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ABSTRACT

Neutron flux measurement has a critical role in reactor safety. A potential novel sensor develop-
ment is through the use of fissionable and fissile isotopes doped into yttrium aluminum garnets
(e.g. U:YAG). To develop this sensor, the material must be fabricated to allow for the emission of
photons upon excitation. Due to the complex processes required for the fabrication, a review that is
focused on solid-state reaction, co-precipitation, and pressureless sintering is provided. This review
aims at revealing the relationship between processing parameters and their effects on resultant
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microstructure and light transmittance to yield the optimal processing for the material.

IMPACT STATEMENT

The paper is significant at providing insights on the fabrication of transparent polycrystalline doped
YAG and accelerate the development of the advanced neutron flux sensor.

1. Introduction

Measuring neutron flux over time in nuclear experiment
reactors, especially transient reactors, presents a difficult
challenge. This is because power burst occurs over a short
period and reactor power needs to be coupled to the
experiment phenomenon with high precision. Similarly,
the emergence of autonomous small or micro reactor sys-
tems will require accurate active power measurement.
Moreover, the neutron flux sensor instrumentation needs
to be small due to the compact reactor core size as well
as robust in extreme environments. Current neutron flux
sensors do not meet these requirements. To develop the
desired neutron flux sensor, the sensor material is critical.

Fission energy produced from fissionable (e.g. U-238)
and fissile (e.g. U-235) isotopes is suspected to provide
sufficient energy to cause luminescence in a host mate-
rial. The intensity of luminescence may be correlated to
the neutron flux, therefore providing a method of mea-
suring reactor power with a rapid response time. Yttrium
aluminum garnet (YAG) is one such host material that
can accommodate the fissionable/fissile isotopes into its
crystal lattice. YAG has been used widely as a gain mate-
rial for solid-state lasers in the form of neodymium (Nd)
doped YAG (Nd:YAG) as well as a scintillator in the form
of cerium (Ce) doped YAG (Ce:YAG). The Nd:YAG crys-
tals are used in medicine, dentistry, manufacturing, and
defense [1]. The Ce:YAG crystals are used as a highly

effective gamma-ray scintillator [2]. The quantum prop-
erties of YAG allow light emission of specific wavelengths
when energy is provided to the material. The high ther-
mal stability, chemical stability, and mechanical strength
of YAG, make the material an ideal candidate for neutron
flux sensor in extreme environments. Therefore, fission-
able or fissile isotope doped YAG (mainly U:YAG) is
a promising candidate scintillator material to measure
neutron flux over time in extreme environments.

The YAG or doped YAG has been successfully fab-
ricated in both single crystal and polycrystalline forms.
Single crystal is generally made by the crystal growth
method, which takes weeks to months and the allow-
able concentration of dopant in the crystal is limited.
While a higher concentration of dopant is desired as it
extends the scintillator’s life. Conversely to the crystal
growth method, the synthesis and processing method can
make transparent polycrystalline YAG or doped YAG in
a short period of time and allows a higher concentra-
tion of dopant. Transparent polycrystalline exhibits same
light transmittance as single crystal, and thus has many
advantages over single crystal, including reduced produc-
tion cost and time. Moreover, a higher concentration of
dopant can be added to the polycrystalline form than the
single crystalline form.

Fabrication of transparent polycrystalline U:YAG is
critical to support the development of advanced neutron
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flux sensor, however, the fabrication methods are fairly
unexplored. The first report of successful fabrication of
U:YAG powder is from Zhang et al. [3], for which the
co-precipitation method was used. The same group also
sintered transparent U:YAG using co-precipitation and
vacuum sintering methods [4]. Gong et al. [5] sintered
transparent U:YAG using solid-state reaction (SSR) and
vacuum sintering methods. Although literature resource
of U:YAG is rare, fabrication of transparent polycrys-
talline YAG has a long history, and the experience is use-
ful for the development of U:YAG. Fabrication of trans-
parent polycrystalline Nd:YAG with comparable quality
to that of single crystal Nd:YAG was first reported in
1995 [6]. Since this initial report, there have been a sig-
nificant number of publications regarding the fabrication
of doped YAG through various methods. From these
reports, it is known that YAG can be doped with a vari-
ety of lanthanide series elements (Nd, Yb [ytterbium], Er
[europium], and Ce) [7].

The fabrication of transparent polycrystalline U:YAG
is a complex process. Microstructure and light trans-
mittance properties are affected by each processing step,
from powder synthesis to sintering. Each of these steps
has multiple parameters which must be optimized. To
find the optimal processing parameters for U:YAG, this
work reviews the techniques and methods that have been
used to fabricate transparent polycrystalline Nd:YAG,
Ce:YAG and others, with a focus of analyzing the dif-
ference in results obtained by method variations, and
suggesting the appropriate methods and parameters to
fabricate transparent polycrystalline U:YAG. The review
would provide insights on the fabrication of transparent
polycrystalline U:YAG and accelerate the development of
the advanced neutron flux sensor.

2, Transparent ceramic vs. single crystal

Single crystals are formed through crystal growth pro-
cesses which require extended periods at high temper-
atures. Crystal growth has numerous difficulties associ-
ated with the process, including high temperature, slow
growth rates, non-uniform composition, brittle products,
and extensive optimization of growth parameters [8].
Consequently, General Electric was the first to develop
transparent polycrystalline ceramic fabrication methods
through sintering of powders to high-density [9]. Sinter-
ing powders to form solid structures is a well-established
technology that has been employed for thousands of years
to fabricate various ceramic materials. However, the abil-
ity to sinter ceramics to a sufficient density for light trans-
mittance is relatively recent. When highly optimized, the
polycrystalline synthesis method has many advantages
over the crystal growth process, primarily, reduced time

and cost, increased mechanical strength, production scal-
ability, and complex shape formation. As an example,
the traditional method for producing single crystalline
Nd:YAG material uses the Czochralski crystal growth
process. Fabrication of the single crystal Nd:YAG requires
about one month (the growth rate of Nd:YAG is approxi-
mately 0.2-0.5 mm/h) at a temperature of 1970°C [8,10].
Due to the difference in ionic radius of Nd compared to
Y, the segregation coefficient of Nd in YAG is approxi-
mately 0.2. This restricts the maximum concentration of
Nd that can be doped into YAG single crystal to approx-
imately 1-1.5 at. % [8,10]. An additional complication of
the Czochralski crystal growth process is the extensive
post-processing as the grown crystal has an amorphous
shape.

In comparison, transparent polycrystalline YAG cera
mics can be produced in a few days with increased dopant
concentration and in controlled geometries. The pro-
cedure follows three general steps: powder preparation,
green body formation, and sintering. The exact param-
eters of the sintering procedure are highly dependent on
the powder preparation and sintering method. In general,
the sintering profile for YAG with sintering aids in a vac-
uum furnace requires a temperature of 1750°C for 8 h to
achieve transparency. Other sintering methods, such as
spark plasma sintering (SPS), hot isostatic press (HIP),
and two-step sintering (TSS), can often reduce the sinter-
ing time required. As mentioned before, higher dopants
can be achieved by the sintering method than crystal
growth method because a solid-liquid interface which
promotes segregation is not present during the process.
A dopant concentration of 9 at. % in the Nd:YAG still
remains transparent [11]. This concentration is signif-
icantly higher than the ~1 at. % maximum of crystal
growth method.

