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Abstract

As the representative transparent ceramic phosphors, sesquioxide ceramics (Y203, Lu2O3,
and Sc203) and rare-earth aluminum garnets (REzAls012) have received significant attention
as promising host materials for high-power solid-state lasers and scintillators. The
characteristics of the spark plasma sintering (SPS) process, such as densification using an
electric field and short sintering time, suppress the microstructure coarsening and act as a
strength to achieve high transparency, so it is a very promising sintering technology in the
fabrication of transparent ceramics. However, further research is required in the SPS process
to solve the non-uniform sintering behavior and carbon contamination and simultaneously
achieve microstructure control and high transparency. The main purpose of this thesis is that
the SPS process with high sinterability is applied to transparent Y203 and RE3Als012 ceramics
to improve optical and microstructural characteristics. The densification behavior of the SPS
process is investigated to decrease the sintering temperature and suppress the microstructure
coarsening. Interpretation of the observed non-uniform sintering behavior and microstructure
contributed significantly to examining the densification behavior of the SPS process. Research
on the sintering parameters (heating rates, holding times, and loading schedule) and two-step
profiles (heating and loading schedules) during the SPS process is also performed for achieving
the improvement in optical and microstructural characteristics. The following is the

accomplishment of this thesis.

In chapter 1, the general introduction of this study was presented. The background
information to help understand the transparent ceramic materials such as Y203 and RE3Als012
used as the starting materials and the SPS technology with FAST are included. In particular,
the motivation and final objectives of this study and the main purpose of each chapter were

briefly summarized.



In chapter 2, during SPS of Y203 ceramics, the evolution of non-uniform microstructure
was observed, depending on the heating rate. At high heating rates, the sintered samples are
apparently non-uniform to reveal opaque center and translucent periphery, and a difference in
the grain size between the center and the periphery increases remarkably. The porosity and the
pore size in the center also increase with increasing the holding times. The non-uniform
microstructure is explained by using a concept of dynamic grain growth and defect diffusion

from the periphery to the center under complicated electric field effects during SPS.

In chapter 3, transparent Y»03 ceramics were successfully fabricated by SPS applying
two-step pressure and heating profiles. After the first-step SPS at 1250°C, the second-step SPS,
which had the highest transmittance, was completed at 1500°C. The two-step SPS improved
the shrinkage behavior and was able to achieve sufficient densification without excessive
coarsening. As a result, the transmittance was 80.6% at 1100 nm, which is close to the
theoretical transmittance of 81.6%. The two-step SPS revealed a significant advantage in

manufacturing ceramics that were transparent and had sufficient densification.

In chapter 4, during the SPS process of transparent Ce®*":(Gd,Lu)sAlsO12 ceramics, due to
the carbon-rich environment with graphite components, it is known that carbon contamination
and oxygen vacancies are introduced. The introduction of carbon contamination and oxygen
vacancies directly affected the transmittance, and the annealing process mostly recovered the
low transmittance of sintered samples. It also affected the luminescence characteristics to be
reduced. Through the SPS process, consequently, the sintered samples were effectively
densified, and the annealing could compensate for the drawback of SPS and enable better

photoluminescence characteristics.



In chapter 5, transparent Ce®":(Gd,Lu)sAlsO1, were fabricated by two-step SPS with
microstructure control. The heating rate was changed from 50 to 5°C/min in two-step SPS at
first-step temperature. At the initial stage of shrinkage, the holding time of the first-step SPS
could induce densification by suppressing the coarsening. Compared with the single-step SPS,
the two-step SPS showed a smaller grain size, and the grain size tended to decrease with
decreasing the first-step temperature. The porosity was also lower than single-step SPS, and
the lowest porosity was obtained at the first-step temperature of 1000°C, the starting point of
shrinkage. The microstructure control of two-step SPS revealed the most improved
transmittance in specimen TS-1000, and transmittance at 1000 nm was increased from 50.1%

(SS-1250) to 56.5% (TS-1000).

The comprehensive experimental results and conclusions of each chapter of the Ph.D.

thesis are summarized in chapter 6.
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Chapter 1. General Introduction

1.1. Backgrounds

Conventional transparent materials include glasses, polymers, and alkali hydrides, all of
which showed mechanical and chemical instability. Single crystals of some ceramics reveal
optical transparency, and these are much stronger and more stable than their conventional
counterparts. However, the fabrication of single crystals is usually called “growth” as it is
mainly controlled by thermodynamic processes that are relatively slow. Furthermore, growing
large single crystals is often challenging, especially for oxide materials with extremely high
melting points, and the as-grown single crystals cannot be directly used because the growth
process determines their shapes. Consequently, polycrystalline transparent ceramics have
emerged as promising candidates to replace their single-crystal counterparts because of their
outstanding advantages, including low cost, largescale production, malleability, and high
mechanical properties. However, in polycrystalline transparent ceramics, the optical

transparency is usually dependent on the extent of light scattering, as shown in Fig. 1.
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Fig. 1. Schematic diagram of optical transparency depending on the extent of light scattering

by defects in polycrystalline transparent ceramics.

Microstructures of the polycrystalline ceramics have more sources of light scattering than
single crystals, such as pores, grain boundaries, impurities, and birefringence effects,
schematically summarized in Fig. 2 [1]. Of the factors that contribute to light scattering,
scattering by pores is the main contributor to light attenuation in transparent ceramics. Near
the surface of pores, light is reflected and refracted by both trapped air and the ceramic material,
which has different optical properties. Therefore, porous ceramics are not transparent, whether
the pores are inter-grained or intra-grained. Of the two-pore types, intra-grained pores are more
challenging to remove, and their formation is closely related to the quality of the precursor

powders, especially when using hard agglomerates.
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Fig. 2. Factors of light scattering in polycrystalline transparent ceramics. (a) Grain
boundaries, (b) intra-granular pores, (c) inter-granular pores, (d) surfaces, and (e,f) refraction

by grain boundaries by birefringence effects.

In ceramics, grains and grain boundaries are likely to have different properties; thus,
interfaces act as scattering sources. Because grains are the main phase of ceramics, the
properties of grain boundaries play a significant role in determining the transparency of
ceramics, and thus controlling the quality of grain boundaries is an important strategy for
achieving high optical transparency. Moreover, impurities are often located at grain boundaries,
which increases the difference between the grains and boundaries and causes further light
scattering. Therefore, precursor materials should have sufficiently high purities. However,
when using sintering aids, there is a competitive effect between densification and the impurity

concentration that should be optimized. Generally, the amount of sintering aids added to



transparent ceramics is much lower than ceramics for other applications with requisite
mechanical and electrical properties.

Not all materials can be used to make transparent ceramics as the grains in ceramics with
low symmetric structures are optically anisotropic, which causes light to scatter when it travels
across the grain boundaries. Therefore, as shown in Table 1, transparent ceramic materials must
have highly symmetric crystal structures; the majority of transparent ceramics have a cubic
system [2-4], and some materials with tetragonal and hexagonal structures can also be made
into transparent ceramics, although these are more difficult to process. Consequently, the

development of transparent ceramics is an important and exciting research topic [5].



Table 1. Representative transparent oxide ceramics and some of their basic physical properties.

Chemical Formula Crystal Structure Lattice Constant (A) W ([;?QT;I‘%/ Tm(°C) Tu(°C) Ref.
Al20s Hexagonal a=4.754,¢c=12.99 101.69 3.60 2054 2980 [6]
MgO Cubic a=4.217 40.30 3.59 2852 3600 [7]
Monoclinic (RT) / Tetragonal (> 1100°C)/ a=>5.143,b=5.194, ¢ =5.298, #=99.218°/
210z Cubic (> 1900°C) a=5094 b=5174/a=5105 12322 585 2680 4300 (8]
Y203 Cubic a=10.6 225.81 5.01 2430 4300 [9]
Sc203 Cubic a=9.84 138.20 3.86 2403 - [10]
Luz203 Cubic a=10.393 397.93 9.42 2510 - [11]
Y3Als012 Cubic a=12.02 593.70 4.55 1950 - [12]
MgAI204 Cubic a=28.08 142.26 3.60 2250 - [13]




1.2. Transparent Ceramic Materials
1.2.1. Yttria (Y203)

Y203 ceramics have outstanding physical and chemical properties, such as excellent
thermal conductivity (13.6 W/m-K at 25°C) and corrosion resistance, and transparent Y203
ceramics have inherent optical properties, which include a wide range of transparent
wavelengths (0.2-8 um) and a refractive index of approximately 1.935 [14]. Since Y203 has a
cubic crystal structure with high symmetry, as shown in Fig. 3, it has the advantage of achieving
optical transparency. Compared to yttrium aluminum garnet (YAG), Y203 is more promising
as a scintillator because of its highly effective atomic number and high density [15].
Furthermore, Y203 is more suitable for high-power solid-state laser applications than YAG
because it has higher thermal conductivity and a lower thermal expansion coefficient [16].
Potential applications of transparent Y»Os ceramics also include IR domes, gas nozzles,
refractory materials, semiconductor components, and NIR-visible upconverters [17-19].

Representative research reported on transparent Y>O3 ceramics are listed in Table 2.

@y @o

Fig. 3. Cubic crystal structure of Y203 ceramics with high symmetry.



Table 2. Sintering parameters and optical transmittance of representative research on transparent Y>O3 ceramics.

Powder Processing Sintering Parameters Transmittance  Ref.
Y205 from precipitation Calcination: 1050°C/4 h, Pre-sintering: 1700°C/10°C/min, HIP: 1300°C/3 h/206 MPa 70% at 600 nm [21]
Y.0; from precipitation of carbonate Calcination: 1100°C/4 h/3°C/min, Vacuum sintering: 1700°C/4 h/Vacuum:10~2 Pa 79% at 600 nm [22]
Eu3*:Y,03 (0-5 at%) solid-state reaction HP: 1580°C/8 h Pressure: 40 MPa 70% at 600 nm [23]
Y203 commercial powder CIP: 200 MPa, Pre-sintering: 1650°C/3 h/15°C/min, HIP: 1625°C/3 h/200 MPa 80% at 600 nm [25]
Y203 commercial powder HP: 1300-1550°C/3 h/20 MPa, HIP: 1450°C/5 h/180 MPa/Ar 83% at 1100 nm [26]
Y203 commercial powder SPS: 950-1050°C/0-8 h/2°C/min 55% at 1000 nm [28]
Yb3*:Y,03 (0-50 at%) powder SPS: 1250°C/1 h/82.7 MPa 78% at 1000 nm [29]




Transparent Y203 ceramics were first reported 50 years ago [20]. These initial samples
were obtained by hot-pressing under vacuum at 950°C and around 70-80 MPa for two days.
Lithium fluoride was used as the sintering aid to ensure full densification of the ceramics and
was eliminated during the sintering process. The optical transmittance of the HP-derived
transparent Y203 ceramics was very close to that of single crystals. Transparent Y203 ceramics
have been fabricated by pressure-less sintering in a vacuum or Hz atmosphere [21,22]. For
example, Saito et al. developed a simple method to synthesize Y03z powder with high
sinterability, from which transparent ceramics could be obtained without the use of sintering
aids [22]. This highly reactive Y.O3 powder was derived from fine, needle-shaped yttrium
carbonate, synthesized by the precipitation of yttrium nitrate. After yttrium carbonate was
calcined at 1100°C, the resultant Y203 powder had an average particle size of 0.1 um and a
small agglomeration size of 0.3 um. Transparent Y203 ceramics were obtained by sintering at
> 1600°C, and while abnormal grain growth was not present, the optical transparency was still
much lower than that of single crystals.

Transparent Y203 ceramics have also been fabricated using advanced sintering
technologies, such as hot press (HP) [23,24], hot isostatic press (HIP) [25-27], and spark
plasma sintering (SPS) [28-32]. For example, transparent Eu®*-doped Y203 ceramics were
developed without using sintering aids by HP at 40 MPa and 1580°C, which was determined
to be the optimal sintering temperature [23]. While no sintering aid was added, the Eu dopant
served as a sintering aid by controlling the ionic diffusivity and thus promoting the
densification of Y20s. As the concentration of Eu was increased from 0 to 5 at%, the optical
attenuation and optical transmittance gradually decreased and increased, respectively.

Considerable research combined vacuum sintering with HIP to obtain transparent Y03
ceramics from a commercial powder with a high degree of agglomeration [25]. The HIP

process was intended to eliminate the pores formed by vacuum sintering; therefore, the pre-



sintering process was designed to restrict pores to the intergranular sites so that the HIP could
easily remove them. Thus, an agglomerated powder with closely packed particles was used as
the precursor to trap most pores in the intergranular areas. The optimal processing temperatures
for pre-sintering and HIP were 1600°C and 1500°C, respectively. If the HIP temperature was
too high, e.g., 1625°C, the samples were opaque because Ar molecules had diffused into the
capsule. More recently, a considerable research reported that highly transparent Y203 ceramics
with a mean grain size of 0.6 um could be fabricated using a combination of HP and HIP with
a commercial Y203 powder and ZrO> as the sintering aid [26]. The HP conditions were 1300-
1550°C at 20 MPa for 3 h, and the HIP conditions were 1450°C at 180 MPa of Ar for 5 h. The
optimal HP parameters were 1400°C for 3 h, which yielded ceramics with 83.4% and 78.3%
in-line transmittance at 1100 nm and 400 nm, respectively. Fig. 4 shows photographs of Y203

ceramic samples that were hot-pressed at different temperatures.
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Fig. 4. Optical appearances of HIP treated Y203 ceramics hot-pressed at 1300, 1350, 1400,

1450, 1500, and 1550°C (2 mm in thickness) [26].

Zn?*-doped Y203 ceramics (1 mol%) were fabricated by SPS and systematically studied
the influence of experimental parameters such as the heating rate, sintering temperature,
holding time, and loading stress [28]. The optimal conditions for obtaining transparent Zn%*-
doped Y203 ceramics were heating at 2°C/min, sintering at 890°C, holding for 0.5 h, and

applying 150-170 MPa of pressure shown in Fig. 5. The transmittance of these Zn?*-doped



Y03 ceramics reached 65% at 600 nm.
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Fig. 5. (a) Relationship between relative density, and average grain size and (b) optical

appearances of the Zn?*:Y,0s3 ceramics under the various mechanical pressures [28].

Yb**-doped Y203 ceramics were fabricated by SPS with rapid loading of mechanical
pressure as 82.7 MPa at 1250°C [29]. The successfully doped Yb®":Y20s ceramics was
investigated for the optimal condition of loading of mechanical pressure. Loading of 82.7 MPa
in 1 min at 1250°C was led to a significant improvement of optical transmittance and achieved

the 78% at 1030 nm as shown in Fig. 6.
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Fig. 6. The transmittance of SPSed 1 and 10 at% Yb**:Y,0; ceramics with loading applied at

900°C and 1200°C. The SPSed samples were placed 10 mm above the text [29].

