ made it possible to contain sodium
vapor at high temperature, which produces golden-
white light at high efficiency. Recently, Krell et al.
[88,89] reported highly tranducent Al,O; having
grain sizes of 0.4-0.6 um and high hardness and
strength (20-21 GPa and 600-700 MPa). The intention
of their work (improved mechanical properties) was
to develop metal halide lamps with transparent and
strong Al,Oz; lamp envelopes, which resist the high
internal pressure of the discharge plasma. They were
successful in achieving 55-65% rea in-line trans-
mission through the polished 0.8 mm thick plates. Wei
et al. [90], studied the sodium attack on tranducent
polycrystalline aumina. They found the degradation
(reaction of sodium and alumina to form sodium
aluminates and auminum) of the aumina depends on
the grain boundary diffusion of auminum (reaction
product) through the alumina wall. They claimed a
significant improvement against sodium attack was
achieved through the reduction of the MgO addition,
doping with tetravalent cations (e.g., Zr**) to charge-
compensate the Mg a aluminum lattice sites, and
form a second phase to absorb MgO in-situ. YAG
has an excellent corrosion resistance to sodium or
metal halide vapors compared to alumina. The light
transmittance of transparent YAG is far superior to
polycrystalline alumina (Fig. 13), simply owing to the
isotropic cubic structure of YAG. Recently, Konoshima
[91] (Konoshima Chemical Company) and Toshiba
[92] (Toshiba Lighting & Technology Corporation)
obtained patents using YAG as high-voltage discharge
lamp materia. Due to the reaction of rare-earth
halides, which provides higher radiation efficiency
than metal halides (e.g., Nal, Csl or Hgl,) with
YAG, the patents involve corrosion-resistant coatings
inside of YAG tubes or a YAG lamp designed to
circumvent the reaction. The current research activities
of usng YAG as high intensity discharge lamp
envelope material clearly exhibits another versatile
utilization of transparent polycrystalline YAG.

377

Concluding Remarks

The current status and the advances of two different
classes of applications, high temperature structural and
functional, of polycrystalline YAG have been reviewed
in this paper.

As is evident from the discussions in the preceding
sections, polycrystalline YAG provides many options to
the materials scientists to sdlect YAG as materids for
their specific needs and applications. One particular
area, which the current authors believe needs to be
further explored, is the development of small diameter
polycrystalline YAG fibers for CMC reinforcements.
The current limitation of the full utilization of oxide
CMCs in high temperature gas turbine engine
applications is the non-availability of suitable creep-
resistant reinforcement oxide fibers. Since most of the
components are creep limited, availability of highly
creep resistant refractory YAG fibers will provide
numerous options to the materiads scientists and
engineers for their particular applications.

For functiona applications, the importance of YAG
powders in terms of purity, stoichiometry, and size for
the fina transparency were discussed. Limited dis
cussions of polycrystalline YAG for IR and laser
windows clearly show the potential future applications
of YAG in this unexplored field. The advantages of
doped polycrystdline YAG, in the field of laser
applications, over the current single crystals are
numerous and the commercia application of this cost-
effective polycrystaline YAG seems unlimited. Another
potential application of the polycrystalline YAG as a
high intensity discharge lamp envelope material needs
to be explored further for the development of the next
generation lighting industry.
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