Producing transparent polycrystalline ceramics is
challenging because the elimination of defects is criti-
cal to prevent light scattering. A theoretical model for
the scattering of light in translucent alumina (Al,O3) by
Apetz and van Bruggen [12] provides a framework to
understand the impact of defects on transparency. The
transmission of light through a material is affected by four
phenomena: intrinsic scattering between grain bound-
aries (birefringence), surface scattering from nonuni-
form surfaces, scattering due to pores in microstructure,
and light absorption due to secondary phases. The intrin-
sic scattering of the sample can be mitigated by select-
ing a material that has an optically isotropic crystalline
structure. A cubic lattice does not experience light scat-
tering due to birefringence because the crystallographic
orientation of grains does not affect the index of refrac-
tion. Surface effects can severely reduce transmittance
as the incoming light is scattered prior to entering the



material. This effect can be eliminated by polishing the
material to a high degree. Secondary phases contained in
the microstructure can result in scattering or absorption.
These phases can form due to contamination, improper
stochiometric ratios, and additives. The use of additives
is of high importance during fabrication as they can often
aid in eliminating pores, preventing grain growth, and
reducing sintering temperature or holding time. How-
ever, only small quantities are permitted, to prevent sec-
ondary phase formation. Other sources of secondary
phases may be prevented through careful experimental
procedures. Finally, the most significant source of light
scattering in a high-purity sample is the presence of pores
in the microstructure. Because of the difference in the
refractive index between ceramic materials and the gas-
filled pores, they are highly effective at scattering light.
For polycrystalline alumina, a porosity (one minus rel-
ative density) of 0.1% decreases the real in-line trans-
mission (RIT) from 86% to 1% when the pore diameter
is similar to the wavelength of the light [12]. There-
fore, to obtain transparent polycrystalline ceramics, the
elimination of pores is critical.

The four conditions which affect light transmittance
are shown in Figure 1. In this figure, the red line indicates
the light traveling through the material; the line thick-
ness corresponds to the total amount of light that is able
to be transmitted. At the surface, light is scattered due to
the change in the index of refraction and the nonuniform
surface. The light then encounters a pore which results in
significant scattering due to the multiple changes in the
index of refraction. Next, a secondary phase is encoun-
tered, which may either scatter or absorb the light. Finally,
only a small amount of the initial light passes through the
material because of the defects which are encountered.
This diagram does not show the effects of birefringence.
If this were shown, the light would refract each time a
grain boundary is crossed.

3. YAG properties and crystal structure

YAG is a well-established gain material for solid-state
lasers as it can be doped with a variety of fluorescent ele-
ments. The wide variation in atomic substitution allows
for fine control over the wavelength of the laser. The
material is selected as an excellent laser host due to its
high efficiency attainable due to the mechanical strength,
thermal conductivity, and chemical stability. A selection
of the thermal, optical, physical, and mechanical proper-
ties is listed in Table 1.

The YAG phase is a stochiometric line in the phase
diagram of Y-Al-O, as shown in Figure 2. The garnet
phase is labeled as YAG, at which the ratio of ALY is 5:3.
There are three ternary compounds in the system: YAG,
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Figure 1. Schematic of light scattering while traveling through
isotropic polycrystalline ceramic. Adapted from Tsabit et al. [13].

Table 1. Selection of thermal, optical, physical, and mechanical
properties of YAG. Adapted from Kochawattana [14].

Optical Properties
Refractive Index

Primary Diode Pump Band
Fluorescence Lifetime
Thermal Properties
Thermal Conductivity (20°C)
Thermal Diffusivity (20°C)
Specific Heat

Liner Expansion Coefficient

Nonlinear Refractive Index
Dissipative Fracture Limit
Index Thermal Dependence (dn/dt)
Physical Properties
Molecular Weight

Crystal Structure

Lattice Constant

Melting Point

Density

Knoop Hardness
Mechanical Properties
Young’s Modulus

Tensile Strength

Poisson’s Ratio

1.8169 at 1064 nm
808.6 nm
230 ps at 1.0% Nd

0.129 W/cm-K

0.046 cm?/s

0.59 J/g-K

82x107%/K <100 >
77x107% /K <110 >
78x107%/K <111 >

6.13 x 10-20 m?/W at 1030 nm
175-200 W/cm

89 x 100K

595.3 g/mole
Cubic/garnet

1.201 nm

1950°C

4.55g/cm?

1350 + 35 kg/mm?

282 GPa
280 MPa
0.28

YAP (YAlO3),and YAM (Y4Al,O3). The two phases, YAP
and YAM, may be created as intermediate phases. The
exact variation in stoichiometry that would still produce
the YAG phase was determined by Singh et al. [15]. For
an excess of 1.0 at. % yttria, secondary phases cannot be
detected by X-ray diffraction (XRD), so transparent sam-
ples can still be sintered. However, the presence of any
excess Al,O3 is detrimental to transparency despite no
evidence of a secondary phase being found through XRD
analysis. Patel et al. [16] investigated the amount of excess
Al, O3 that could be held in the YAG lattice, the results
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Figure 2. Phase diagram for Y-AI-O system, adapted from [17].

indicate that only an excess of 0.2 at. % could be contained
before the formation of secondary phases.

The unit cell of YAG is cubic, a model is shown in
Figure 3. The isotropic nature of the cubic unit cell
ensures high transparency is obtainable as effects of bire-
fringence are not present. The high transparency of the
material increases the efficiency of photon emission as lit-
tle light is lost due to absorption or scattering. For each
unit cell in the Y3Al50;; lattice, there are eight formula
units containing a total of 160 atoms [18]. The represen-
tative formula for the crystal is C3A,D301;, in which
the AI** ions are located at the A and D sites. These
sites correspond to the trigonally distorted octahedral
and tetrahedral locations, respectively. The dodecahedral
site, C, contains the Y>* ion. These cation positions have
no degrees of positional freedom. This crystal lattice pro-
motes the substitution of lanthanide or actinide series
ions with a 3+ jonic state. The substitutions occur at the
dodecahedral sites of the Y>* ions for which a variety
of elements, Nd**, Ho**, Yb>*, Eu’*, etc., have been
successfully doped [7].

For the reader’s reference, Figure 4 is added to show
the XRD patterns of YAG, YAP, YAM, B, 03, SiO3, Y,03,
and Al,O3 as these phases may be found in the YAG-
based polycrystalline, in particular if the polycrystalline
is made by SSR method. These references are gath-
ered from the International Center for Diffraction Data

Figure 3. Unit cell of YAG, adapted from [19,20].