1.2.2. Rare-Earth Aluminum Garnets (RE3AlsO12)

Rare-earth aluminum garnets (REAG) have been attracting long-term research interest as
phosphors, solid-state lasers, and scintillators, among which yttrium aluminum garnet (YAG)
and lutetium aluminum garnet (LUAG) might be the best known [33]. The REAG crystallizes
in a body-centered cubic (BCC) crystal structure with the Ln atoms residing in the
dodecahedral interstices built up via the Al-O polyhedral corner-sharing, as shown in Fig. 7.
Owing to its high chemical and radiation stability, wide bandgap, and excellent radiation
conversion efficiency, the REAG has proven to be one of the best hosts for the incorporation
of rare-earth activators (such as Ce3*, Nd**, Er**, Eu®", Tb**, Dy®", Etc.) for a wide range of
optical applications. As well-known examples, Eu®*, Th®", and Ce®*" doped YAG are among

the most important red, green, and yellow phosphors, respectively [34,35].
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Fig. 7. BCC crystal structure of REAG ceramics with high symmetry.

Among the family of the garnet group, especially yttrium aluminate (Y3Als012), also
known as YAG, is one of the most important materials, which has a centrosymmetric cubic
structure thus is isotropic [36]. The main applications of YAG are in solid-state lasers, but
transparent YAG ceramics also have potential applications in high-temperature structural
materials and fluorescent host materials because Y AG has high thermal stability, high chemical
stability, and homogenous optical properties [37,38]. In addition, since YAG has high X-ray
stopping power by high theoretical density and physical reliability, it is the most promising
candidate for scintillation application [39]. Representative research on YAG-based transparent

ceramics are listed in Table 3.
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Table 3. Sintering parameters and optical transmittance of representative research on transparent YAG ceramics.

Powder Processing Sintering Parameters Transmittance  Ref.
YAG, Solid-state reaction CIP: 140 MPa, Vacuum sintering: 1500-1850°C/5 h/1.3X10° Pa 82% at 600 nm [38]
1 at% Ho:YAG, 0.6 wt% TEOS, Solid-state reaction CIP: 250 MPa, Vacuum sintering: 1760°C/20 h, Annealing: 1400°C/1 h 82% at 700 nm [41]
YAG, MgO+CaO (0.2 mol%), Solid-state reaction CIP: 210 MPa, Vacuum sintering: 1820-1840°C/8 h/10 Torr 80% at 600 nm [43]
glgl:i:j(ég télr::::/f[)i)(l)r?.w Wi% SiO, CIP: 200 MPa, Pre-sintering: 1650°C/0-6 h, HIP: 1650°C/1-6 h; 150 MPa 75% at 600 nm [45]
Nd:YAG (2 at%), co-precipitation, 0.25 wt% LiF SPS: 1100°C/3 min (100°C/min); 1250-1390°C/20 min (10°C/min); 28 MPa 75% at 700 nm [46]
YAG commercial powder, 5 wt% LiF SPS: 800-1450°C/20 min (50°C/min); 50 MPa - [47]
Er:-YAG (0.5 at%) commercial powder SPS: 1600°C (50°C/min); 30-70 MPa - [49]
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Solid-state reaction methods are the most widely adopted process for fabricating
transparent YAG ceramics from commercial or synthesized precursors of oxides or other
compounds [40-45]. In 1995, Ikesue et al. used the solid-state reaction method to fabricate
YAG and Nd:YAG transparent ceramics from Al203, Y203, and Nd>Os synthesized by
alkoxide hydrolysis, thermal pyrolysis, and oxalate precipitation, respectively [38]. The mixed
powders were compacted and sintered at 1600-1850°C for 5 h under a 1.3x10°2 Pa vacuum.
These transparent ceramics’ optical properties and laser performance were comparable to those
of single crystals.

Transparent YAG-based ceramics have also been produced using SPS, although SPS is not
as famous for YAG ceramics as it is for other transparent ceramics [46—-49]. Wang et al. used
SPS to transform the metastable hexagonal YAIOz (YAH) phase of YAG to a transparent
ceramic [48]. The transformation of the YAH phase of YAG at approximately 920°C was
accompanied by particle rearrangement, which provided an additional densification
mechanism. Furthermore, applied pressure also played an important role in promoting phase
transformation. At 920°C and 80 MPa, as shown in Fig. 8, the in-line transmittance was 44%
and 66% at 680 nm and 1000 nm, respectively. More importantly, the average grain size was
as small as 380 nm. Generally, the transparent YAG ceramics fabricated using SPS have had
relatively low optical transparency because of the contamination introduced by the direct
contact between the samples and the dies; this contamination must be prevented to further

utilize the SPS technique.
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Fig. 8. (a) Optical transmittance and appearance of YAG ceramics sintered at 920°C under 80

MPa for 50 min. (b) SEM image of thermally etched surface of YAG ceramics.

When transparent ceramics are used for solid-state lasers, active components — most often
rare earth elements — are added to the ceramic to achieve the desired wavelength. As mentioned
earlier, the concentration of dopants in transparent ceramics is not limited by solubility. For
example, as shown in Fig. 9, transparent Er:YAG ceramics with 1-90% Er®* have been readily
obtained using the solid-state reaction method and vacuum sintering technique [49]. The in-

line transmittance of these Er:YAG ceramics was as high as 84% at 1100 nm, comparable to

that of single crystals.
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Fig. 9. Optical appearances of the sintered samples of each commercial powder fabricated by

SPS under 30, 50, and 70 MPa, placed (a) on and (b) at 20 mm above a light table.

Recently, YAG is being considered for scintillation applications but has the disadvantages
of insufficient theoretical density and X-ray stopping power. LUAG is more desirable but is of
prohibitively high cost. In this regard, (Gd,Lu)AG solid solutions would be more desirable
since Gd (atomic weight: 157.3) is much heavier than Y (atomic weight: 88.9), and the material
is significantly cheaper than LUAG. Pure GAAG, however, is metastable and undergoes thermal
decomposition to more stable GdAIOz perovskite and Al203 (GdzAls012 — 3GdAIOz + Al203)
in the temperature range of ~1300-1500°C [50]. It is known that the occurrence and stability
of compounds in the RE203—Al>0s binary system heavily depend on the size of RE®*, owing
to lanthanide contraction, and Gd is the boundary element for the garnet structure to be formed
[51]. The thermal decomposition severely retards GdAG-based phosphors and transparent
ceramics developments. Considerable research supposed that the GAAG lattice can be
effectively stabilized via doping with 10 at% or more of significantly smaller Lu®*" to form
(Gd,LU)AG solid solutions [52,53], which paved the way for the development of highly
efficient (Gd,Lu)AG:Dy?" phosphors in this work. Lu** was chosen as the stabilizer because it
is optically inert and that it is the tiniest and heaviest lanthanide, which allows the most

effective stabilization and higher theoretical density of the resultant garnet.
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1.3. Sintering Technologies for Fabrication of Transparent Ceramics

Common optically transparent materials, such as glasses and polymers, have been widely
used in industrial applications and daily life. However, these materials have relatively poor
mechanical strengths and sometimes insufficient chemical and physical stabilities. Also, they
usually possess relatively low melting temperatures and low resistance against the corrosive
atmosphere, so they cannot be used for applications at high temperatures or another harsh
environment. Ceramic materials, therefore, emerge as a powerful candidate for transparent
materials used in high-temperature and/or corrosive environments. Single crystals of ceramics,
such as sapphire (Al.Oz) and YAG (Y3AlsO012), are essentially optically transparent and have
been in practical use for various industrial applications. However, the growth of single crystals
requires very high temperatures and a long processing time, leading to expensive products and
components. Hence, transparent polycrystalline ceramics are of practical importance in optical
applications. The advantage of polycrystals is that they can be more extensive in dimensions
and can be produced at lower temperatures, comparing to single crystals. In addition,
functionalization of the ceramic sample by doping or manufacturing functionally graded
materials can be more readily prepared for polycrystalline ceramics than single crystals. In
contrast to single crystals, polycrystalline ceramics are generally opaque because of light-
scattering sources as mentioned later. For attaining optical transparency in polycrystalline
ceramics, it is necessary to eliminate residual pores and other defects from the sintered sample
because such defects drastically deteriorate optical quality.

Various synthesis methods have made several efforts to eliminate residual defects from
sintered samples by various synthesis methods. Improving sinterability is essential to minimize
defects (residual pores in the sintered sample), leading to optical transparent ceramics so that
researchers have optimized sintering conditions from raw powder synthesis to consolidation

methods. As for sintering processes, pressure-assisted techniques such as hot-pressing (HP)

17



and hot isostatic pressing (HIP) are widely employed to improve the sintered materials’ quality
and fabricate transparent ceramic samples. HIP synthesis is an effective technique to produce
the transparent bulk ceramic sample. Because the synthesis of high-quality powders for
transparent ceramics is not significantly different from that for other materials, which can be
found widely in the reported research. It is essential to develop advanced sintering technology

and apply the sintering technology under optimized conditions.

1.3.1. Field-Assisted Sintering Technology (FAST)

FAST has become necessary for the rapid fabrication of fully dense ceramic powders.
Among these, the novel SPS and flash sintering (FS) techniques, or a combination of both were
used for the superfast densification of ceramic nanoparticles within a few minutes. Although
these two techniques differ in the voltage and current levels applied to the ceramic powder
compact, hence in the process duration, they may exhibit similar electrical and thermal
processes. Therefore, these techniques are appropriate for the fabrication of fully dense nano-
crystalline ceramics using nanoparticle precursors. In this respect, the prime target is to
fabricate a fully dense ceramic whose nano-crystalline character is preserved and affects its
properties [54-58]. However, the preservation of the nano-crystalline character of the green
powder compact to its dense counterpart is not straightforward and depends upon several

material and process parameters.

1.3.1.1. Spark Plasma Sintering (SPS)

SPS is a newly developed method for obtaining fully dense and fine-grained transparent
ceramics at low temperatures within short time durations [59-63]. It is also known as the FAST
or pulsed electric current sintering (PECS). A schematic diagram of SPS equipment is

graphically proposed in Fig. 10 (a). In normal hot pressing, heating is accomplished externally
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by heating a coil, while SPS uses a high-density current flux flowing through the powder
compacts the punches and the die to cause Joule heating and discharge phenomena between
each particle as shown in Fig. 10 (b). The SPS technique has a significant advantage over HIP
and HP because it can complete the densification within a short duration [64]. Because of this,
it is a potential technique to densify nanosized powders without the presence of significant
grain coarsening that is unavoidable during the standard densification routes. The densification
process in SPS is generally divided into three stages [54]. The packing of the particles
characterizes the first stage, the second stage is related to a diffusion process accompanying
the neck formation and grain sliding, and the final stage is the removal of pores mainly through
the grain boundary. Applying pressure strongly affects the initial packing and densification in
the second and third stages. High pressure is constantly applied in the typical SPS process.
Heating rate is another important sintering parameter for densification in the second and third

stages.
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Fig. 10. Schematic diagrams of (a) equipment and (b) heating principle of SPS technology.

It was expected that electrical discharge plasma takes place between powder particles,

resulting in localized and momentary heating of the particle surfaces [65]; self-heat generation
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by the electric discharge plasma between particles at an early stage of on-off DC pulse
application would act on promoting sintering as shown in Fig. 11 [66]. In addition, it has been
speculated that the surfaces of the particles are purified and activated due to the electric
discharge plasma on the particle surfaces; the purified surface layers of the particles could melt
and fuse forming necks between the particles [67]. However, the occurrence of the discharge

has been questioned in recent years.
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Fig. 11. Schematic diagram of promotion of densification process [66].

It is widely accepted that electric field can accelerate the densification of ceramics, while
the primary purpose of imposed electric current in SPS is usually supposed to provide the
required amount of resistive heating. For instance, DC electrical fields of approximately 20
V/cm lower the sintering temperature of 3 mol% vyttria-stabilized tetragonal zirconia
polycrystal (3Y-TZP) from 1400°C to 1300°C [68]. However, the origin of the electric field on

the enhancement of mass transport is still unclear. In the case of SPS, the applied voltages are
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usually relatively low, lower than the required value to trigger electromigration. Recently, it
has been reported that electric field/current can involve the formation of anion vacancies in
ceramics [69]; electron energy loss spectrometry (EELS) analysis suggested that Y203
polycrystal consolidated by SPS exhibited a reduced state in comparison to Y203 sintered in
air and a vacuum. Highly reduced states in other oxide ceramics densified under strong electric
field or current have also been revealed by EELS analysis, as mentioned later. The role of DC
field and/or current is still an open question, but it would seem that field/current can trigger the
formation of ionic defects and consequently facilitate diffusional mass transport, leading to
acceleration of densification of ceramic materials.

It was recently reported that transparent alumina with fine grains could also be obtained
using the SPS technique [59-62]. Owing to the advantage of rapid heating, the alumina
ceramics obtained by SPS had grain sizes and densities comparable to those of the HIPed ones
[70,71]. For example, a fully dense (a relative density of 100 wt%) alumina with a grain size

of 0.5 mm was obtained at 1200°C by SPS in Fig. 12 [59].
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Fig. 12. Influence of heating rate on densification and grain size in fully densified Al,O3

ceramics fabricated by SPS at 1200°C. [59].

The SPS technique can be employed to sinter polycrystalline alumina disks and fabricate
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hemispherical domes [55]. As demonstrated by Jiang et al. [72], the fabrication of transparent
polycrystalline alumina domes could be obtained by combining sintering and forming into one
step in minutes instead of hours needed when using conventional methods, as shown in Fig.
13. This forming method provides an unprecedented opportunity to make optically transparent

domes at much lower costs.
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Fig. 13. Transparent dome made of polycrystalline Al>O3 by using SPS technique showing (a)

clear image of bottom words; (b) surface quality; (c) dimensions [72].

Much research and development efforts are still required to use transparent ceramics
produced by SPS for industrial applications. Fundamental investigations on the origin of
enhanced densification in SPS are needed from an atomistic point of view; a significant number
of experimental results strongly indicated that some ionic defect reactions are involved during
SPS processing. Effects of electrical current/field on mass transport, reactivity, microstructure
evolution, and final chemical and physical properties are still remained to be understood. To
control thermal/electrical conduction and stress distribution/mass transportation inside the die
during SPS processing, new experimental techniques such as direct measurement of field
strength inside a material and theoretical analyses such as finite element method (FEM)
calculations must be employed. On the other hand, for promoting transparent ceramics
produced by SPS to industrial use, not only the improvement of physical/chemical properties

but also upscaling of products and homogenization of microstructure are key technologies.
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Using the electro/magnetic fields pioneers new and unexpected technologies of SPS. In
addition, nanometer-scaled and defect-free microstructures attained by the SPS improve
mechanical strength and enable superplastic deformation, and near-net-shape forming of the
SPSed transparent ceramics. Scale-up of components size and improvement in desirable
properties of optically transparent ceramics through the development of SPS devices and
progress in fundamental research on the process will advance the industrial applications for

transparent ceramics in the near future.

1.3.1.2. Flash Sintering (FS)

FS has received much international attention in recent as a drastic, almost instantaneous
sintering process, which can be classified into FAST. Raj and co-workers have demonstrated 3
mol% Y»0s-stabilized tetragonal ZrO. polycrystals (3Y-TZP) can be fully densified at 850°C
within 5 s under an electric field of 120 V/cm [73], while the same material can be usually
densified by conventional, pressure-less sintering in the air at 1400-1500°C for several hours.
The abrupt densification at relatively low sintering temperature is called the FS, in distinction
from FAST, in which the enhancement of densification is more gradual than FS. Fig. 14 shows

the typical process of the FS [74].

23



ceramic powder

. SNat
drying N ~
\ . = \\ L
sieving

l load powder

©

1 sintering

4=

Electro-thermal coupling stress

/!

dog-bone sample

furnace

Fig. 14. Schematic diagram of the typical process of the FS experiment [74].

A strong DC or AC electric field is applied to green compact by electric power supply
through platinum wires. The furnace temperature is raised at a constant heating rate. Beyond
threshold field strength and furnace temperature, the electric conductivity of the green compact
abruptly increases, and electric current through the material accordingly increases. The almost
instantaneous densification consequently takes place. The densification curves in 3Y-TZP
sintered under different DC fields as a function of furnace temperature are depicted in Fig. 15
[73]. In this figure, the linear shrinkage data presented in ref. [73] were converted to relative
density values. As shown in Fig. 15, abrupt densification of TZP occurred under the DC fields
of higher than 60 V/cm, and the sintering temperature decreased with the increasing field
strength. The FS is characterized by almost rapid densification (typically occurs in just a few
seconds) and a nonlinear increase in electric conductivity under a threshold condition of
temperature and applied field [73,75]. The nature of FS is fundamentally different from FAST,
in which fields lead to a gradual enhancement in the sintering without any change in the
specimen conductivity. Abrupt densification at low temperature by FS has been demonstrated

in various ceramics [76].
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Fig. 15. The densification curves in 3Y-TZP sintered under different DC fields (0, 40, 60, 90,

and 120 V/cm) [73] as a function of furnace temperature.

The FS technique can be applied to various oxide and non-oxide ceramics, even low-
sinterability materials such as Y20s. For instance, DC fields greater than 300 V/cm can trigger
FS in undoped Y203 [77]. Conventional sintering requires very high temperatures, typically >
1600°C as noted above, and a vacuum or hydrogen atmosphere. However, by applying an
electric field of 1000 V/cm, a dense Y203 polycrystal was obtained at 985°C in less than 10 s
[78]. Nevertheless, full densification is still difficult to be accomplished by the FS. A typical
example of the suppressed final density was seen in the flash sintering of BaTiOs. Under a
strong electric field beyond a critical value, flash sintering posed electric discharge damage in
BaTiOs samples, resulting in a low density of the sintered sample with several residual pores
and tunnel-like physical damages [79,80]. In addition, crystalline thin layers were generated
along BaTiO3 grain boundaries near the electric discharged damage [81]. The Ba/Ti cation ratio
of the secondary crystalline phases was Ti-excess, indicating that Ba cations tended to

evaporate because of the excess heat yielded by the discharging.
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At present, it is still challenging to produce transparent ceramics by the FS process. In
addition, limited shape and dimensions of material are also disadvantages of the FS, as well as
SPS so far. In contrast to the several disadvantages, the FS is a promising method because of
the short sintering time and low sintering temperature, and the number of reports on the FS and
related phenomena has significantly increased in recent years. It is expected to develop
translucent or transparent ceramic samples by the FS with short-time and low-temperature

synthesis.
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1.4. Motivation and Obijectives

To improve the optical properties and mechanical/thermal stability of transparent ceramic
phosphors, many research groups have made efforts with the SPS process as advanced sintering
technology. However, it may be challenging to obtain transmittance close to the theoretical
value due to the low sintering temperature and short sintering time, which are the advantages
of the SPS process. Although the SPS process allows direct heating by an electric field, it has
often been reported that residual pores due to rapid densification and a temperature gradient
inside the powder compacts are concomitantly occurred, deteriorating optical transparency, or
inducing non-uniform appearances and microstructures. In addition, since SPS equipment is
typically composed of graphite components, it has been reported that sintering is performed in
a carbon-rich environment and reducing atmosphere, with fatal consequences of carbon
contamination and oxygen vacancy for the optical properties.

The main purpose of this study is to improve the optical properties by supplementing the
disadvantages, such as non-uniform sintering behavior, residual pores, and carbon
contamination, that the SPS process may have for the fabrication of transparent Y,O3 and
RE3AIsO12 ceramics as lasers and scintillators. Therefore, the evolution of non-uniform
sintering behavior is first investigated by the detailed microstructural and spectroscopic
analysis on the horizontal direction of sintered samples. Next, to improve the
optical/mechanical/thermal properties of transparent Y0z and REszAlsO12 ceramics, the
microstructure refinement or control is made possible by applying a two-step profile to the SPS
process. The two-step profile can achieve primary densification in the first-step sintering while
suppressing microstructural coarsening due to the relatively low temperature. In addition, in
the second-step sintering, it is possible to achieve full densification and removal of residual
pores for a relative density of more than 99%. The sintering process is divided into two parts

to promote densification uniformity and efficiency, and a two-step profile has already been
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proposed for several sintering technologies. However, research applied to the SPS process has
been rarely reported. As research is required to fabricate the transparent ceramic phosphors and
improve their properties, improving the non-uniform sintering behavior and the microstructure
control by applying the two-step sintering profile to the SPS process can sufficiently prove the
originality and value of this study.

In a broad sense, among the transparent ceramic phosphors, this study consists of 2 parts,
such as transparent Y203 ceramics for laser application in chapters 2 and 3 and transparent
Ce?*:(Gd,Lu)sAls012 ceramics for scintillators in chapters 4 and 5. The main purpose of each
chapter is briefly presented below.

In chapter 2, the main purpose is to investigate non-uniform sintering behavior by
demonstrating defect diffusion to the center and matter diffusion to the periphery through
detailed microstructural and spectroscopy analysis.

Chapter 3 is mainly focused on that a two-step heating and pressure profile, determined
based on the range to which shrinkage occurs via the SPS shrinkage curve, is applied to
improve the optical transparency of transparent Y203 ceramics to the theoretical value.

In chapter 4, the main purpose is to investigate the correlation between the optical
properties and carbon contamination according to the annealing process for restoring the
optical properties deteriorated due to carbon contamination of a negative effect in the SPS
process.

Chapter 5 is focused on the improvement of the optical property of transparent
Ce*:(Gd,Lu)sAlsO12 ceramics with microstructure control by a two-step SPS profile. In the
two-step profile, the primary densification and the suppression of the excessive coarsening are
achieved at first-step sintering, and the full densification and removal of residual pores are

accompanied at the second-step sintering.
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Chapter 2. Non-Uniform Sintering Behavior in Transparent Y203

during SPS

2.1. Introduction

Among the ceramic materials that can be applied to laser applications, single-crystalline
Y203 has been researched worldwide [1-4]. It has suitable properties for laser applications
(high thermal conductivity, chemical stability, and low phonon energy) and has the advantage
of being easily doped with rare-earth ions. However, polycrystalline ceramic laser technology
is emerging to overcome the technology and cost problems caused by single-crystal [5-8].
Compared with single-crystal ceramics, the merit of polycrystalline transparent ceramics is that
they can be fabricated in larger volumes to obtain high-power lasers, and even a complicated
shape can be applied to various types of gain media.

The fabrication of polycrystalline transparent ceramics with high oscillation efficiency
requires ceramic processes that include appropriately synthesized powder and sintering
technologies with advanced sinterability. Recently, vacuum sintering, hot isostatic pressing
(HIP), spark plasma sintering (SPS), and flash sintering (FS) have been developed to remove
residual pores effectively [9-12]. Compared with conventional sintering, the SPS technology
that combines uniaxial pressure with heating by an electrical current has a great potential for
fabricating functional laser ceramics [1]. Due to the direct heating of the mold and powder by
electric current, full densification at low temperatures and fine microstructures can be obtained
[13-20]. Rapid densification and fine microstructures, which are advantages of SPS, improve
the mechanical and optical properties of transparent ceramics.

However, in attempting to maximize the advantages of SPS, some problems in the SPS
process have been observed when sintering at lower temperatures and higher heating rates.

Various research groups have reported this problem investigating transparent ceramics with
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SPS, and the appearance of a non-uniformly sintered sample has been observed. For example,
in the Al,O3 and Y203 fabricated by SPS, non-uniform sintering behavior was reported at
various temperatures (1000-1200°C) [18-20]. However, as for the phenomena causing the
appearance of the sintered sample to be different, the reasons and processes claimed by each
group are different. For the first time, Grasso et al. [18] reported that the opaque portion of the
center caused by the residual pores affected the formation of non-uniform sintering behavior.
They proposed that the main factor for the residual pores is the temperature gradient caused by
the low thermal conductivity of the starting powder (alumina) and the high heating rate of the
SPS process. Next, Ratzker et al. [19,20] proposed that because a stress gradient exists in
powder compacts due to a significantly high loaded pressure (500 MPa), the difference in grain
growth between the center and the periphery was a major factor in the non-uniform sintering
behavior. When Y»0s was sintered at a high heating rate of 20°C/min, a white and opaque
portion formed at the center, and a change in appearance was observed. Scanning electron
microscopy (SEM) observation revealed that the white and opaque portion in the center area
had noticeably increased grain sizes and intergranular pores [21]. It was confirmed that non-
uniform sintering is related to differences in microstructures.

In the various ceramic materials produced by SPS, a significant difference in the
appearance of the sintered sample according to the heating rates and loaded pressure has been
reported. In previous work, the non-uniform sintering behavior of SPSed Y203 was induced by
non-uniform coarsening between the center and the periphery caused by the movement of
defects and increased grain boundary mobility. However, the reasons claimed by the various
groups were inappropriate to explain the non-uniform sintering behavior. First, it was
considered that the temperature gradient that occurred within a 10 mm diameter would be
insufficient to induce the significant difference in grain size between the center and the

periphery obtained in the present work. Therefore, the main mechanism (Grasso et al. [18])
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was excluded because it was inappropriate for interpreting the non-uniform sintering behavior
in the present work. Since the non-uniform sintering behavior occurred even though a
conventional loaded pressure (80 MPa) was applied, the proposed interpretation (Ratzker et al.
[19,20]) that the stress gradient resulting from significantly high loaded pressure (500 MPa)
was the main factor is inappropriate. Currently, the demonstration of the assumption was also
insufficient.

The main purpose of this study is to investigate non-uniform sintering behavior with the
demonstration of the assumption as the defect diffusion to the center and matter diffusion to
the periphery. Through detailed microstructural and spectroscopy analysis, the electric field
effects led the defects generation and diffusion into the center region, resulting in accelerating
the grain boundary mobility and coarsening the microstructure. The differences in the extent
of microstructure coarsening induced the non-uniform sintering behavior with an opaque

portion in the center.
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2.2. Experimental Procedure

The starting powder was commercial Y203 powder (99.99%, UU-type; Shin-Etsu Rare
Earth, Japan) with a manufacturer-determined average particle size of 0.1-0.3 um. The as-
received Y203 powder was densified with an SPS machine to obtain dense and translucent
Y203 under a vacuum atmosphere of 10 Pa. The powder (0.6 g per sintered Y203) was directly
sintered in a vacuum without any pretreatment, using a graphite mold with an inner diameter
of 10 mm. The sintering temperature (1000°C) and pressure (80 MPa) were fixed, and the
heating rates and holding times were varied. Up to 600°C, the mold was heated at a 50°C/min,
and then at 5 and 20°C/min. After reaching the sintering temperature (1000°C), the sintered
Y203 was cooled after holding for 2, 5, 20, and 60 min. The optical appearance of the sintered
Y203 varied with the heating rate and holding time, so it was set as a variable. Heating was
conducted using direct current (DC) pulses without zero current, and the temperature was
measured using a thermocouple in the non-through hole of the mold. The mold was covered
with carbon felt to reduce heat dissipation. For transmission electron microscopy (TEM)
analysis of each region in the non-uniformly sintered Y203, a thicker sintered Y203 was
fabricated in addition. Y203 powder (1.5 g) was sintered at 1000°C with a heating rate of
5°C/min under 80 MPa and then cooled after holding for 20 min.

Both sides of the sintered Y203 were mirror polished, and Fourier-transform infrared (FT-
IR) spectra were measured in a range of 1000-4000 cm™ using an FT-IR spectrometer (Nicolet
6700 FT-IR Spectrometer, Thermo Fisher Scientific, USA). In order to analyze the cross-
section, the sintered Y203 was cut into two pieces at intervals of 2 mm. The two pieces were
mirror polished, and one of the pieces was thermally etched at 850°C for 2 h in the air for SEM
analysis. The polished surfaces were observed via SEM (SU-8000, Hitachi, Japan). The
porosity and pore distribution were evaluated from area fractions of pores on SEM photographs.

In order to analyze the carbon and undefined materials, Raman spectra were collected by a
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laser Raman spectrometer (NRS-4100, JASCO, Japan). For a cross-sectional TEM observation,
thin foil specimens of the sintered Y.Oz were prepared using a focused ion beam milling
method. The cross-sectional observation was performed using TEM equipment (TITAN™ X-

FEG, Thermo Fisher Scientific, USA) operated at an acceleration voltage of 300 kV.
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2.3. Results and Discussion
2.3.1. Appearance and Microstructure of Each Sintered Y203

The appearances of sintered Y»0s at various heating rates (5 and 20°C/min) and holding
times (0, 5, 20, and 60 min) are shown in Fig. 16. Various factors such as heating rates, holding
times, and mold materials affect various ceramic materials sintered with SPS technology. In
the case of Al,O3 and MgAl>O; sintered by SPS, a significant difference has been reported in
the appearance of the sintered sample according to the heating rate. Besides, in the SPS of
Lu20s3, a discussion on the difference between the loaded pressures and the heating rates has
been reported. In the present work, the heating rates and holding times, which had a significant
influence, were set as main variables. At a low heating rate (5°C/min), uniform sintering
behavior was observed every holding time. On the other hand, at a high heating rate (20°C/min),
sintered Y203, held for more than 5 min at 1000°C, had a non-uniform appearance and
microstructure. In the non-uniformly sintered YOz, a white and opaque portion was created at
the center, while the periphery of the sintered Y.O3z was translucent. Irrespective of each
sintering behavior, the center region sintered at both heating rates was sufficiently densified at
the early holding stage (0 min), as shown in Fig. 16. Non-uniform sintering behavior then
occurred with longer holding times in Y203 sintered at a high heating rate (20°C/min). It can
be interpreted that the sintering of Y203 proceeded sufficiently for both heating rates, although
some other factors produce opaque parts during sintering at 20°C/min.