(ICDD) database [21]. The PDF card and citations are as
follows: YAG PDF 00-033-0040, YAP PDF 00-054-0621,
YAM PDF 00-034-0368, B,O3 PDF 01-084-9720, SiO,
PDF 00-046-1045, Y,O3 PDF 00-041-1105, and Al,O3
PDF 00-046-1212. The spectra of the phases indicate that
they are not overlapped with each other, particularly the
main peaks of the phases are not overlapped, and thus it



YAG
[N I OO O Y N O s
YAP
J Ll | 11 :
YAM
%, AdA i
g B,0,

l PR | | | ‘
Y,0;,
| |
} ALO,
[ | \ l | l l L A
15 35 55 75 95
20 (degree)

Figure 4. XRD reference patterns of YAG, YAP, YAM, B,03, SiO,,
Y503, and Al,0s.

is not challenging to identify the phase(s) in a processed
sample.

4. YAG ceramic processing

Since 1990s, there have been several reported meth-
ods for the fabrication of doped YAG samples. The
production of powders, selection of sintering aid, precur-
sor calcination, green body formation, and sintering pro-
cedure are each critical for determining the final trans-
parency of samples. Each step has multiple methods by
which it may be accomplished, each having its own set of
parameters. This section is a review of the published lit-
erature regarding the conventional sintering (pressureless
sintering) of transparent YAG.

Conventional sintering of YAG is often conducted in
a vacuum furnace, however, an oxygen atmosphere is
also feasible [22]. Two designs of high temperature vac-
uum furnaces exist. The difference between these furnace
designs is the selection of heating material. The tungsten
vacuum furnace and graphite vacuum furnace have simi-
lar capabilities but use different materials in the hot zone.
The former is constructed of tungsten and the latter is
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constructed of graphite. Post processing is often required
when using a graphite vacuum furnace due to the car-
bon contamination on the sample surface. On the other
hand, the oxygen furnace is heated using molybdenum
heating elements surrounding an alumina tube filled with
flowing oxygen [22]. Table 2 summarizes the parame-
ters of powder synthesis and sintering which have been
applied to produce YAG-based polycrystalline ceram-
ics. The fabrication steps of all the reviewed literatures
are different and the parameters such as time, temper-
ature, rotatory rate, pressure and so on are different to
some extent. No consensus appears to be made regard-
ing the exact steps and parameters, while the reviewed
literatures obtained good transparency. The commonly
applied steps of the fabrication processes are summarized
in the fabrication route map in Figure 5. The most crit-
ical steps and parameters and their effects are discussed
in the following context.

4.1. Powder source

Powder purity and morphology have a significant impact
on the ability to sinter transparent ceramic. High purity
ensures that no secondary phases are present in the mate-
rial. As previously stated, the YAG lattice can accom-
modate at most a 0.2 at. % excess of Al;O3 and an
excess of 1 at. % Y, O3 before the formation of secondary
phases [15,16]. To obtain highly transparent ceramics,
nearly all pores must be removed during the sintering
process. The initial porosity of the sample is dependent
on the morphology of the powder. Ideally, the powder
is expected to have a narrow particle size distribution
with an average diameter below 300 nm and consist of
spherically shaped powders to promote a high particle
packing density in the green body. Figure 6 depicts how
the powder size and shape impact the initial size of pores
within a structure. The open volume within the region
bounded by the triangle formed by connecting the cen-
ters of the particles will be minimized as the powder size
is reduced. Ensuring that the initial pore size is small is
critical for obtaining high-density ceramic. A pore larger
than the average grain size is thermodynamically stable
till grain growth has increased the grain size to destabi-
lize the pore [47]. Nonuniform powder containing hard
agglomerates (particle groups held together by forces
stronger than van der Waals forces) can significantly
increase the initial pore size as a high packing density is
unattainable.

YAG powders may be acquired through two methods.
The first method is SSR which mixes Al,O3 and Y,03
nanopowders followed by sintering to convert the oxides
to the YAG phase [5,6,32-35,40,41,46,22-27,30,31]. As
such, phase transition and sintering occur synchronously.



Table 2. Summary of powder synthesis and conventional sintering parameters of YAG-based polycrystalline ceramics.

Dopant (at. Sintering Sintering Dwell Temperature Transparency Grain Size Avg.
Material Powder %) Aid Aid (wt. %) °Q) Dwell Time (h) (%) at 1064 nm (um) Furnace Type Reference
YAG SSR? 0 Ca0, MgO 0.5,0.13 1840 8 84.6 53 Tungsten vacuum [23]
YAG SSR 0 MgO 0.03 1750 10 79 10 Tungsten vacuum [24]
YAG SSR 0 Ca0, MgO 0.54,0.13 1840 8 84.5 5 Tungsten vacuum [25]
YAG SSR 0 SiO; 0.14 1750 10 829 10.0-25.0 Tungsten vacuum [26]
YAG SSR 0 Si0, 0.14 1710 12 68 7 Tungsten vacuum [27]
YAG cpd 0 SiO; 0.14 1700 10 > 70 0.5-3 Tungsten vacuum [28]
YAG CcpP 0 - - 1800 18 83.56 4.8 Tungsten vacuum [29]
Nd:YAG SSR 1.1 Si0; 0.14 1750 20 ~ 80 50 Tungsten vacuum [6]
Nd:YAG SSR 1 Si0z, MgOo 0.145,0.1 1780 NR¢ 82 10 Tungsten vacuum [30]
Nd:YAG SSR 1 Si0z, MgO 0.112,0.08 1750 20 80.85 5 Tungsten vacuum [31]
Nd:YAG SSR 2 Si0y 0.3 1700 5 NR 5.20 Tungsten vacuum [32]
Nd:YAG SSR 1 Si0, 0.14 1720 30 82.45 15 Tungsten vacuum [33]
Nd:YAG SSR 1.1 Si0, 0.14 1750 20 85 20 Tungsten vacuum [34]
Nd:YAG SSR 1 - - 1760 20 83.28 11.8 Tungsten vacuum [35]
Nd:YAG CcP 1 - - 1750 7 80 5 Tungsten vacuum [15]
Nd:YAG CcP 1 Si0, 0.28 1600 8 82 18 Tungsten vacuum [36]
Nd:YAG CcpP 1 SiO, NR 1750 20 > 80 10 Tungsten vacuum [37]
Nd:YAG CcpP 0.4 - - 1700 20 NR 2 Tungsten vacuum [38]
Nd:YAG cP 0.6 - - 1750 20 NR 10 Tungsten vacuum [39]
U:YAG SSR 0.2 Cao NR 1900 10 ~ 80 0.5-8 Tungsten vacuum [5]
Cr:YAG SSR 0.1 Si0,, Ca0 0.14,1.59 1750 10 81 0.9 Tungsten vacuum [40]
YAG SSR 0 Si0z, MgO 0.11,0.08 1750 20 ~70 NR Graphite vacuum [41]
Nd:YAG CcP 2 Si0, 0.14 1780 10 83.8 10.17 Graphite vacuum [42]
Nd:YAG CcP 2 Si0, 0.14 1780 10 81 NR Graphite vacuum [43]
Nd:YAG CcpP 2 Si0, 0.14 1780 20 83.6 10 Graphite vacuum [44]
Nd:YAG CcpP 2 Si0; 0.14 1780 20 81.5 10 Graphite vacuum [45]
U:YAG CcP 0.5 Ca0 0.65 1800 15 NR 35 Graphite vacuum [4]
Nd:YAG SSR 1 Si0, B,03 0.14,0.07 1600 20 84 0.25-0.4 Ceramic tube with oxygen [22]
Nd:YAG SSR NR Si0; 0.14 1710 4 > 80 495 Ceramic tube with oxygen [46]

a5SR = Solid state reaction; P°CP = Co-precipitation; “NR = Not reported.
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Figure 5. Fabrication rout map for co-precipitation and SSR methods.