XRD patterns of SPSed Y»0s ceramics at 1000°C with various heating rates (5 and
20°C/min) and holding times (20 and 60 min). Despite the different heating rates and sintering
behavior, only Y203 peaks were detected in all samples. No differences were observed either
in the order of the intensities of the major peaks and the full-width at half maximum (FWHM).
The XRD pattern proves that it is purely composed of Y203 ceramics regardless of the heating

rate and sintering behavior, as shown in Fig. 17.
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Fig. 16. Optical appearances of SPSed Y203 ceramics at 1000°C with various heating rates (5

and 20°C/min) and holding times (0, 5, 20, and 60 min).
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Fig. 17. XRD patterns of SPSed Y>03 ceramics at 1000°C with various heating rates (5 and

20°C/min) and holding times (20 and 60 min).
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The main goal of the present work was to analyze the difference in microstructure
according to the heating rate. The two specimens sintered for 20 min at different heating rates
(5 and 20°C/min) were suitable candidates because of apparent differences. The cross-section
of the sintered Y»03 was divided into four-point parts with a distance between each point of
1.5 mm from the center “1” to the periphery “4,” as shown in the schematic diagram of Fig. 18
(a). The Y203 sintered at a heating rate of 20°C/min in Fig. 18 (c) shows different pore sizes
and porosities depending on the region (center or periphery). The periphery (c-4) shows a
smaller pore size and lower porosity, while the opposite tendency is observed at the center (c-
1). In addition, the pore size was clearly observed to decrease (125 — 47 nm), as well as the
porosity decrease (11.3 — 1.4%) from the center (c-1) to the periphery (c-4). Notably, no
difference in pore distribution was observed in uniformly sintered Y03 with a heating rate of
5°C/min in Fig. 18 (b). This result sufficiently supports the interpretation that defects moved

to the center, and subsequently, mass transfer to the periphery occurred.

() Cenler Periphery
Cross section of sintered Y,0, [&]

@
[ ]
]

Fig. 18. (a) Schematic diagram of positions 1, 2, 3, and 4 in the cross-sectional SEM
specimens, and SEM images of sintered Y203 at 1000°C with 5°C/min (b) and 20°C/min (c)

for 20 min.
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For non-uniformly sintered Y»03, a sintered Y,03 approximately 1.8 mm thicker than
previous specimens (about 0.8 mm) was fabricated to analyze the detailed microstructures. The
sintered Y.03 with a thickness of 0.8 mm was so small that it was impossible to prepare
specimen pieces for each region. Therefore, Y20z was thickly sintered to a thickness of 1.8
mm, was fabricated to prepare specimen pieces for each region. The additional sintered Y203
was consolidated by heating to 1000°C at 5°C/min for 20 min. SEM and optical images of the
microstructure for each region prior to detailed microstructural analysis (TEM) are summarized
in Fig. 19. A white and opaque portion in the center and translucent portions on the periphery
were observed in Fig. 19 (a). The microstructures at the center and periphery are shown in Fig.
19 (b, c), respectively. From the above results, in the case of sintered Y,03 with a thickness of
0.8 mm, uniformly sintered Y»0s was obtained by sintering at a low heating rate (5°C/min).
However, in the case of thicker sintered Y203 (1.8 mm), non-uniform sintering behavior
occurred despite the heating rate being the same (5°C/min). With the same sintering conditions,
the sintering behavior varies depending on the thickness of the sintered sample or the amount
of powder. The SPS proceeds by passing an electric current corresponding to the heating rate.
When the heating rate is high or the amount of loaded powder is large, a stronger electric
current and a higher current density are applied to the SPS process. Since rapid densification
is accompanied by high current density during the SPS process, despite the sintering conditions
being the same, the sintered Y»0Os with a thickness of 1.8 mm was sintered non-uniformly at a
low heating rate (5°C/min). A summary of the microstructural properties is as follows: the
average grain size, d; the porosity, f; and the average pore size, p; were, respectively, d = 432
nm, f = 14.4%, and p = 104 nm at the center region, while they were d = 163 nm, f = 2.8%, and
p =29 nm in the periphery region. The difference in porosity between the center (f = 14.4%)
and the periphery (f = 2.8%) was driven by the effect of mass transfer from the center to the

periphery and the diffusion of defects to the center [21].
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Fig. 19. Optical (a) and cross-sectional SEM images at the center (b) and periphery (c) of

non-uniformly sintered Y>03 at 1000°C with a 5°C/min heating rate for 20 min.

In addition to the SEM analysis above, a TEM analysis was performed to investigate the
more detailed microstructures of the sintered Y203. The microstructure of the center is shown
in Fig. 20 (a, b), and that of the periphery is shown in Fig. 20 (c, d); the magnification in Fig.
20 (a, c) is higher than that in Fig. 20 (b, d). The TEM analysis also provided detailed porosity,
pore size, and pore distribution. In the center region (Fig. 20 (a, b)), all of the pores were located
at grain boundary junctions (intergranular pores), and the average pore size (p = 115 nm) and
porosity (f = 11.2%) were significantly larger than those at the periphery (Fig. 20 (c, d)). On
the other hand, the pore sizes in the periphery region are 1-30 nm, and these tiny pores tend to
be distributed within the grains. The high-magnification TEM image of the periphery for Fig.
20 (c, d) shows that pores of 1-30 nm are distributed within each grain. With TEM analysis at
high magnification, such intragranular pores were not observed in the center region, and

intragranular pores were predominant at the periphery. This result suggests noticeable
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microstructural coarsening in the center region but very little in the periphery region: in the

center region, the grains and pores increased in size significantly due to the dramatic coarsening.

Fig. 20. TEM images of the center (a, b) and periphery (c, d) regions in sintered Y203 at

1000°C for 20 min at 5°C/min. The magnification in (b, d) is higher than that in (a, c).

2.3.2. Interpretation and Discussion of Non-Uniformly Sintered Y203

The mechanism for the non-uniform sintering behavior proposed in the present work
differs from that of the other groups. Grasso et al. [18] proposed that the main factor for the
residual pores is the temperature gradient caused by the low thermal conductivity of the starting
powder (alumina) and the high heating rate of the SPS process. It was considered that the
temperature gradient occurring within a 10 mm diameter would be insufficient to induce the
significant difference in grain size between the center and the periphery obtained in the present
work. Compared to the experiments of Ratzker et al. [19,20], because the non-uniform sintering
behavior occurred even though a conventional loaded pressure (80 MPa) was applied, the

proposed interpretation that the stress gradient resulting from significantly high loaded pressure
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(500 MPa) was the main factor is inappropriate. A modified mechanism was proposed to
interpret the non-uniform sintering behavior in the present work appropriately.

Through SEM and TEM analysis, it was possible to sufficiently demonstrate the
differences in microstructures related to non-uniform sintering behavior [21]. As with the TEM
image of the periphery region (Fig. 20 (d)), lots of residual defects have been proven by the
numerous tiny pores (yellow arrows in Fig. 20 (d)) in the grain. This is because the residual
defects of sintered Y»03 were transformed into numerous tiny pores. When there are a lot of
residual defects inside rapidly densified Y203 due to the high heating rate, more defects diffuse
into the center compared with the periphery [21]. In the SPS process using an electric field,
lots of defects are known to increase grain boundary mobility. For this reason, the center region,
in which the number of defects is higher than in the periphery region, has rapid grain growth
and increased grain boundary mobility, as shown in Fig. 21. Due to rapid grain growth and
increased grain boundary mobility, significant coarsening was induced, and grain and pore size
were increased in the center region. Finally, during the sintering process, coarsening was more
dominant than densification in the center region, and unlike in the periphery region, a
dramatically coarsened microstructure was created. Based on the above analysis results, it was
possible to discuss the differences in the appearance of the sintered Y20s. Sintering the Y203
at a high heating rate (20°C/min) led to dramatic coarsening in the center compared with the
periphery. Not only did the grain size increase, but the pore size and porosity also increased
significantly. That is why this dramatic coarsening occurred noticeably in the center, resulting
in an opaque appearance. Consequently, non-uniform sintering behavior occurred with

significant differences in the microstructure and appearance between the center and periphery.
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Fig. 21. Schematic diagram of microstructural evolution in non-uniform sintering behavior

Although the fabrication of transparent Y203 ceramics with similar SPS conditions has not
yet been achieved, the possibility of preventing non-uniform sintering behavior is suggested.
The carbon contamination and incidental oxygen vacancies were the major factors in
accelerating matter and defect diffusion by strong electric fields in the non-uniformly sintered
Y20s. Therefore, suppressing carbon contamination and incidentally occurring oxygen

vacancies may prevent non-uniform sintering behavior.

2.3.3. Spectroscopic Analysis

FT-IR spectra of SPSed Y203 at different heating rates (5 and 20°C/min) for 60 min
showed the most obvious difference, so those are shown in Fig. 22. Two strong absorption
peaks around 1500 cm™ were most noticeable among all the spectra. Two peaks were observed
irrespective of the heating rates and correspond to the C-O bond stretching vibration and
bending belonging to the carbonate [25]. For the low heating rate (5°C/min), no absorption
peaks were observed except for those around 1780 and 1500 cm™. Both peaks correspond to
the C-O bond of the carbonate. The IR transmittance graph of the low heating rate (5°C/min)
shows the same trend as that of the typical pattern of commercial Y03 [26]. However, in the
case of the high heating rate (20°C/min), a difference was observed as compared to the typical

IR transmittance graph of Y20s. The peaks located at 2555 and 2950 cm* were very weakly
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detected at the low heating rate but clearly detected at the high heating rate. For the low heating
rate, the strong absorption peak located at 3560 cm™ was not observed at all, but the intensity
increased significantly and became apparent as the heating rate increased. This peak is the O-
H stretching band of H20. The reason is that H20O adsorbed to the initial Y203 powder was not
sufficiently removed and was trapped inside in the process of rapid densification due to the
high heating rate. Additionally, two C-O bonding peaks corresponding to the carbonate were
weakly detected around 1875 and 1780 cm™. The peaks corresponding to the carbonate were
strongly detected in the non-uniformly sintered Y»Os at the high heating rate, while the peaks
were indistinct in the uniformly sintered Y.Oz at the low heating rate. Notably, a peak around
2340 cm™* corresponded to CO, and was strongly detected in the non-uniformly sintered Y2Os.
It was concluded that the SPS process, which was performed in a carbon-rich environment,
inadvertently introduced carbon, and the carbon reacted with the O-H bands involved in the

starting powder and was detected as carbonate and CO..

IR Transmittance (%)

| —— 5°C/min, 60 min
0 F — 20°C/min, 60 min

4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Fig. 22. FT-IR spectra of Y203 ceramics sintered at 1000°C for 60 min with 5°C/min (black

profile) and 20°C/min (red profile).
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Raman spectroscopy was performed, as shown in Figs. 23 and 24 depending on the heating
rates, for a detailed analysis of carbon, because one can predict the introduction of carbon from
a graphite punch, die, and carbon paper. Among all the Raman spectra, the same spectrum as
that of the Y»O3 powder was detected in the peak at 2450 cm™ and in the range below 1150
cm’. A difference in peak position depending on heating rates, a critical factor influencing the
evolution of the sintering behavior, was not observed; only a small difference in intensity was
observed. Results for a low heating rate (5 °C/min) with no appreciable differences in the
intensities of the two broad bands detected in the 3000-3500 and 2100-2600 cm™ ranges are
shown in Fig. 23. In a high heating rate (20°C/min), which may occur the non-uniform behavior,
the two broad bands of periphery region were significantly grew in Fig. 24. Two broad bands
corresponding to O-H and C-O rapidly grew at the periphery in the non-uniformly sintered
samples, which was consistent with the FT-IR spectra in Fig. 22. The non-uniform sintering
behavior due to the high heating rates affected not only the microstructure but also the extent
of carbon contamination and carbonate reaction; consequently, the sudden increase of O-H and
C-O bands resulted in non-uniform appearances. In the Raman spectroscopy, no differences in
the positions or existence of the peaks were observed irrespective of the heating rate, but as the
holding time increased, the intensity of the wideband corresponding to O-H and C-O strains
increased. In general, carbon contamination occurs as sintering proceeds in the SPS process.
As a result, the amount of carbon contamination increases, and the reaction to the carbonate

increases with the holding time.
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Fig. 23. Raman spectra of sintered Y203 in the (a) center and (b) periphery regions at
5°C/min for various holding times (0, 5, 20, and 60 min). Black rectangles drawn with broken
lines indicate the peaks from Y203, red rectangles denote the O-H band, and blue rectangles

denote the C-O band.
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Fig. 24. Raman spectra of sintered Y203 in the (a) center and (b) periphery regions at
20°C/min for various holding times (0, 5, 20, and 60 min). Black rectangles drawn with
broken lines indicate the peaks from Y203, red rectangles denote the O-H band, and blue

rectangles denote the C-O band.
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2.4. Conclusions

The non-uniform microstructure of SPSed Y203 was investigated by microstructural (SEM,
TEM) and spectroscopic (FT-IR, Raman spectroscopy) analysis. In the SPS process with high
heating rates, the non-uniform sintering behavior of Y203 was observed and accompanied by
the differences in the appearances and microstructures. From the center to the periphery, the
pore size, porosity, and grain size significantly decreased, and it was concluded that defects
and pores gathered at the center, contrate to a uniformly sintered Y203. Due to the electric and
magnetic fields in the SPS process, the defects lead to increased grain boundary mobility and
coarsening. The center region’s relatively large number of defects accompanied the rapid grain
growth and coarsened microstructure. Consequently, during the SPS process, the coarsening
was more dominant than the densification in the center and, unlike in the periphery,
dramatically coarsened microstructures were induced. A carbon-rich environment
unintentionally introduced the carbon, and it reacted with the -OH involved in the starting
powder and was detected as the carbonate and COz. As the holding time increased, the intensity
of the wide band corresponding to O-H and C-O strains increased. As a result, the amount of
carbon contamination increased, and the reaction to the carbonate increased with the holding

time.
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Chapter 3. Fabrication of Highly Transparent Y203

by Two-Step SPS

3.1. Introduction

Y20z is one ceramic material used extensively in industrial applications due to its excellent
optical, electrical, and thermal properties [1]. Particularly, transparent Y203 ceramics exhibits
outstanding optical transmission over a wide range of wavelengths, with an excellent signal-
to-noise ratio [2]. In addition, as a host material of high-powder laser gain media, research on
transparent polycrystalline Y203 is actively conducted [3-5]. Facilitating laser oscillation for
transparent ceramic requires light transmittance equivalent to a single crystal, which is close to
the theoretical value. Laser oscillation is difficult because oscillation hardly occurs even if only
0.1% of pores remain in transparent functional ceramics. It is difficult to make transparent
ceramics manufactured only by sintering using powder as a raw material due to the difficulty
of completely removing pores. Thus, various sintering techniques have been developed to
fabricate high-quality transparent polycrystalline ceramics. Among them, spark plasma
sintering (SPS), which is also called field-assisted sintering technology (FAST) or pulsed
electric current sintering (PECS), can be applied to fabricate highly densified pellets using
advanced sinterability efficiently. In the SPS process, due to mechanical pressure and electrical
current applications, full densification can be achieved at lower temperatures with finer
microstructures, as compared to the conventional sintering process [6-8]. However, some
serious problems have also been reported, including non-uniform sintering [9-11]. When
AlO3 and Y203 were sintered at high heating rates, non-uniform appearance and
microstructure of the translucent periphery and opaque center were observed. The opaque
central region contains many large pores, significantly lowering optical transmission. In order

to fabricate transparent ceramics for optical applications, such pores should be removed, and

58



uniform sintering should be achieved.

Considerable research to improve the uniformity and optical properties of sintered samples
by optimizing the detailed conditions of the SPS process has been reported [12-16]. There is
also a fundamental solution to the problem of decreasing the heating rate or changing the
holding times; however, research has reported applying the two-step sintering method, which
has been applied in conventional sintering, in the SPS technology. First, a two-step sintering
profile can be applied to SPS technology in terms of the applied pressure. Talimian et al. [12]
suggested that applying pressure in the critical temperature range (1150-1250°C) is very
effective at preventing carbon contamination, producing uniformity of sintered samples, and
removing residual defects. Furuse et al. [13,14] reported applying pressure up to 82.7 MPa
between 900-1200°C during the SPS process. As a result, excellent transparency close to the
theoretical transmittance was obtained in Yb-doped Y»Os sintered samples. In the case of
loading the maximum pressure before heating, high stresses may concentrate at small regions
where the powders contact each other, forming strong bonds between particles. The formation
of strong bonds easily increases the number of residual pores, which lowers in-line
transmittance by increasing the number of closed pores. In contrast, the significant
improvement of transmittance can be achieved by reducing the residual pores, which may occur
by enhanced matter diffusion and plastic deformation caused by high-temperature loading.
Therefore, the loading pressure at high temperatures has proven to be enhanced transmittance
effectively. Next, some research has been reported that densification and transparency could
be improved by applying a two-step heating profile [15,16]. In the results reported by Nanko’s
group [15,16], after achieving sufficient densification with minimal grain growth when the
first-step temperature was lower than the second-step (main) temperature, sufficient
densification and excellent transparency could be obtained by removing the residual defects at

the second-step temperature.
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The main objective of this chapter is that a two-step heating and pressure profile,
determined based on the range to which shrinkage occurs via the SPS shrinkage curve, is
applied to fabricate a transparent Y203 ceramic. In the two-step pressure profile, the high-
temperature loading of maximum pressure (80 MPa) improved the densification behavior, and
as a result, an improvement in transmittance of 80.6% was achieved close to the theoretical
value (81.6% at 1100 nm). Compared to the single-step SPS profile, the two-step heating and
pressure profiles effectively solved the problems of non-uniformity and residual defects and
are expected to be applied as a more suitable sintering profile for the fabrication of highly

transparent ceram ics.
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3.2. Experimental Procedure

Commercial Y203 powder (99.99%, Y'Y-13-20-0240, Rare Metallic Co. Ltd., Japan) with
a manufacturer-determined average particle size of 4 + 1 um was jet-milled using an ultra-high-
pressure wet-type atomizer (NanoVaterTM, Pacific Technology Corp., Japan). Jet-milled Y203
powder was dried in an oven for 48 h, followed by sieving with a 250-mesh screen. The sieved
Y203 powder (1.0 g per sintered Y203) was consolidated with an SPS machine (LABOX-315,
SinterLand Inc., Japan) for dense and transparent Y.Oz under a vacuum atmosphere (10 Pa).
The powder was consolidated using a graphite mold with an inner diameter of 10 mm and the
mold was covered with carbon felt to reduce heat dissipation. The inner wall of the graphite
die was covered, and the surfaces of the punches were also separated from the powder by
graphite sheets. During the SPS process, the temperature was measured using a pyrometer in
the non-through hole of the mold.

In the case of the single-step SPS profile, a mechanical pressure of 80 MPa (6.5 kN) was
loaded from the beginning and was maintained until before cooling. The powder compact was
heated to 800°C with a heating rate of 20°C/min, and to 1500°C (sintering temperature) with
5°C/min. After reaching to sintering temperature, the powder compact was held for 20 min.
Cooling was proceeded to 1100°C for 10 min, to 800°C for 5 min, and to 25°C for 5 min. In
this experiment, the two-step SPS profile (heating and pressure profiles) optimized to fabricate
the transparent Y203 is as follows. In the first-step SPS, the powder compact was heated to
800°C with a heating rate of 20°C/min, to 1250°C with 5°C/min and was held for various
holding times (0, 30, 60, and 120 min). After the holding time at first-step, the temperature was
increased to second-step temperature (1300, 1400, 1500, and 1600°C) with 5°C/min and held
for 20 min under the 80 MPa. Then, sintered Y203 was cooled to 1100°C for 10 min, to 800°C
for 5 min, and to 25°C for 5 min. In the early stage of the SPS process, the pressure for

maintaining current conductivity was 6.36 MPa (0.5 kN) before heating. The main mechanical
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pressure was increased to 80 MPa (6.5 kN) between 800-1250°C for 90 min. The sintering
conditions and specimen names are summarized in Table 4. To remove the carbon
contamination and oxygen vacancies in sintered Y»Os ceramics, further heat treatment

(annealing) was carried out at 1000°C for 30 h in an air atmosphere using a box furnace.

Table 4. Experimental conditions (two-step pressure and heating profile) of SPSed Y203

ceramics.
) Heating Profile
Specimen Name - - - -
Holding time at 1%t step (1250°C) | Sintering temperature at 2" step
T1300-30 30 min 1300°C
T1400-30 30 min 1400°C
T1500-30 30 min 1500°C
T1600-30 30 min 1600°C
S1500 - 1500°C
T1500-0 0 min 1500°C
T1500-60 60 min 1500°C
T1500-120 120 min 1500°C

Both sides of the SPSed and annealed Y203 were ground to a thickness of around 1 mm
and mirror polished. Fourier-transform infrared (FT-IR) spectra were measured in a range of
2-9.5 um using an FT-IR spectrometer (Nicolet 6700 FT-IR Spectrometer, Thermo Fisher
Scientific Inc., USA). The XRD analysis was carried out for the Y.O3 powder and sintered
Y203 using an X-ray diffractometer (SmartLab SE, Rigaku Co., Japan). In-line transmittance
(ILT) measurements were conducted using a double-beam spectrophotometer (SolidSpec-
3700DUV, Shimazu Co. Ltd., Japan) equipped with an integrating sphere. To analyze the
cross-section, the sintered Y203 was cut, and mirror polished. The specimens for scanning
electron microscopy (SEM) were thermally etched at 1000°C for 10 h in the air. The polished

surfaces were observed by SEM (SU-8000, Hitachi Ltd., Japan).
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3.3. Results and Discussion
3.3.1. Appearance and Microstructure of SPSed Y203

Fig. 25 shows the Y203 ceramics after annealing, through which characters are visible.
The characters are most clearly seen through specimen T1500-60, and characters behind
specimen T1500-30 were clearly observed the second time. Among the specimens depending
on the second-step temperature (T1300-30, T1400-30, T1500-30, and T1600-30), the second-
step temperatures of T1300-30 and T1400-30 were insufficient compared to 1500°C; as a result,
the characters were clear. On the other hand, because of over-sintering T1600-30, which was
sintered at 1600°C (second-step temperature), the characters were not clear, and carbon
contamination was not fully eliminated after annealing at 1000°C for 30 h. Thus, the second-
step temperature (the main sintering temperature) was selected as the reference temperature of
1500°C. Characters behind specimen S1500, which was SPSed with a single-step profile, and
specimen T1500-0, which was SPSed with a two-step pressure profile, were less clear than
specimen T1500-30. The clearest characters were observed in the T1500-60 specimen; as a

result, among the various holding times at the first-step, 60 min produced the best appearance.

(T1300-30)| |(T1400-30)| (T1500-30)  |(T1600-30)]
KY U HU) UNIVERSITY
(S1500)|  |(T1500-0)| (T1500-60)| (T]SOO -120)|

KYU$HU) UNIVERSITY

Fig. 25. Optical appearances of Y203 ceramics sintered with various sintering temperature

and profiles summarized in Table 4.

The microstructure after annealing is shown in Fig. 26. With the second-step temperature,
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the grain size increased from 1.2 um at 1300°C to 4.3 um at 1600°C. Due to the same second-
step temperature (1500°C), the grain sizes of specimen T1500-0, T1500-30, T1500-60, T1500-
120, and S1500 were almost similar as shown in the SEM image. In all the specimens, the
significant pores were observed very rarely, and any secondary phase particles were not
observed at all. Because the pore is an important factor in discussing transmittance, the pore
size was measured as follows. The specimen T1500-30 was about 180 nm, T1500-60 was less
than 100 nm, T1500-120 was about 270 nm, and S1500 was about 340 nm. In the two-step
profile, primary densification is achieved by suppressing excessive coarsening (grain and pore
growth) at the relatively low temperature in first-step sintering, then fully densified
microstructure is obtained in the second-step sintering. Therefore, in a specimen sintered with
a two-step profile, smaller pore size was able to obtain compared to a single-step profile. The

smaller pore size can be expected to have better transmittance in transparent ceramics.

(T1300-30) (T1400-30)

(1500

Fig. 26. SEM images of Y03 ceramics sintered with various sintering temperature and

profiles summarized in Table 4.

Depending on the second-step temperature, the X-ray diffraction patterns of the Y.O3 powder
and two-step SPSed Y203 ceramics are shown in Fig. 27. All diffraction patterns coincided

with the pure cubic Y203 phase (JCPDS cards No. 41-1105). In addition, depending on the
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second-step temperature and SPS profiles, the second-phase peaks, phase transformation, and

peak shifting were not observed.
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Fig. 27. XRD patterns of (a) Y203 powder and two-step SPSed Y03 ceramics depending on

second-step temperatures of (b) 1300°C, (c) 1400°C, (d) 1500°C, and (e) 1600°C.

Through the observation of appearances and microstructures, because the second-step
temperature of 1500°C and the first-step holding time of 60 min showed the clearest characters,
these conditions might be considered the most optimized conditions for transparent Y203

ceramics. Among all specimens, the T1500-30, the two-step SPS at 1500°C; S1500, the single-
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step SPS; T1500-0, the SPS with a two-step pressure profile; the T1500-60, the two-step SPS
with the first-holding time of 60 min was mainly discussed in regard to the fabrication of

transparent Y.Oz ceramics using two-step SPS.

3.3.2. Shrinkage Behavior During SPS of Y203 Ceramics

In the SPS process, the temperature, punch displacement, and pressure were plotted against
time to analyze the difference between the single-step profile and the two-step profile in Fig.
28. For the single-step, Y203 powder was heated to 800°C at 20°C/min with 80 MPa applied
at the start and then heated to 1500°C at 5°C/min. In Fig. 28 (a), shrinkage is observed to begin
at about 800°C and to stop at about 1250°C. Through the shrinkage curve of the single-step
profile, the pressurization range of 800-1250°C was selected, and first-step sintering
temperature could be set to 1250°C. Based on the results of the single-step profile, a two-step
SPS profile was established, which is shown as a graph in Fig. 28 (b). Additional shrinkage
which further improved the transmittance to theoretical transmittance, was observed at the

holding stage of first-step sintering in Fig. 28 (b), at nearly 7000 s.
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Fig. 28. SPS curve of Y203 ceramics sintered at 1500°C for 20 min with (a) single-step

profile (S1500) and (b) two-step profile (T1500-30).

The shrinkage behavior of both profiles was compared by graph, with the x-axis as
temperature in Fig. 29. In the case of the single-step profile, where pressure was applied from
the beginning, nearly half of the total shrinkage occurs artificially in the early stage of the SPS
process. However, since the two-step profile was heated with relatively low pressure (6.36

MPa), the shrinkage curve was observed to differ from that of the single-step profile. By
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applying maximum pressure (80 MPa) in the range (800-1250°C) where the shrinkage is
actively occurring by thermal energy and atomic diffusion, the amount of shrinkage in the
effective shrinkage range was significantly increased as compared to the single-step profile. In
the case of loading the maximum pressure before heating (single-step profile), high stresses
may concentrate in small regions where the powders contact each other and form strong bonds
between each particle. In contrast, because of the enhanced matter diffusion and plastic
deformation caused by high-temperature loading, the amount of shrinkage of the two-step
profile was improved [13,14]. As shown in the optical image of all specimens (Fig. 25), the

reason for better transparency with the two-step profile was investigated using shrinkage curves.
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Fig. 29. Displacement curves of Y203 ceramics sintered at 1500°C for 20 min with single-

step profile (S1500) and two-step profile (T1500-30).

3.3.3. Optical Properties
The infrared transmittance spectra of the SPSed Y203 ceramics were measured using FT-
IR analysis and to be discussed are shown in Fig. 30. The thicknesses of the four specimens

that were considered important are as follows. The specimen T1500-30 was 1.032 mm, T1500-
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60 was 1.052 mm, T1500-120 was 1.043 mm, and S1500 was 1.036 mm. As a result of
observing the specimens after annealing at 1000°C for 30 h, spectra with the same pattern were
obtained for all the specimens. In all the specimens, strong absorption peaks corresponding to
the C-O stretching vibration of the carbonate phase were detected in the range of 6.5-7 um,
and the intensity was different as shown in Fig. 30. These strong absorption peaks are due to
the carbon unintentionally introduced by the carbon-rich environment of the SPS process
[17,18]. The process that the C-O stretching vibration of carbonate phase unintentionally
remains is as follows. Due to the SPS process conducted in a carbon-rich environment, carbon
is unintentionally introduced into the sintered sample and reacts with oxygen in the Y203 lattice
to form oxygen vacancy. In this process, the introduced carbon goes deep inside through the
open pores as a CO gas phase, and it is encapsulated or precipitated as a solid phase in the
closed pores. As a result, sintered samples with decolorized or darken optical appearance are
observed [19-21]. For removing carbon contamination and oxygen vacancy that
unintentionally occurred during the SPS process, an additional heat treatment (annealing) was
performed at 1000°C for 10 h in an air atmosphere. Through the annealing process, trapped
CO gas and precipitated carbon solid phase was transformed to CO> gas by reacting with
external oxygen, and the optical appearance of the as-sintered sample was recovered as shown
in Fig. 25. The transformed CO: gas reacts with metal oxide phase (Y203), so a carbonate phase
is formed and detected in the FT-IR spectra as shown in Fig. 30 [19-21]. The specimen S1500
SPSed at 1500°C with the single-step profile had an IR transmittance that was significantly
lower than that of other specimens. All other specimens had a maximum IR transmittance of
over 80%, and the highest IR transmittance was obtained in T1500-60 (first-step holding time:
60 min). Through the FT-IR spectra, the holding time at the first-step sintering temperature
was evaluated. Thus, the holding time at the first-step sintering of 60 min has slightly higher

IR transmittance as compared to results as 30 and 120 min. To achieve close to theoretical
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transmittance, first-step sintering needs to continue for 60 min. According to the FT-IR results,
it can be concluded that the IR transmittance of Y203z SPSed with a two-step profile is superior

to that with a single-step profile.
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Fig. 30. FT-IR spectra of sintered Y»03 ceramics after annealing at 1000°C for 30 h. (a)

T1500-30, (b) T1500-60, (c) T1500-120, and (d) S1500.

Fig. 31 shows the in-line transmittance (ILT) as a function of the incident light wavelength
measure in the range between 240 and 1600 nm. For comparison with each sample and
theoretical transmittance, the ILT value in Fig. 31 was normalized to a thickness of 1 mm.
Based on Beer-Lambert law, the intensity of light decreases exponentially with the depth x in
the material via following Eq. (1),

Iy = Iine™* 1)

where Iy is the intensity of light after traveling a depth of x inside the material, lin is the initial
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intensity of light and x is the linear attenuation coefficient. Transmittance Tx of an x mm thick

sample is defined as following Eq. (2),

T, =X = ghx (2)

Iin
Consider To is the transmittance of a 1 mm thick sample, Normalized transmittance to 1 mm

thick sample was calculated via Eq. (3) [16].