(b)

Particle surface

-% Evaporation-condensation

Figure 6. Schematic of particle packing prior to sintering (a) and after partial sintering which has resulted in a reduced pore size (b). X
is the distance between the center of the particles, this distance is reduced as sintering occurs. Replotted from L. F. Francis [48].

The second method is through chemical synthesis pro-
cesses (e.g. co-precipitation [4,15,44,45,28,29,36-39,42,
43], sol-gel [49-51], flame spray [52], etc.) which create
either a YAG powder or a precursor that will be calcinated
to form YAG. Searching open literature, it is found that
SSR and co-precipitation methods are applied more often
than other methods.

4.1.1. Solid-state reaction

The SSR method starts from the as-received high-purity
nanopowders of Al,O3 and Y,03; combined in proper
stoichiometric ratios. A dopant oxide powder (Nd,Os3,
YDb,O3, etc.) may also be added at this stage while adjust-
ing the stoichiometric ratio to account for the dopant.
The powders are mixed by ball milling to ensure adequate
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homogeneity and prevent the formation of secondary
phases in isolated regions. The phase transformation of
Al,O3 and Y;03 to YAG occurs synchronously with
sintering or during calcination prior to sintering.

Kochawattana [14] investigated the diffusion mecha-
nism between Al,O3; and Y,0O3 which inter-diffuse and
react to form YAG during heating. As significant heat is
applied, the AI>* atoms are capable of diffusing into the
Y03 particles. By reducing the powder size, the diffu-
sion distance is decreased, resulting in more rapid phase
formation and removal of secondary phases. Specifically,
the size of the Y, O3 particle is critical for these effects to
occur. A series of reactions occur during this diffusion,
converting the Al,O3 and Y,03 powders first to the YAM
phase, then the YAP phase, and finally the YAG phase
[53]:

1
Y205 + SALO3 — YAM (900 — 1100°C) (1)
YAM + ALO3 — YAP (1100 — 1250°C)  (2)

1
YAP + §A1203 — YAG (1400 — 1600 °C)  (3)

The formation of these phases is accompanied by large
volume changes, an expansion of 5.97% for the YAM
phase, a shrinkage of 17.44% for the YAP phase, and an
expansion of 11.46% for the YAG phase [6,14]. These
volume changes are significant and may adversely affect
the densification; therefore, a calcination step that forms
the YAG is implemented prior to sintering [26,31,35].
Bagayev et al. [35] reported on three methods for sinter-
ing SSR powders: no calcination, calcination of powder,
and calcination of powder compact (i.e. green body).
Calcination of the powder prior to green body and sin-
tering achieves the sample with the highest transparency.
The transmittance at 1064 nm-wavelength is 83.28%
using the second method, compared to 75.98% the third
method and 68.47% the first method. After calcination,
a ball milling step is required to break apart agglom-
erates that are formed during calcination. However,
this additional step significantly increases processing
time and potentially introduces contaminants into the
powder.

The advantage of the SSR method over chemical syn-
thesis methods is that high purity nanoparticles of Al;O3
and Y,03 are widely available in various particle size
distributions. Additionally, changes in dopant concentra-
tion and edits to the stoichiometric ratios of the Al,O3
and Y,O3 are relatively easy compared to long chemical
procedures required for other powder synthesis meth-
ods. The disadvantage of using the SSR method is that
maintaining stoichiometry during processing may be dif-
ficult as the material may absorb water resulting in mass

changes. Therefore, working in controlled atmospheric
environments is preferable when creating a batch of SSR
powder.

4.1.2. Co-precipitation

The alternative method to the SSR is through the chem-
ical synthesis of YAG powders. Multiple methods that
have been reported for achieving YAG and doped YAG
powders, including co-precipitation [4,15,28,29,36-39,
42-45], sol-gel [49-51], and flame spray [52]. The co-
precipitation method is discussed in the following para-
graphs.

The co-precipitation method has multiple param-
eters that can be adjusted to produce YAG precur-
sor powders of different morphologies and degrees of
homogeneity. In general, a cation solution of deionized
(DI) water, yttrium nitrate (Y(NO3)3), and aluminum
ammonium sulfate (NH4AI(SOy4),) is mixed. To pro-
duce doped YAG, the dopant is added at this stage by
adjusting the stoichiometric ratio between Y(NO3)3 and
a dopant nitrate such as neodymium nitrate (Nd(NO3)3),
uranyl nitrate (UO2(NO3)3), cerium nitrate (Ce(NO3)3),
etc. After mixing, a precipitant solution, consisting of
ethanol, DI water, and ammonium hydrogen carbon-
ate ((NH4)HCO3), is added' to the cation solution
for the precipitation purpose and obtain the precipi-
tates of Y,(COj3)s3, Y(OH)CO3, AIOOH, Al(OH)3, and
NH4AI(OH),CO3 with a diameter of less than 300 nm
[54]. The solution is then filtered using a Buchner filter
apparatus, or a centrifuge to obtain the precipitates. The
precipitate powders are then washed repeatedly and dried
in an oven.

The effects of adding ethanol to the precipitant solu-
tion were reported in Tong et al. [55]. The ratio of 0.2-1.2
alcohol to water is beneficial to YAG phase formation
when the powder is calcinated at 1000°C. The reason for
adding alcohol to the solution is to act as a dispersant
to promote a more homogeneous mixture of the precip-
itants. Another discovery is that the chemical reaction
should remain below 25°C to prevent secondary phases
from forming.

Important parameters to consider when employing
this technique are the molar concentration of the cations
in the solution and the ratio between ethanol and DI
water in the precipitant solution. Wang et al. [56] investi-
gated the effects of cation concentration on the formation
of YAG phase. Higher concentration (1.5 M) of cations is
not conducive to the formation of the YAG phase dur-
ing calcination due to the formation of YAM, as detected
by XRD analysis. Instead, a moderate concentration of
0.5 M of A>T promotes the formation of YAG phase at
a lower calcination temperature. The high concentration
results in large Y,Os3 particles, increasing the diffusion
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Figure 7. Change in transmittance of Yb:YAG sintered at 1750°C
for 15 h as a result of ball milling time (black solid: approximate
particle size; red circle: 600-nm wavelength; blue triangle: 1100-
nm wavelength). Plotted based on datasets from Chen et al. [57].

distance for the A’ ions. Thus, longer calcination times
and higher temperatures would be required to remove the
excess YAM phase. While using the lower concentration,
0.5M AI**, the particle formation is uniform between the
two materials. The particle size is approximately 100 nm,
which promotes YAG phase formation at a temperature
of 1050°C.

4.1.3. Effect of powder characteristics
Powder morphology is known to have a significant
impact on the transparency of samples after sintering.
As shown in Figure 6, initial porosity in a sample prior
to sintering is greatly affected by powder uniformity and
size. Chen et al. [57] studied the effect of ball milling
parameters on the transparency of Yb:YAG using the
co-precipitation method. A ball milling time of 12h is
determined to be optimal for reducing agglomerated par-
ticles. Extending ball milling past the 12 h results in the
creation of some large particles despite the average par-
ticle size continuing to decrease. These large particles
are formed due to small particles becoming attached to
the surface of larger particles. The change in particle size
and the effect of large agglomerates results in a change in
transmittance, as shown in Figure 7. The light transmit-
tance of Yb:YAG increases about 20% after the 12-hour
ball milling compared to no ball milling. The impact of
powder morphology on transmittance is significant.
Powder crystallinity was also observed to have a signif-
icant effect on the transmittance, as reported by Ma et al.
[43]. Crystallinity refers to the degree of structural order
inasolid. The degree of crystallinity is varied by changing
the calcination temperature and time of co-precipitated
powders. In general, the degree of crystallinity in the
Nd:YAG powder could be increased by increasing calci-
nation time and temperature; however, this also increases
particle size. Figure 8 shows the change in transmittance
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Figure 8. Effect of powder crystallinity on transmittance of
Nd:YAG samples sintered at 1780°C for 10 h. S1-53: calcination at
1100°C for 2, 4, 6 h, respectively. S4-S6: calcination at 1150, 1200,
1250°C respectively for 4 h. The sample S6 has the highest degree
of crystallinity. Reprinted with permission from Ma et al. [43].

for samples of different crystallinity degrees. Sample S6,
which has the highest degree of crystallinity due to the
calcination parameters 1250°C for 4 h, has the highest
transmittance at 81% for 1064 nm despite having the
largest particle size of approximately 260 nm. In compari-
son, sample S1 has a powder size of approximately 60 nm
but only has a transmittance of 52% at 1064 nm. Calci-
nation was conducted at 1100°C for 2 h for this sample.
Transmission electron microscopy (TEM) images reveal
that the S1 powder contains a 4-nm thick amorphous
or defect-rich layer while the S6 powder has no such
layer. This layer was undetectable by XRD; therefore, the
importance of crystallinity may not always be reported.

4.2. Calcination

Calcination is a critical step to convert the precursor
powders obtained from chemical synthesis into the YAG
phase. The procedure is also often implemented when
performing sintering using SSR powders to prevent large
volume expansion and contraction during sintering. The
effect of calcination on the formation of the YAG phase
has been reported in several publications [26,28,42,43],
though no consensus appears to be made regarding the
exact temperature and time which should be applied to
the precursor powders. Therefore, the calcination proce-
dure is likely entwined with the powder synthesis proce-
dure, which would account for the variation in results.
Sang et al. [28] investigated the effects of calcination
temperature on the ability of co-precipitated powders to
be sintered, concluding that the ideal calcination proce-
dure is 2h in air at a temperature between 1100°C and
1300°C. The XRD results of the calcination study are
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Figure 9. XRD results of powders calcinated at various tempera-
tures. Reprinted with permission from Sang et al. [28].

shown in Figure 9. From these XRD patterns, it is appar-
ent that as the calcination temperature raises the peaks
are sharper and narrower, indicating a higher degree
of crystallinity. Similar conclusions were also found in
others’ work, including Tong et al. [58]. However, the
method of YAG powder formation does have an impact
on the calcination temperature that should be applied.
Using the SSR, Fang et al. [26] investigated the effects of
calcination temperature on YAG transparent ceramics. It
was reported that a calcination temperature higher than
800°C improved the mechanical strength of the ceramic,
while a calcination temperature of 1100°C had a nega-
tive effect on the optical transmittance of the ceramic.
Thus, the best calcination temperature was reported to
be 1000°C for 6 h in air. Between the work of Fang et al.
[26] and Sang et al. [28], both the temperature and time of
calcination were impacted by the powder process. There-
fore, careful consideration must be made when choos-
ing a calcination temperature in combination with the
powder fabrication method.

Sang et al. [28] also investigated the impact of calcina-
tion on microstructure development during sintering. It
was stated that powders calcinated at a low temperature
of 900°C or 1000°C had excessively high sintering activ-
ity resulting in abnormal grain growth leading to pore
formation, as shown in Figure 10(a,b). While those pro-
duced at a temperature higher than 1100°C were found
to have a uniform grain distribution, increased trans-
parency, and fewer pores, as shown in Figure 10(c-e).

To produce U:YAG powders, the calcination atmo-
sphere, hold time, and temperature were inconsistent
between the works of Zhang et al. [3], Zeng et al. [4], and
Gongetal. [5]. A calcination procedure of 8 h at a temper-
ature of 800°C in an oxygen atmosphere after green body
formation was used by Gong et al. [5] for SSR powder.
Sintering was then conducted at 1900°C for 10 h resulting

in transparent U:YAG with the U*" ion substituting into
the Y>* lattice position. The difference in calcination
procedure between Gong et al. [5] and the other works
is accounted for due to the use of SSR powder compared
to co-precipitation powder. Zhang et al. [3] reported a
detailed study on how the calcination procedure effects
the charge state of the U ion substitution. It was reported
that a U** substitution into the Y>* lattice position was
attainable by calcinating in an atmosphere of N, with 3%
H; at 1000°C for 4 h. A following work by the same group
[4] performed calcination in an air atmosphere at 1250°C
for 4h. The samples were then sintered in a graphite
heated vacuum furnace at 1800°C for 15h resulting in
transparent U:YAG with the U%™ ion substituting into the
Y3 lattice position. The reason for the change in calcina-
tion procedure was not stated though the difference did
affect the resultant charge state of the U ion.

4.3. Green body formation

A high-density green body indicates a low initial porosity,
thus leading to a highly densified sample at lower tem-
peratures and shorter times during sintering. As residual
pores drastically reduce the transparency of ceramic, a
low initial porosity is desired. Figure 11 depicts how the
density of a green body is altered by the morphology
of powder and the distribution of powder sizes within
the green body. To obtain a high-density green body,
the morphology of powder is the most critical factor,
followed by the compaction method. To produce trans-
parent YAG ceramics, pores need to be eliminated. To
eliminate pores, powders need to be nanometer size and
uniform in shape.