To= et Ty=T;"" ©)
Because this is the range in which the detector and the light source are changed, the noise was
observed at around 900 nm. Prior to discussing the in-line transmittance of the SPSed Y203

ceramics, the theoretical transmittance can be calculated from the following equations, (4) and

(5) [22].

ILT = (1 — Rs)exp(—yd) 4)
2R ... o, (n-1)\2
Rs = m with R’ = (m) (5)

Rs is the reflection losses at the surfaces at normal light incidence, and d is the thickness of the
specimen. y means the total scattering coefficient. The reflection losses, Rs, are determined by
the refractive index, n, of polycrystalline Y203, which is a fundamental physical parameter of

materials. The refractive index of Y20z is given by Eq. (6) [22,23].

2.57812 3.93512

2 _
nc—1=
A2-0.13872 A2-22.9362

(6)

The approximate transparency was confirmed in the optical image (Fig. 25), but a detailed
comparison was possible through the normalized ILT graph as shown in Fig. 31. In this chapter,
measuring the ILT of the four specimens, which are being discussed as necessary, the best ILT
curve was obtained in T1500-60 sintered at the first-step temperature for 60 min. Following
the same trend as the FT-IR result, the holding time of 60 min showed the highest ILT, as
compared to 30 and 120 min. In addition, the two-step profile showed better results than the

single-step profile. The specimen T1500-30 (about 180 nm), T1500-60 (less than 100 nm), and
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T1500-120 (about 270 nm) sintered with a two-step profile had smaller pore sizes compared to
the single-step profile (about 340 nm) as shown in the microstructure (Fig. 26). Since pore size
is a crucial factor that negatively affects light scattering, specimen T1500-60 had the best ILT
curve and, the S1500 had the worst ILT curve. In addition, T1500-120 had an ILT similar to
that of the single-step profile at 800 nm or less. This is because excessive holding time caused

excessive sintering in the first-step sintering, and not densification as well as coarsening

occurred.
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Fig. 31. In-line transmittance (ILT) of sintered YOz ceramics after annealing at 1000°C for
30 h. The ILT value was normalized to a thickness of 1 mm. (a) T1500-30, (b) T1500-60, (c)

T1500-120, and (d) S1500.

Next, as compared to the theoretical transmittance (81.6%) at 1100 nm, the ILT value of
the T1500-60 was 80.6%, which was closest to the theoretical transmittance. The theoretical

transmittance is a value determined by the structure and refractive index of each material.
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However, polycrystalline ceramics are composed of many grains, and grain boundaries and
pores exist. Since such grain boundaries or pores act as critical factors that decrease
transmittance due to their defects, the ILT is inevitably lower than that of the theoretical
transmittance. Therefore, the specimen T1500-60 with the smallest pore size and few pores
observed showed the highest ILT value, but slightly lower than the theoretical transmittance.
In addition to light scattering due to pores, which is very rarely observed, the C-O stretching
vibration of carbonate phase detected in the FT-IR spectra (Fig. 30) causes light scattering even
though it is very weak, so the ILT value close to theoretical transmittance could not be achieved.
The single-step profile had an ILT value of 63.1%, which was significantly less than the
theoretical transmittance. Although it was already a fully densified Y>03 ceramic, an ILT close
to the theoretical transmittance could be obtained through the two-step SPS profile. The
significant improvement of transmittance can be achieved by reducing the residual pores,
which may occur by enhanced matter diffusion and plastic deformation caused by high-
temperature loading. The ILT of the two-step SPS profile could be improved with efficient
pressurization (800-1250°C), which can be verified from the shrinkage curve in Fig. 29. In
addition, the two-step SPS profile was able to produce an ILT value of 80.6%, which is close
to the theoretical transmittance, due to the suppression of excessive grain growth while

achieving sufficient densification with a holding time of 60 min in first-step SPS.
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3.4. Conclusions

In this chapter, the fabrication of transparent Y203 ceramics was successfully accomplished
using SPS technology with a two-step pressure and heating profile. The optical image revealed
that all the specimens were transparently sintered, and no secondary phase or phase
transformation was observed in the XRD analysis. In addition, SEM analysis showed that
densification occurred sufficiently in all the specimens, but the distribution of the ILT was
significant. However, applying the two-step pressure and heating profile to the SPS technology
significantly improved the ILT (63.1% (single-step profile) — 80.6% (two-step profile)). The
two-step pressure profile, applying a pressure of 80 MPa in the range of 800-1250°C, improved
the shrinkage behavior of the SPS process. In addition, the two-step heating profile of first-step
sintering (@ 1250°C for 60 min) and second-step sintering (@ 1500°C for 20 min) not only
achieved sufficient densification but also had the effect of suppressing excessive coarsening

such as grain and pore growth.
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Chapter 4. Fabrication of Ce3*:(Gd,Lu)3AlsO12 by SPS

4.1. Introduction

Recently, scintillation materials based on rare-earth aluminate garnets (LnzAlsO12, LNAG),
represented by Y3Als012 (YAG) and LusAlsO12 (LUAG), have been studied. The advantages of
the wide bandgaps, excellent chemical and thermal stabilities and high light transmittance in a
wide spectral region are suitable characteristics for scintillation purposes [1-4]. The materials
can be applied in white light-emitting diodes (white LEDs), environmental monitoring,
geological surveying, medical imaging, security scanning, etc. [5,6]. In the phosphor field,
YAG:Ce*" is widely used to conversion blue to yellow light to produce white LEDs. In addition,
transparent YAG:Ce3* ceramics, which have extremely high luminescence efficiency and short
decay times (tens of nanoseconds), might be used as advanced scintillators for medical x-ray
detectors [7,8]. Scintillation materials usually need high theoretical density, but YAG has low
theoretical density and not enough stopping power. Conventionally Gd>O3 and Y203 have a
similar price, but Gd®" has a higher atomic weight than Y3*. For the above reasons, Ce**-doped
GdAG materials have the potential to be ideal scintillator materials. In the Ce3*-doped GdAG
materials, Ce* doping causes instability of the garnet structure and a decreased decomposition
temperature. In order to prevent decomposition, some researchers have proposed the doping of
significantly smaller Lu®* to reduce the average size of Ln*" for structure stabilization [9,10].
This proposed doping of Lu®* can lead to high theoretical density and retain the excellent
luminescence properties of Ce3*. As a result, it may yield new yellow phosphor and scintillation
materials for optical and medical imaging applications.

In addition, to overcome the above problems related to lowered thermal decomposition
temperature, lowering the sintering temperature by applying an advanced sintering technique

is also one alternative. Among the many sintering techniques, spark plasma sintering (SPS) is
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the one that improves sinterability and can sinter transparent ceramics efficiently. During SPS,
the electric field enhances densification by improving diffusion by suppressing grain growth
and/or softening particle surfaces [11-14]. Direct heating of the mold and powder by the
electric current enables rapid heating, full densification, and fine microstructures at low
temperatures [15-19]. High densities and fine microstructures, which are advantages of SPS,
improve ceramics’ mechanical and optical properties. SPS could be used to fabricate fully
dense transparent ceramics with fine microstructures at relatively low temperatures [20].
Recently, the reported paper attempted to sinter and characterize the LUAG ceramic samples
via SPS. The LUAG samples were sufficiently sintered, and their transparency, morphology,
and mechanical properties were studied [21]. However, despite the highly advanced sintering
technology, SPS tends to show significant variations in characteristics such as density,
microstructure, and transmittance of the sintered sample depending on the sintering conditions.
For example, the formation of oxygen vacancies and microstructural defects within the sintered
samples is enhanced in Al,O3 and MgAl>O4 ceramics depending on the SPS conditions (e.g.
heating rate) [22,23]. Therefore, much research and caution are required in transparent ceramic
materials when preparing for the sintering or determining the sintering conditions.

The main purpose of this study is the fabrication of Ce®*":(Gd,Lu)sAlsO12 ceramics at a
relatively low temperature of 1300°C with fully densified microstructure by the SPS process.
In addition, the correlation between the optical properties and carbon contamination according
to the annealing process was investigated to restore the optical properties deteriorated due to

carbon contamination of a negative effect in the SPS process.
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4.2. Experimental Procedure

Ln20s3 (Ln = Gd, and Lu, 99.99% pure, Huizhou Ruier Rare Chemical Hi-Tech Co. Ltd.,
Huizhou, China), Ce(NO3)3-6H20 (99.99% pure, Huizhou Ruier Rare Chemical Hi-Tech Co.
Ltd.) and alum (NH4AI(SO4)2-12H,0, > 99% pure, Zhenxin Chemical Reagent Factory,
Shanghai, China) were used in this experiment as rare-earth and aluminum sources. The oxide
materials were dissolved in a proper amount of nitric acid for the preparation of Ln(NO3)3 stock
solution. A carbonate precursor was then precipitated by dropwise adding a mixed solution
containing stoichiometric amounts of the nitrates and alum into a solution of ammonium
bicarbonate. After collection and drying, the precursor was calcined at 1100°C for 4 h in air,
during which carbonate was converted into oxide through thermal decomposition. The final
heat-treatment was conducted at 1000°C for 4 h in Ar/Hz (5 vol% of H.) to suppress Ce*
oxidation [9,10]. As a result, it was confirmed that the content of Ce3* (82.3%) and Ce** (17.7%)
were detected in the [(Gdo.sLUo.4)0.99Ce€0.01]3AlsO12 powder by XPS analysis [24,25].

The synthesized (Gd,Lu)sAlsO12:Ce®" powder was consolidated with an SPS machine
(LABOX-315, Sinter Land, Japan) to obtain dense and translucent samples. The powder was
sintered in vacuum using a graphite mold with a 10 mm inner diameter. The sintering
temperature (1300°C) and pressure (80 MPa) were fixed, and holding times were varied (0, 5,
20, 60, and 300 min). Up to 1000°C, the mold was heated at a rate of 50°C/min, and then at
10°C/min. The temperature was measured using a pyrometer in the non-through hole of the
mold. The mold was covered with carbon felt to reduce heat dissipation. Further heat treatment
(annealing) was conducted to analyze the luminescence characteristics according to the
microstructure change. The annealing temperature was 1300°C, and the holding time was 2 h
in air.

The sintered and annealed samples were mirror polished and thermally etched at 1100°C

for 2 h in air. The polished surfaces and fracture surfaces were observed using a scanning
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electron microscope (SEM, SU-8000, Hitachi). The porosity was obtained by measuring the
porous area in SEM images. The grain size was calculated by measuring the average cross-
section area per grain and by assuming spherical grains. The grain size is an apparent one in
cross section, so that it was multiplied by 1.225 to determine the true grain size [25]. For
measurement of the total transmittance, both surfaces of the sintered sample were carefully
mirror polished with diamond paste and finished with a 1 um paste. The total transmittance
measurements were conducted using a double-beam spectrophotometer (SolidSpec-3700DUV,
Shimazu Co. Ltd., Japan) equipped with an integrating sphere. The photoluminescence (PL)
spectra (wavelength accuracy: £ 1 nm) of the phosphors were collected at room temperature
using an FP-6500 fluorospectrophotometer (JASCO, Japan) equipped with a 60 mm diameter
integrating sphere (Model ISF-513, JASCO) and a 150 W Xe lamp as the excitation source.
Monochromatization of the excitation and emission lights was achieved with a Rowland
concave grating (1800 grooves mm™). Optical measurements were conducted under identical
conditions for all of the samples, with slit widths of 5 nm for both the excitation and emission
sides. Spectral responses of the equipment were corrected in the range of 220-850 nm with a
Rhodamine-B solution (5.5 g in ethylene glycol) and a standard light source unit (ECS-333,

JASCO) as references.
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4.3. Results and Discussion
4.3.1. Compositional and Microstructural Analysis

Fig. 32 shows XRD patterns of the [(Gdo.sLuo.4)0.99Ce€0.01]3Als012 ceramics, which were
sintered at 1300°C for 0, 5, 20, 60, and 300 min before and after annealing at 1300°C for 2 h.
The diffraction peaks were well-indexed with the cubic structure of the GdAG garnet (JCPDS
No. 1-73-1371) and in each case the sharp diffractions imply high crystallinity of the sintered
and annealed samples [9]. It was reported by Li et al. that, under 1 at% of Ce®*" doping,
crystallization of GAAG was promoted by Lu®* incorporation [9]. Regardless of the holding
time and annealing effects, no obvious peak shifting, and phase transformation were observed
before/after annealing as compared to the JCPDS card. In addition, the sintering temperature
of 1300°C provided enough energy for crystallization. This result could be proved by that of Li
et al. [9], who reported that, in the case of (Gd,Lu)AlsO1. garnet powder synthesis, the phase
transformation to the garnet phase is completed at 1300°C. Therefore, after SPS at 1300°C, it
was concluded that the sintered sample was sufficiently crystallized because it consisted of
pure garnet phase. However, it was confirmed that the grain size of annealed samples slightly
increased and the amount of oxygen vacancy decreased because the peaks became sharper as

a whole, and noise of 20° or less was reduced [26].
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Fig. 32. XRD patterns of (a) as-sintered samples at 1300°C for 0, 5, 20, 60, and 300 min and

(b) annealed samples at 1300°C for 2 h in air atmosphere.

The SEM images of as-sintered samples at 1300°C for various holding times (0, 5, 20, 60,
and 300 min) are shown in Fig. 33. Significant pores were not observed in the SEM images in
Fig. 33 and 34, but a denser microstructure was obtained through the annealing process (Fig.

34). Regardless of annealing, the sintered samples were sufficiently densified.
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Fig. 33. SEM images of as-sintered samples at 1300°C for (a) 0 min, (b) 5 min, (c) 20 min,

(d) 60 min, and (e) 300 min under the 80 MPa.

Fig. 34. SEM images of annealed samples at 1300°C for (a) 0 min, (b) 5 min, (c) 20 min, (d)

60 min, and (e) 300 min under the 80 MPa.

As the holding time increased, the grain size increased as expected and it can be seen that
a lot of grain growth occurred at the early stage of holding during the sintering in Fig. 35 (a).
Porosity also tended to decrease rapidly initially, and after a holding time of 20 min, only a

small decrease in porosity was observed in Fig. 35 (b). In this study, SPSed samples showed

84



rapid grain growth and porosity reduction (densification) at the initial stage of sintering.
Annealing was conducted to analyze the effect of the microstructure change and correlations
with the microstructure, transmittance, and luminescence properties depending on the heat
treatment. Through the Fig. 35, after annealing, the slightly occurred grain growth and
densification were observed despite annealing at the same temperature as the sintering
temperature. There were no significant differences in microstructure before and after annealing.
In this chapter, there are two main reasons for this phenomenon. The first reason is that the
energy for atomic diffusion was not enough during the annealing process. Although the
temperature was the same in sintering and annealing process, the energy for atomic diffusion
of the SPS process is higher due to the SPS technology in which an electric field and
mechanical pressure are simultaneously applied. For this reason, it was judged that the
microstructure of the sintered sample sufficiently densified by the SPS technology could not
be changed. The second reason is that energy was consumed to remove carbon contamination
and oxygen vacancies. The primary purpose of the annealing process is to minimize the
changes in microstructure and eliminate carbon contamination and oxygen vacancies.
Therefore, the thermal energy of the annealing process is consumed in the lattice with oxygen

vacancies, and consequently, the oxygen vacancies are removed through lattice relaxation [26].

85



~
=
-

360 -—"— As-sintered
—e— Annealed

320

Average Grain Size (nm)

200
0 50 100 150 200 250 300
Holding Time (min)
(b)
2.5
—=— As-sintered
—e— Annealed
2.0 -
Q
X 15t
N’
£
£ 10r
S
=¥
05
0.0 1 1 1 1 1 1 1
0 50 100 150 200 250 300

Holding Time (min)

Fig. 35. (a) Average grain size and (b) porosity graph of sintered samples before and after

annealing at 1300°C for 2 h in air atmosphere.
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4.3.2. Optical Properties

The total transmittance results of as-sintered and annealed samples were summarized and
presented as a graph in Fig. 36. In the transmittance results of the sintered sample, the
transmittance tended to decrease with increasing holding time, and the distribution of the
results was wide. After annealing, however, the distribution became significantly narrower. In
general, the smaller porosity and larger grain size increased transmittance, but the results of
this study were different. In the case of the SPSed oxides, it is known that carbon contamination
and oxygen vacancies are produced during the sintering process under the reduction
atmosphere [22,23]. Since most of the SPS equipment consists of carbon, such as a graphite
die and punch, etc., carbon contamination is unavoidable. The proposed mechanism is that the
carbon monoxide evaporation is enhanced due to the applied pulse current, which then enters
the sintered sample through the open pore channels. The evaporated carbon is encapsulated in
the closed pores during the sintering process and remains in the sintered sample [27].
Additionally, in the case of oxides, a lot of oxygen vacancies were produced due to the carbon-
rich environment of SPS under the reduction atmosphere. The oxygen presented in the oxide
materials, and carbon introduced in sintering process could react with each other due to the
sufficiently high atomic diffusion energy and carbon-rich atmosphere. At this time, the CO or
CO2 gas is produced and evaporated from the sintered sample, and oxygen vacancies were
produced consequently [28]. As the sintering continues, the carbon contamination and oxygen
vacancies remaining in the sintered sample seem to increase. The carbon contamination and
oxygen vacancies in the SPS process directly affects the appearance and discoloration of the
sintered sample. When carbon contamination occurs, carbon materials other than diamond have
a black color, so considerable light absorption occurs. Light absorption due to carbon
contamination leads to darkening and discoloration of sintered sample. In addition, oxygen

vacancies are belonging to defect and are a factor of light absorption in SPSed transparent
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ceramics. The decrease in transmittance by light scattering has some effect on the darkening of
the sintered sample. As carbon contamination and oxygen vacancies occur, the darkening and
discoloration of sintered sample were finally induced. Although light passes through the
sintered sample, the transmittance is reduced by the dark sintered sample. Another factor for
increased transmittance is the area of grain boundary. The grain boundary is created because
the atomic arrangement direction of each grain is different, and it belongs to defects. When
light passes through, the arrangement direction of each grain is different, so the refraction and
scattering of light occur theoretically at grain boundaries [29]. In this chapter, more grain size
increases occurred in the specimens with longer holding times, and the area of grain boundaries
was further reduced accordingly. Therefore, although the effect of grain boundaries on light
scattering is small, it was concluded that the effect of grain boundaries helped slightly to
increase the transmittance. As a summary, although the porosity decreased and the grain size
increased, the transmittance tended to decrease significantly with a longer holding time due to
the increase in carbon contamination and oxygen vacancies. Because the annealing process
could remove the carbon contamination and oxygen vacancies, the distribution of the
transmittance results was significantly reduced, and some specimens showed improved
transmittance.

Notably, it was confirmed that significant light absorption occurred around 340 nm and
420-500 nm, as shown in Fig. 36. When Ce®* ions are doped, they absorb light having energy
around 340 nm and 420-500 nm and then emits light. The strong absorption bands around 340
nm and 420-500 nm can be attributed to 4f — 5d, and 4f — 5d; transitions of Ce*, respectively
[30]. Therefore, through the low transmittance around 340 nm and 420-500 nm on the total

transmittance graph, it can be observed that Ce®" ions were added.
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Fig. 36. Total transmittance results of the sintered samples (a) before and (b) after annealing

at 1300°C for 2 h in air atmosphere.
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4.3.3. PL Characteristics

The PL excitation and PL emission measurements of as-sintered and annealed samples
were conducted using a spectrofluorometer (FP-6500, JASCO, Japan), and the results are
summarized in Figs. 37 and 38. The excitation bands centered on 275, 342, 453, and 506 nm
are identified on the PL excitation spectra in Fig. 37, with the latter being significantly stronger.
The weak peak observed around 275 nm is due to the typical 8S7, — °l; intra f-f transition of
Gd® [9,31]. The three bands (around 342, 453, and 506 nm) are the transition from the ground
state (°Fs2) of Ce3* 4f! electron to the 5d excited state of T2q composed of three individual
bands and the transition from the ground state to the 5d excited state of Exy composed of two
individual bands [32]. This PL excitation process was presented in Fig. 39 as schematic
diagrams. This chapter focused more on how annealing after the SPS process affects the
luminescent behavior rather than a detailed description of the luminescence characteristics.
After annealing, the positions of the three bands were identical, and the intensity of each
spectrum increased significantly. The reason is that the grain size was increased, the porosity
was decreased, and the estimated generation of carbon contamination and oxygen vacancies
during the SPS process were efficiently removed through annealing. Because the amount of
grain boundaries and pores belonging to defects, was reduced, the luminescence properties
were improved. In addition, carbon contamination and oxygen vacancies as one of the defects
mainly induce light absorption. So, in the photoluminescence test, the emitted light can be
absorbed by carbon contamination and oxygen vacancies, respectively. As a result, the
propagation of emitted light to outside was interrupted. For this reason, carbon contamination
and oxygen vacancies interrupt the propagation of emitted light, and their removal through
annealing thus improved the luminescence properties of the sintered sample. Specifically, as
shown in Fig. 37, the increase in PL excitation intensity tends to expand. For example, the

sintered sample kept at a sintering temperature for 300 min had the lowest PL excitation
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intensity before annealing but the highest PL excitation intensity after annealing. In general, in
sintered samples of the same composition, the larger the grain size and the lower the porosity,
the higher the PL excitation intensity. Sintered samples with larger grain sizes and lower
porosity have less grain boundary area, which means that the number of defects in the sintered
sample is small because grain boundaries are one type of defects. Since the number of defects
were reduced, it was thus possible to improve the luminescence properties (PL excitation
characteristics). In addition, more PL excitation intensity improvements by annealing occurred
in the sintered sample kept for 20, 60, and 300 min with effectively removed carbon
contamination and oxygen vacancies. Through the above results, as the holding time increased,
the large grain size and low porosity also affected the PL excitation characteristics. However,
it was determined that carbon contamination and oxygen vacancies more effectively affected
the PL excitation characteristics. The more carbon contamination and oxygen vacancies that
were produced, the darker the sintered sample became and the more drastic was the decrease
in transmittance. Therefore, when using SPS as a sintering technique, controlling carbon
contamination and oxygen vacancies rather than grain size and porosity is considered to be
important for producing effective luminescent materials.

The transition from the ground state (?Fs) of Ce3* to the Exq state has a higher emission
intensity, of which the 453 nm band has a greater effect. Therefore, the PL emission
characteristics were analyzed in the situation of being excited at 453 nm. It was widely emitted
from about 500 nm to 750 nm and had the highest value around 571 nm. The schematic diagram
of PL emission process of Ce®*" showed in Fig. 39. The PL emission peak was emission of Ce**
arising from the electron transitions from the 4f°5d* excited state to the two ground states of
the 4f'5d° orbital (*Fs;) for short wavelength of 571 nm caused by spin-orbit coupling. The
emission centers of transparent Ce-doped YAG ceramics are generally reported to be located

at 550 nm [33], while the obvious red-shift peak location observed for the Ce-doped
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(Gd,Lu)3AlsO12 sample was primarily owing to the host lattice effect on the crystal field
splitting of Ce®* 4f-5d energy levels [9]. The electronegativities of Gd, Y, Lu, and Ce are 1.21,
1.22,1.27,and 1.12, respectively. Therefore, ternary Gd/Lu/Ce lanthanide cations have a higher
average electronegativity (1.23) than binary Y/Ce systems (1.22). The increasing
electronegativity of Ln® makes the centroid of the Ce®*" move to a higher energy level,
ultimately leading to a longer emission wavelength. The sintered samples with a longer holding
time tended to have a lower PL emission intensity. As with the PL excitation characteristic
behavior, the PL emission intensity of whole sintered samples increased significantly after
annealing. This is because annealing had effectively eliminated the more critical role of carbon
contamination and oxygen vacancies, the same reason the PL excitation characteristics were
improved. From the PL emission characteristic graph (Fig. 38), the full width at half maximum
(FWHM) can be calculated and compared. In general, it is known that the lower the FWHM
value in the luminescent materials, the higher the crystallinity and the more distinct the light
that is emitted. In this study, the FWHM value of the sintered sample was about 107.5 nm and
had an FWHM value of about 105 nm after annealing. After annealing, the FWHM value
decreased slightly. Based on the decrease in the FWHM value after annealing, it was concluded
that the crystallinity of the sintered luminescent samples had increased and had more
outstanding PL emission characteristics. Because the defects (carbon contamination and
oxygen vacancies) have been removed by annealing effectively, the quality of sintered sample
was improved. Furthermore, it was concluded that the crystallinity was slightly increased
because the grain size also increased, and the grain boundary, and oxygen vacancy, which
belong to defects, were reduced. The increased crystallinity was also confirmed in the XRD

patterns.
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4.4. Conclusions

Among the SPSed luminescent materials, Ce3*-activated (Gd,Lu)sAlsO12 garnet powder
was sintered at different holding times (0, 5, 20, 60, and 300 min) at 1300°C under 80 MPa to
analyze the effect of annealing on the microstructure and luminescence characteristics. Due to
the carbon contamination and oxygen vacancies induced during the SPS process, the
transmittance of the sintered samples tended to decrease with holding time. After annealing,
the reduced transmittance was mostly recovered. In the PL excitation characteristic results after
annealing, the positions of three bands were identical, and the intensity of each spectrum
increased significantly. This is because carbon contamination and oxygen vacancies induced
during the SPS process had a more significant effect than grain size and porosity and were
removed effectively by annealing. As a result, more PL excitation intensity improvements
occurred in the sintered samples held for 20, 60, and 300 min, while carbon contamination and
oxygen vacancies were effectively removed. The PL emission characteristic behavior was the
same as that of the PL excitation, and increased crystallinity and improved PL emission

intensities were obtained based on the decreased FWHM value after the annealing process.
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Chapter 5. Fabrication of transparent Ce**:(Gd,Lu)3Als012

by two-step SPS

5.1. Introduction

The lanthanide aluminate garnets (LnsAlsO12, LnNAG), represented by GdsAlsO12 (GAAG)
and LusAlsO12 (LUAG), with high theoretical density are attractive candidates for scintillator
applications. The LnAG group shows the proper characteristics for scintillator applications,
such as wide bandgaps, chemical and thermal stabilities, and wide transparent range [1-4]. The
high theoretical density of the scintillator is very important to assure high X-ray stopping power.
Regretfully, YAG shows the relatively low stopping power by its low density (4.53 g/cm?).
Among the lanthanide elements with an atomic weight higher than Y (89), the Gd (157) and
Lu (174) are considered suitable not only for increasing the density of the garnet structure.
Based on the abundance of rare earth elements in the earth’s crust, the Gd (0.21 ppm) and Lu
(0.02 ppm) have lower abundance compared to Y (1.39 ppm) [5]. However, since Gd is more
abundant than Lu, it is more suitable as a substitute for Y. Recently, research on transparent
LnAG based on Gd has been actively conducted for scintillator applications. However, the
GdAG has the disadvantage, which is thermally decomposed into GdAIOs perovskite and
Al;O3 above 1300°C (GdsAls012 — 3GdAIOs + Al,Os) [6]. Especially, Ce** is doped for an
activator of the yellow-emitting phosphors, and the ionic radius of Ce3* is larger than that of
Gd**". The larger Ce®* ions cause destabilization of the garnet structure, thereby reducing the
thermal decomposition temperature. In order to suppress the reduction of thermal
decomposition, the reported research [7] proposed that the doping the much smaller Lu®* in
Ce-doped GAAG with reducing the average Ln®* size for structural stabilization. Consequently,
the doping of Lu®* retains the photoluminescence (PL) characteristics of Ce3* and increases the

theoretical density of the Ce**:(Gd,Lu)3Als012, and the advanced yellow-emitting phosphors
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was obtained [7].

Decreasing the sintering temperature can prevent thermal decomposition of GAAG above
1300°C and improve the mechanical properties with the dense microstructure. The spark
plasma sintering (SPS) controlled by electric field and mechanical pressure can be considered
[8,9]. In the SPS process, the electric field rapidly heats the mold and powder compact,
improving the rapid densification by a number of microscopic mechanisms, including
increased atom diffusivity and softening of particle surfaces, so that excessive grain growth is
suppressed at low temperature [8,10]. Therefore, high densities and fine microstructures, which
are advantages of SPS, improve ceramics’ mechanical and optical properties. Recently, the
fabrication and characterization of LUAG ceramics, such as Nd:YAG [11], LUAG [12], and
Ce*:(Gd,Lu)sAlsO12 [13], using the SPS process have been reported [11-13]. Sufficient
transparency can be obtained by conventional sintering, hot pressing (HP), and hot isostatic
pressing (HIP) [14-16], but fabrication of transparent LnAG using SPS process has not been
sufficiently studied. In our previous work [13], the Ce3*:(Gd,Lu)sAlsO12 powder was fully
densified using SPS process, but a transparent sample was not obtained. Therefore, it is
considered that further research is required to improve transparency while retaining the
intrinsic merits of the SPS technique.

Research to improve the optical properties and control the microstructure by applying the
two-step sintering profile in conventional sintering, HP, and HIP have been steadily reported
[16-19]. The reported papers on the two-step sintering profile suggested that preliminary
experiments on microstructure control should be preceded to improve the optical properties
[18,19]. Although the two-step sintering profile was applied in different ways, in common, the
main objective was to achieve primary densification without excessive coarsening at the higher
first-step temperature and full densification and removal of residual pores in the second-step

sintering. As a result, full densification could be effectively achieved by dividing it into two
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steps with different objectives. In addition, some papers have been reported that the two-step
profile is applied to improve the optical properties while retaining the intrinsic merits of the
SPS process [20-24]. In the SPS process, the two-step profile is applied slightly differently
since the amount of carbon contamination and residual pores inevitably increases with
increasing the sintering time. Considerable research [22,23] divided each stage of the two-step
profile in detail and investigated the microstructure and optical properties. After primary
densification without excessive coarsening when the first-step temperature was lower than the
second-step, sufficient densification and excellent transparency could be obtained by removing
the residual defects at the second-step temperature. In our previous work [24], in transparent
Y203 fabricated with lower first-step temperature, the microstructural control and improvement
of optical properties could be achieved. Based on the reported two-step profile results, the
achievement of fine and dense microstructure and improvement of transmittance can be
expected in LnAG as well as at low temperatures by suppressing excess coarsening and
dividing primary densification and full densification.