In addition to the powder property, the pressure that
densifies powders into solid compact is another crit-
ical factor. The formation of YAG green bodies can
be accomplished through various methods, including
uniaxial pressing (dry pressing), cold isostatic pressing
(CIP), and colloidal processing. A schematic depicting
many consolidation methods is shown in Figure 12. Uni-
axial pressing or dry pressing uses a set of cylinders with
a false bottom that allows for the formation of a pel-
let under pressure. Uniaxial pressing is often reported
in combination with CIP but can also be used indepen-
dently. A pressure in the range of 200 MPa is reported for
independent usage, while 20 MPa followed by 200-MPa
CIP is reported when used in combination. A CIP con-
sists of a chamber of fluid in which the sample is placed
while the fluid is compressed, leading to a uniform pres-
sure applied to the sample in all directions. Careful atten-
tion should be taken to ensure that contamination of the
sample does not occur while in the fluid chamber. A pres-
sure of 200 MPa is commonly reported in procedures for
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Figure 10. SEM images of grain structure of sintered samples calcinated at different temperatures: (a) 900°C, (b) 1000°C, (c) 1100°C, (d)
1200°C, (e) 1300°C, (f) in-line transmittance plot of the sample shown in (e). Reprinted with permission Sang et al. [28].

fabricating transparent YAG samples. Colloidal process-
ing refers to multiple methods involving the use of a sus-
pension of particles in a fluid to form the desired shape.
These methods are known to produce a denser and more
uniform green body. This is because the immersion in a
fluid reduces the van der Waals attractions and allows for
better packing. Additionally, colloidal processing is better
able to remove agglomerates as the solution can be easily
filtered prior to consolidation. Methods of colloidal pro-
cessing include slip casting, tape casting, gelcasting, etc.

4.4. Sintering

Sintering is the process of consolidating the powder com-
pact into a solid by reducing the porosity from the initial

value of 40-50%. For transparent polycrystalline YAG,
the final porosity must be less than 0.1%. The reduction of
porosity is accomplished through the application of heat
and/or pressure, which facilitates densification through
grain rearrangement and growth [61]. Sintering temper-
ature is often 50-80% of the materials melting point to
ensure that geometric shape can be obtained while also
promoting densification. Sintering techniques primarily
apply heat to the samples to promote densification; how-
ever, pressure and electric current are often applied in
combination with heat. YAG is often treated with pres-
sure during sintering through either hot isostatic press
(HIP), hot press (HP), or spark plasma sintering (SPS),
as pressure is highly effective at eliminating pores. Sinter-
ing of transparent polycrystalline YAG has been achieved
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through various techniques including vacuum furnace
[4-6,15,23-45], SPS [7,62-76], HIP [77,78], microwave
[79], and two-step sintering [80]. However, the most
common method for YAG production is the use of con-
ventional furnaces. These have the benefit of producing
samples of unrestricted dimensions as complicated pres-
sure chambers are not required. Conventional sintering
of YAG is conducted in a vacuum to promote the dif-
fusion of gas out of the sample pores; however, recent
work by Stevenson et al. [22,81] and Huang et al. [46]
reported that sintering in oxygen is also feasible. This
review focuses on conventional sintering in both oxygen
and vacuum.

The mechanisms of sintering have been described in
numerous literatures [61,82,83], a brief summary of these
mechanisms is provided based on these literatures. Sin-
tering is a thermodynamically irreversible process and is
accompanied by the reduction of free energy in the sys-
tem. The driving forces for the reduction in free energy
are curvature of particle surfaces, externally applied
forces, and chemical interactions. The particles within
the green body undergo geometric change during sinter-
ing which is divided into three stages. In the initial stage,
necks form between adjacent particles, increasing the
contact area of the particles and improving relative den-
sity to ~60%. The intermediate stage of sintering begins
when grain growth first occurs. The microstructure of
the material during this stage consists of a pore phase
and a grain phase. Pores remain connected throughout
the material and are bounded by grain boundaries which
results in irregularly shaped pores. As the connections
between the pores are closed, the final stage of sintering
has begun. Pores that are connected to grain boundaries
can then continuously shrink until eliminated. However,
a second version of the final sintering stage can occur
if non-uniform grain growth is present. In this process,
pores may become isolated from grain boundaries and
become unable to shrink in size. This is because pores
are a collection of vacancies in the lattice; therefore, with-
out access to grain boundaries, which act as sinks for the
vacancies, elimination cannot occur.

Two parameters are often used to describe the
microstructural evolution of a material during the sin-
tering process. These are the average grain size and the
relative/theoretical density. Relative/theoretical density
is commonly stated as a percentage of the theoretical
maximum density of a material. The converse of relative
density is the porosity of the sample, which is related as 1
minus the relative density. Additionally, linear shrinkage
or volume shrinkage can be measured during heating to
determine the stage of sintering.
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4.4.1. Sintering in vacuum atmosphere
The first report of successful fabrication of Nd:YAG poly-
crystalline transparent ceramics with qualities similar to
that of single crystals was made by Ikesue et al. [6] in
1995. The samples were fabricated using conventional
sintering in a vacuum at 1750°C for 20h. A sintering
aid of 0.14 wt. % SiO, was added to the SSR powders
used in the fabrication. The in-line transmittance of the
sample at 1064 nm was approximately 80%. Sintering in
vacuum atmosphere has continued to be the most promi-
nent method in literature for sintering transparent YAG.
Sintering in vacuum is common for transparent ceramics
as the pressure difference between gas trapped in pores
and the vacuum leads to more rapid pore elimination.
Table 2 summarizes the results of many reports using
conventional sintering in vacuum with either a tungsten
furnace or graphite furnace. A few of these works are
discussed in detail in the proceeding paragraphs.
Fabrication of transparent polycrystalline U:YAG was
reported by Zeng et al. [4] and Gong et al. [5] using
conventional sintering in a vacuum. Both works used
separate fabrication methods, Zeng et al. [4] using co-
precipitation and Gong et al. [5] using SSR, though sim-
ilar results were obtained. In addition to the difference
in powder processing, both groups used different fur-
nace types. Zeng et al. [4] used a graphite heated vacuum
furnace to sinter powder compacts at 1800°C for 15h,
obtaining a sample with a maximum transmittance of
78% in the visible spectrum. Gong et al. [5] instead used
a tungsten heated vacuum furnace at 1900°C for 10h,
obtaining in a sample with a transmittance of 79.04% at
714 nm. Both groups used CaO as a sintering aid, which
requires higher sintering temperature and longer time
than the sintering aid of SiO; (see section 4.5).
Fabrication of thick YAG is often difficult as inner
pores may be closed from the surrounding atmosphere
much sooner than the pores closer to the surface. Fang
et al. [26] reported the successful fabrication of thick
YAG samples through sintering in a vacuum. Small pel-
lets, 5 mm in thickness, were fabricated to transparency.
Additionally, large dome measuring 120 mm in diameter
by 15 mm in thickness was also sintered to transparency.
This work represents a significant breakthrough in YAG
transparent ceramics as the complex shape and thickness
had yet to be reported. Sintering of the pellets required
1750°C for 10h in a tungsten heated vacuum furnace
with sintering aid of 0.14 wt. % SiO,. Sintering of the
dome required 1750°C for 30 h. The powder used was
produced by SSR with a critical calcination step occurring
after green body formation. The temperature of calcina-
tion was 1000°C for 6 h; this step was stated as the reason



14 (&) B.BETTESANDY.XIE

90 Vacuum
85

80 \

75 lowing O,

In-line Transmission (%)
w (<230 )) ~
w o un o

w
o

250 350 450 550 650 750 850 950 1050
Wavelength (nm)

Figure 13. In-line transmission plot of polycrystalline 1 at. %
Nd:YAG samples with the same sintering aids of SiO, and B,03
in flowing O, compared to vacuum atmosphere. Reprinted with
permission from Stevenson et al. [22].

the thick samples could be fabricated at high transparen-
cies. The in-line transmittances at 1000 nm for the pellet
and dome were 82.9% and 80.1%, respectively.

4.4.2. Sintering in oxygen atmosphere
High-temperature vacuum furnace is more time- and
cost-consuming than non-vacuum furnace, and thus, a
more affordable and efficient method is desired. Huang
et al. [46] sintered polycrystalline Nd:YAG in an oxygen
atmosphere furnace and obtained transparent Nd:YAG.
The powder was made by SSR method, with sintering aid
of 0.14 wt. % SiO,, and ball milled for 12 h, The Nd:YAG
was sintered in oxygen atmosphere at 1710°C for 3h,
obtaining in-line transmittance of 80% at 1064 nm and
a relative density of 99.5%. This relative density is equiv-
alent to samples sintered in a vacuum furnace. Therefore,
it is feasible to achieve transparent YAG-based ceramics
in the oxygen atmosphere. Stevenson et al. [22,81] also
obtained transparent polycrystalline Nd:YAG ceramics
through sintering in oxygen atmosphere. In addition to
the discovery as Huang et al., this work found that using
a combined sintering aids of SiO; and B,O3 (more dis-
cussion see section 4.5), the sintering dwell temperature
can be reduced from > 1700°C to 1600°C. The 1600°C
can be carried out in a less expensive furnace and thus
lowers the manufacturing cost. Using the combination
of sintering aids, the Nd:YAG samples sintered in differ-
ent atmospheres (flowing oxygen and vacuum) at 1600°C
for 20 h had comparable in-line transmittance plots, as
shown in Figure 13. Both samples are highly transpar-
ent with in-line transmissions approaching 84% from 400
to 1100 nm. The light transmission at 250-400 nm of the
sample sintered in flowing oxygen is relatively lower than
the one sintered in vacuum.

It shall be noted that though vacuum and non-vacuum
atmosphere are both feasible methods, the non-vacuum
atmosphere is constrained by the types of gas. The
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Figure 14. Relative density of polycrystalline YAG sintered in vac-
uum vs. air at given temperatures. Reprinted with permission from
Mohammadi et al. [27].

atom size of gas molecular must be small to rapidly
diffuse out of the material. Using the same synthesis
and sintering parameters to make the Nd:YAG samples,
the argon atmosphere furnace yielded a relative den-
sity of only 98.1% while the oxygen atmosphere furnace
yielded 99.5% [46]. This is because solid-state diffusion is
required during the final stage of sintering. When pores
become isolated, the difference in relative density is a
result of the slow diffusion rates of the large argon atoms
compared to the oxygen atoms. This finding is consistent
with Coble [84] which investigated the effect of the atmo-
sphere on the densification of Al,Os. It was reported that
atmospheres of hydrogen, vacuum, and oxygen could be
used to sinter pore free Al;O3 while nitrogen, argon, and
helium inhibited densification.

Another example is from the air-atmosphere sinter-
ing work of YAG by Mohammadi et al. [27]. Solid-state
powder was formed by ball milling for 16h with 0.14
wt. % SiO, added as a sintering aid. Sintering was then
performed at 1710°C for 12h. The air sintered samples
were reported to have a relative density of 97.3%, while
in a vacuum the samples would be 99.8%. Figure 14
shows the change in relative density for samples sintered
in a vacuum compared to air as a function of sinter-
ing temperature with a dwell time of 6h. The reason
for the difference in relative density was determined to
be a result of the slow diffusion of air (primarily nitro-
gen) out of the crystal once the pores were closed to the
surrounding atmosphere in the final stages of densifi-
cation. Solid-state diffusion is required to eliminate the
final pores in the material; however, the slow diffusivity
of nitrogen resulted in slow diffusion out of the mate-
rial and the inability to be incorporated into the lattice. A
similar conclusion was drawn by Huang et al. [85] when
investigating the sintering of transparent Y, O3 in oxygen.

Despite the remarkable discovery, there have been no
further investigations into the sintering of doped YAG



using an oxygen environment. Based on the reviewed
works, it is suspected that a hydrogen atmosphere may
also work for sintering transparent YAG as the large dif-
fusivity of hydrogen would allow for more rapid diffusion
out of the material.

4.5. Sintering aids

Sintering aids are often critical to obtaining highly dense
ceramic through both pressureless and pressure-assisted
sintering methods. The addition of sintering aid has mul-
tiple desired effects on the sintering process, including
reduced sintering time, decreased sintering temperature,
and increased density [47,86]. The maximum amount of
sintering aid that can be added to enhance sintering is
limited by the formation of secondary phases, which may
reduce material’s transparency. During heating, sintering
aids melt to form a liquid phase, which facilitates diffu-
sion of atoms of YAG toward pores and thus promotes
densification. At the onset of liquid formation, the liquid
wets the powder surface, spreading to fill the pores and
dissolving bonds that are formed during initial heating.
The liquid phase is soluble in YAG solid, which prevents
the formation of secondary phases. As such, the additive
chosen must ensure mutual solubility between the solid
and liquid. Pores that remain in the sample past the wet-
ting and diffusion stages must be removed by solid-state
sintering.

Due to the high temperatures and long periods
required to sinter YAG-based polycrystalline ceramics,
sintering aids are used to support sintering mechan-
ics and increase the densification rate and/or limit
grain growth. The sintering aid is typically mixed
with YAG powder in quantities of less than 1 wt. %
through ball milling to ensure homogenous distribu-
tion. Sintering aids that have been used for YAG include
calcium oxide (CaO) [4,5,23,25,40,87], silicon oxide
(Si0,) [6,10,34,36,40-46,81,22,88,26-28,30-33], boron
oxide (B,03) [22,81], and magnesium oxide (MgO)
[23-25,30,31,41].

Using SiO; for YAG was first reported in Ikesue et al.
[6]. It was determined that the sintering aid is critical in
producing fully transparent samples with laser slope effi-
ciencies comparable to the Czochralski growth method.
The use of SiO; as the sintering aid has become standard
in the fabrication of transparent YAG. Often, the SiO,
is added in the form of tetraethyl orthosilicate (TEOS).
TEOS is preferred because it is a liquid, therefore pro-
moting a more homogenous distribution of sintering aid
throughout the powder. TEOS breaks down into SiO;
during the heating process. Multiple investigations have
been conducted on the effects of SiO, during sintering
[22,36,81,88]. It’s concluded that a doping concentration
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Figure 15. Grain size increases with the increase of SiO;, concen-
tration at given temperatures. Reprinted with permission from
Stevenson [81].

of 0.28 wt. % increases the density of the samples at all
sintering times and temperatures [88]. It was reported
that the Nd:YAG with 0.14 wt. % SiO, samples sintered
in a vacuum furnace could reach a relative density of
99.9% in 2 h at temperatures higher than 1650°C. How-
ever, the issue with SiO;, which has promoted further
study into sintering aids, is excessive grain growth dur-
ing sintering. The effects are shown in Figure 15; an
increase in SiO; increases the grain growth rate. Grain
size, as long as grains are uniform in size, does not affect
light transmittance, though ceramics with finer grains are
preferred in applications that require robustness in high
strength.

A solution to the issue of grain growth is to use a
second sintering aid MgO in addition to SiO,. There is
not much research regarding the independent impacts of
MgO on the sintering of YAG except for a recent study
by Vorona et al. [24]. The investigation was performed
using the SSR method. The reported effect of MgO on
YAG ceramics is that grain growth for samples without
aid is abnormal due to the low homogeneity of powders,
while the addition of MgO makes grain boundary mobil-
ity more uniform, resulting in a narrow distribution of
grain sizes. The suggested amount of MgO is 0.03 wt. %,
an increase from this value has a detrimental effect on
grain size and distribution. This sintering aid also has an
impact on the transparency of samples when sintered at
1750°C for 10 h, as the YAG sample containing no MgO
was found to be non-transparent, while any addition of
MgO below the solubility limit lead to a transparent sam-
ple. The addition of MgO at or above the solubility limit
reduces transparency due to the formation of secondary
phase. Commonly, both SiO; and MgO are used together
to promote densification and limit grain growth. Publica-
tions by Yang et al. [30] and Li et al. [31] both investigate
the grain structure of the YAG using MgO and SiO; as
sintering aids. As noted previously, SiO is the dominant
driver for the densification mechanics of sample and can
result in excessive grain growth. Magnesium oxide is then
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Figure 16. SEM images of mirror polished (top) and fractured (bottom) polycrystalline YAG with sintering aids of (A) 0.14 wt. % SiO», (B)
0.145 wt. % SiO; 4 0.10 wt. % MgO, and (C) 0.10 wt. % MgO. Reprinted with permission from Yang et al. [30].

used to limit grain growth during sintering. SEM images
of Nd:YAG samples sintered with various compositions
of the two sintering aids are shown in Figure 16. It is evi-
dent that 0.145 wt. % SiO; 4 0.10 wt. % MgO would result
in smaller grain size and mitigate pores compared to the
single addition of SiO, or MgO, respectively. The com-
position of 0.145 wt. % SiO, and 0.10 wt. % MgO was
determined to be optimal by Yang et al. [30]. Similarly,
Li et al. [31] concluded that the optimal combination of
sintering aids was 0.112 wt. % SiO, + 0.08 wt. % MgO.

Calcium oxide is another sintering aid to replace the
SiO; sintering aid. Zhang et al. [87] studied the effects of
CaO on the sintering of YAG ceramics. The optimal con-
centration of CaO is suggested to be 0.045 wt. % as which
promotes densification without excessive grain growth.
The advantage of CaO compared to SiO; is that CaO
can increase the densification rates while also limiting
the grain growth to prevent the formation of large grains,
which occurs when doping with only SiO,. However, the
stronger effects of SiO, on the densification rate of the
samples lead to significantly reduced sintering tempera-
tures and hold times. Because of this effect, CaO is used
less often as a higher temperature furnace is required to
obtain transparent YAG. In addition, Chaika et al. [40]
suggest that a combination of CaO and SiO, should not
be used because the two additives interact and form a
secondary phase in the grain boundaries.

Boron oxide (B,03) is another sintering aid aimed at
further reducing the sintering temperature for transpar-
ent Nd:YAG ceramics [22,81]. The method came from
the experience of sintering cordierite (MgyAl4Si5O13),
in which co-doping with SiO, is known to reduce the
sintering temperature and time. The investigation suc-
cessfully fabricated transparent Nd:YAG at temperatures
as low as 1600°C. The optimal doping concentration was

suggested to be 1.35% mol (equivalent to 0.14 wt. % SiO3)
with the ratio of B,03:S5i0; at 0.5. It is also noted that
the addition of B,O3 reduces the grain growth which
occurs with SiO,. Further research needs to be carried
out to understand how B, O3 facilitates densification at
a lower temperature while inhibiting grain growth. In
addition, one of the limitations of the sintering method
for producing transparent polycrystalline ceramics is the
cost of sintering. As YAG sintering requires high tem-
peratures (~ 1750°C) and/or high pressures ( ~ 90 MPa),
the costs and availability of equipment are a concern;
thus, improved solutions are desired. These works [22,81]
show that the sintering temperature can be decreased
from 1750°C to 1600°C, which allows the application
of a significantly less expensive furnace and reduces the
energy consumption. The 1600°C furnace is more suit-
able for large-scale and high-throughput productions
compared to higher temperature furnaces, vacuum fur-
naces, or pressure-assisted furnaces (i.e. SPS and HIP).

5. Conclusion

Fissionable and fissile isotopes doped YAG is a promising
scintillation material to measure neutron flux over time.
Transparent polycrystalline YAG-based ceramic, made
by powder synthesis and sintering methods, is a more
cost-efficient material than the single crystal of YAG
made by the crystal growth method. It not only improves
the dopant concentration but also requires less time and
cost of fabrication. Through reviewing the past work
of polycrystalline YAG fabrication, we found that most
of the work is focused on YAG and lanthanide-doped
YAG, while fissionable and fissile isotopes doped YAG is
rare. This paper reviewed all the powder synthesis and
pressureless sintering methods which have been used to



make transparent polycrystalline YAG-based ceramics,
and found the relationship between processing param-
eters and their effects on resultant microstructure and
light transmittance. This review work provides insights
on the fabrication of fissionable and fissile isotopes doped
YAG. The method of powder synthesis, co-precipitation
or solid-state reaction, has no effect on material den-
sification. Therefore, either method is feasible. Particle
morphology and crystallization have significant effects
on material densification. A change of approximately 20%
in-line transmittance could be observed as a result of
particle processing. Calcination has an important effect
on sample densification in both co-precipitation and SSR
powders. Optimal fabrication of new materials, in partic-
ular the fissionable and fissile isotopes doped YAG, will
require refinement of the calcination procedure. Green
body formation assists in obtaining high-density mate-
rials though it is highly dependent on the particle mor-
phology. Refinement of particle processing will result in
higher density green bodies. Sintering of green body to
high density requires the thorough removal of pores in
the material. Removal of these pores is assisted by using
a vacuum atmosphere during sintering or alternatively
using a gaseous atmosphere (e.g. oxygen) which is able to
diffuse out of the material. It should be noted that argon,
nitrogen, and air atmosphere cannot achieve transparent
YAG as the gas can hardly diffuse out of pores. Sinter-
ing temperature and time are predominately affected by
the choice of sintering aids (SiO,, MgO, and B,03). For
a transparent YAG, only a small amount of sintering aid
is allowed. Silicon oxide significantly reduces sintering
time and temperature; however, grain growth must be
controlled through the use of MgO. Boron oxide may
reduce the sintering dwell temperature as required by
§iO, and/or MgO, from > 1700°C to 1600°C, being an
effective factor to lower the fabrication cost.

Note

1. The reverse strike co-precipitation method adds the cation
solution to precipitant solution.
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