This study was focused on improving he optical property of transparent
Ce*:(Gd,Lu)sAlsO12 ceramics with microstructure control by a two-step SPS profile. In the
two-step profile, the primary densification and the suppression of the excessive coarsening
were achieved at first-step sintering, and the full densification and removal of residual pores
were accompanied at the second-step sintering. The microstructure refinement or control
depended on the first-step temperature, and as a result, high transparency with finer

microstructure was able to be achieved compared to the single-step profile.
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5.2. Experimental Procedure

The rare-earth and aluminum sources in the present work were Ln2O3z (Ln = Gd and Lu,
99.99%, Huizhou RUIER Rare-Chem. Hi-Tech, China), Ce(NOz3)3-6H20 (99.99%, Huizhou
Ruier Rare-Chem. Hi-Tech, China) and alum (NHsAI(SO4)2:12H,0, > 99%, Zhenxin Chemical
Reagent Factory, China). The Ln(NOs)3z stock solution was prepared by dissolving the oxide
powders in an appropriate amount of nitric acid. To precipitate the carbonate precursor, a mixed
solution containing stoichiometric amounts of nitrates and alum was added dropwise to the
ammonium bicarbonate solution. The precipitated carbonate precursor was dried in oven for
24 h. The [(Gdo.sLUo.4)0.99Ce0.01]3AlsO12 powder was obtained by thermal decomposition of the
precursor, through first calcination at 1100°C for 4 h in air. To suppress the oxidation of Ce®*,
second calcination was performed at 1000°C for 4 h in Ar/H2 (5 vol% of Hy) [7,25].

The Ce*":(Gd,Lu)sAls01, powder was consolidated using SPS equipment (LABOX-315,
Sinter Land, Japan) under a vacuum atmosphere of 10 Pa. The powder was directly sintered
without any pre-treatment, using a graphite mold of 10 mm diameter. Heating was performed
with a pulse pattern of AC mode with a period of 5 s, and the temperature was measured using
a pyrometer in the non-through hole of the mold. The whole SPS process were divided into a
single-step profile and two-step profile. In case of the single-step profile, the powder compact
was heated to sintering temperature of 1250°C with a heating rate of 50°C/min, and held for
20 min. In case of the two-step profile, to primary densification without excessive coarsening,
the first-step sintering was performed to 900, 1000, and 1200°C with a heating rate of 50°C/min
and held for 30 min. In the single-step profile, the shrinkage started around 1000°C, so the first-
step temperatures for the two-step profile were considered based on 1000°C. For the full
densification and removal of residual pores, further heating was conducted to second-step
temperature of 1250°C at 5°C/min and held for 20 min. In whole SPS process, the mechanical

pressure of 6.5 KN (80 MPa) was applied from the beginning and was kept until before cooling.
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In addition, the cooling was sequentially proceeded to 1100°C for 10 min, to 800°C for 5 min,
and to 25°C for 5 min. The detailed SPS conditions and specimen names were summarized in

Table 5.

Table 5. Detailed conditions of SPSed Ce®":(Gd,Lu)sAlsO12 ceramics.

No.  Specimenname  SPS profile Heating rate Range (°C)  Holding stage
1 SS-1250 Single-step profile 50°C/min 600-1250 @ 1250°C for 20 min
2 TS-900 1t step 50°C/min 600-900 @ 900°C for 30 min
2"step  5°C/min 900-1250 @ 1250°C for 20 min
. 1tstep  50°C/min 600-1000 @ 1000°C for 30 min
3 TS-1000 Two-step profile - ong'ian  5°C/min 1000-1250 @ 1250°C for 20 min
4 TS-1200 1tstep  50°C/min 600-1200 @ 1200°C for 30 min
2Mstep  5°C/min 1200-1250 @ 1250°C for 20 min

The annealing process was conducted at 1250°C for 10 h in air to remove the carbon
contamination and oxygen vacancies. Both surfaces of Ce3*:(Gd,Lu)sAlsO1. ceramics were
mirror polished with diamond paste of 9, 3, and 1 um. Transmittance was measured using a
double-beam spectrophotometer (SolidSpec-3700DUV, Shimazu, Japan) equipped with an
integrating sphere. The PL measurements were conducted using a spectrofluorometer (FP-6500,
JASCO, Japan) equipped with a 60 mm diameter integrating sphere (Model ISF-513, JASCO,
Japan) and a 150 W Xe lamp as the excitation source. X-ray photoelectron spectroscopy (XPS,
AXIS-165, Shimadzu, Japan) spectra were recorded at room temperature with Al-K, radiation
for excitation and with the binding energy referenced to the C-1 s line of adventitious carbon.
The mirror polished surfaces were thermally etched at 1100°C for 2 h in air. The polished
surfaces and fracture surfaces were observed using a scanning electron microscope (SEM, SU-
8000, Hitachi, Japan). The porosity was obtained by measuring the porous area in SEM images.
The grain and pore sizes were calculated by measuring the average cross-section area per grain
and pore. The grain size is an apparent one in cross section, so that it was multiplied by 1.225

to determine the true grain size [26].
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5.3. Results and Discussion
5.3.1. Shrinkage Behavior and Microstructure

Through our previous work, the stabilization of garnet structure of (Gd,Lu)3AlsO12 was
successfully achieved, and it well-indexed with the cubic structure of GdAG [13]. Single-step
and two-step SPS profiles were applied to fabricate the transparent (Gd,Lu)sAlsO12 ceramics
with structure stabilization. The SPS curves (temperature, displacement, and pressure by the
time) of single-step profile (SS-1250) was presented in Fig. 40 (a). In the displacement curve,
thermal expansion by heating up to around 1000°C was observed, and shrinkage began to occur.
No further shrinkage occurred during the holding period at 1250°C, and the shrinkage was
sufficient. Based on the SPS curves of the single-step profile (SS-1250), a two-step profile (TS-
1000) was designed, which is presented in Fig. 40 (b). At the relatively low first-step
temperature of 1000°C, the powder compact was rapidly heated at a 50°C/min to suppress the
excessive coarsening and primary densification was conducted for 30 min [20,22,24]. In
addition, during the first-step holding time, since the shrinkage began and did not occur rapidly,
a small amount of residual pore could be expected. Due to the achievement of the primary
densification including a small amount of residual pore in the first-step sintering, the shrinkage
of the two-step profile was completed at 1200°C, about 50°C lower than the 1250°C of the
single-step profile, although the amount of shrinkage was the almost same. The improvement
of the sintering behavior by the two-step profile not only enables microstructure control, but

also can be expected to improve the optical properties.
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Fig. 40. SPS curves of the sintered Ce®*":(Gd,Lu)sAls012 ceramics depending on (a) single-

step SPS profile (SS-1250) and (b) two-step SPS profile (TS-1000).

Fig. 41 shows the SEM images of cross-section of SPSed Ce3*:(Gd,Lu)sAlsO12 ceramics
after annealing. All specimens were densified at final sintering temperature of 1250°C.
However, the microstructure was different in grain size, pore size, and porosity on SPS profiles.

The microstructural information (grain size, pore size, and porosity) calculated from SEM

107



images was summarized in Table 6. By applying the two-step profile, it was possible to
significantly lower the porosity at the same sintering temperature. All two-step SPSed
specimens showed lower porosity compared to single-step SPSed specimen (SS-1250) (3.74%),
in particular, specimen TS-1000 exhibited a porosity of 1.63% and a significant reduction in
porosity was possible. Significant decrease in porosity was possible due to the improvement of
shrinkage behavior, such as a smaller amount of residual pore and lower shrinkage completion
temperature, as shown in Fig. 41. In addition, as the first-step temperature was lowered in the
two-step profile, the grain size gradually decreased from 207 nm to 139 nm, and the pore size
decreased from 72 nm to 43 nm. This microstructure change was made possible by
microstructure control by the two-step profile [18,19]. In the present work, microstructure

control by two-step profile is expected to enable the improvement of optical properties as well.

£

(a) SS-1250 (b) TS-900 |
4

() TS-1000 ’ (d) TS-1200

Fig. 41. SEM images of cross-section of SPSed Ce®*:(Gd,Lu)sAlsO12 ceramics. (a) is SS-

1250, (b) is TS-900, (c) is TS-1000, and (d) is TS-1200.
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Table 6. Microstructural information of SPSed Ce®*:(Gd,Lu)sAlsO12 ceramics.

No.  Specimen name Grain size Pore size Porosity
1 SS-1250 221 nm 81 nm 3.74%
2 TS-900 139 nm 43 nm 2.29%
3 TS-1000 163 nm 69 nm 1.63%
4 TS-1200 207 nm 72 nm 2.96%

5.3.2. Optical Appearance and Transmittance

The optical appearances of Ce3*:(Gd,Lu)sAlsO12 ceramics after annealing were
summarized in Fig. 42. In the previous chapter, to improve the optical transparency, the
discoloration by carbon contamination could be recovered by annealing process. The
elimination of carbon contamination and oxygen vacancies was significantly affected the
improvement of optical transparency. Through the annealed specimens placed on the grid, the
optical appearance and transparency can be easily compared briefly. Specimen SS-1250
showed the lowest optical transparency among all the specimens. As a result of applying the
modified two-step profile based on the single-step profile (SS-1250), the optical appearance
was improved. Of course, it could be determined that the optical appearance was improved by
decreasing the heating rate in the second-step. However, among them, the most pronounced
improvement was obtained at 1000°C as the first-step sintering temperature in the two-step
profile. It means that a decrease in the heating rate at the critical temperature for densification
had a more important effect rather than simply reducing the heating rate to improve the optical
appearance. Therefore, as a result of setting the first-step sintering temperature of 1000°C, the
porosity was the lowest and the optical appearance was also improved the most. Based on the
results of the microstructure and optical appearance, it can be expected that the highest

transmittance in the specimen TS-1000 will be obtained.
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Fig. 42. Optical appearance of SPSed Ce3*:(Gd,Lu)sAlsO12 ceramics. (a) is SS-1250, (b) is

TS-900, (c) is TS-1000, and (d) is TS-1200.

Fig. 43 shows the in-line transmittance (ILT) curves of sintered Ce3*:(Gd,Lu)sAlsO12
ceramics after annealing. Significant light absorption was observed around 340 nm and in the
range of 420-500 nm. Due to the light absorption by the 4f — 5d, and 4f — 5d; transitions of
Ce®', the strong absorption around 340 nm and in the range of 420-500 nm occurred,
respectively [27]. As observed in optical appearances, the transmittance results also showed
almost same trend. At the same sintering temperature of 1250°C, all the specimens sintered
with the two-step profile compared to the single-step profile certainly showed improved
transmittance curves. Among them, the specimen TS-1000 showed the most improved ILT of

56.5% at 1000 nm compared to the 50.1% of specimen SS-1250. In transparent ceramics, the
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area of the grain boundary also affects the transmittance, but the porosity is the most critical
factor [28]. In the specimen TS-1000, which was conducted at the first-step sintering of 1000°C,
where the shrinkage began, the porosity showed a significant decrease from 3.74% (SS-1250)
to 1.63% (TS-1000), and this result had a profound effect on the transmittance. In addition, the
porosity’s trend presented in Table 6 exactly matched the trend of transmittance. The two-step
profile of the specimen TS-1000 slightly reduced the grain and pore sizes through
microstructure control and reduced the porosity the most. The decrease in porosity, which had
the most critical effect on transmittance, resulted in the most noticeable improvement in
transmittance. (Gd,Lu)3AlsO12:Ce ceramics with a composition similar to that of the present
work were fabricated with conventional sintering at 1750°C for 4 h under the vacuum
atmosphere after cold isostatic press (CIP) at 240 MPa [14]. As a result, an ILT of about 72%
at 1000 nm was achieved, showing excellent optical properties. Although there have been
reported results of achieving full densification and high transmittance of the garnet material
with the conventional sintering method, it was difficult to obtain high transmittance with the
SPS method. It has been reported that Nd:YAG ceramics were fabricated by the reactive-SPS
method to which a two-step heating profile was applied [29]. Nd:YAG powder was heated at
100°C/min to the first-step sintering temperature (1000°C) with an applied pressure of 70 MPa,
and at 15°C/min to the second-step sintering temperature (1350°C), then 5 min were
maintained. However, an ILT of about 36% at 1000 nm was obtained and excellent optical
properties were not achieved. In the present work, although ILT is not close to the theoretical
value of 84%, it has realized a very positive expectation that transmittance can be improved

through the application of the two-step profile and the microstructure control accordingly.

111



a | T | | |
@), 1 7
&
a~
S 60
<P
(P
=
S 40}
€
@ TS-1200
=
& 20| .
|
-
0 g™ |
| 1 | | |
400 600 800 1000 1200 1400 1600
Wavelength (nm)
(b) | | | | |
60 | .
&
AN
N
L 50 =
2 TS-1000
= y
=
.E +
» 10 TS-1200 |
=
~
Bt
—
30 | .
750 800 850 900 950 1000 1050

Wavelength (nm)

Fig. 43. Transmittance curves of SPSed Ce*:(Gd,Lu)sAls01, ceramics after annealing. (b) is

a graph magnified in the range of 750-1050 nm.

112



5.3.3. Oxidation State and PL Characteristics

To analyze the distribution of Ce dopant in vertical and horizontal directions of SPSed
samples, SEM image and EDS mapping results of single-step profile (SS-1250) and two-step
profile (TS-1000) were shown in Figs. 44 and 45, respectively. Since the electric current and
temperature gradient may be induced by non-conductive ceramic powder compacts, the
analysis of the distribution of Ce dopant is required. The Ce®":(Gd,Lu)sAlsO12 powder was
successfully synthesized so that the Ce dopant could be uniformly distributed, and its uniform
distribution was well maintained even after both SPS profiles. Therefore, no difference in the
PL characteristics by the concentration gradient of Ce dopant will be considered.

The XPS measurement was conducted to investigate the oxidation state of Ce dopant, the
results of powder, single-step profile (SS-1250), and two-step profile (TS-1000) were
summarized in Fig. 46. The red line belongs to the spectra of Ce®" ion, the blue line is the
spectra of Ce*" ion, and fractions of Ce®*" and Ce*" ion were calculated by the area of each
spectrum. For comparison with samples sintered in single-step and two-step profiles, the
fraction of Ce®" in the as-synthesized powder was required. The fraction of Ce®* in powder was
61.42% in Fig. 46 (a). In case of the specimen SS-1250, the fraction of Ce** was 61.73%, which
was almost the same as that of the synthesized powder. However, in the specimen TS-1000,
oxidation occurred slightly, and the fraction of Ce3* was 60.66%. Since the SPS process is an
oxidizing atmosphere by graphite components, the oxidation occurred in the two-step profile
with a long sintering time, and the fraction of Ce3* was slightly reduced. A slightly decreased
fraction of Ce®" in the two-step profile will affect the PL characteristics along with the

microstructure.
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Fig. 44. (a) SEM image of cress-section of the SS-1250 sample sintered with single-step SPS

profile, and EDS mapping images of (b) Ce, (c) Gd, and (d) Lu.

Fig. 45. (a) SEM image of cress-section of the TS-1000 sample sintered with two-step SPS

profile, and EDS mapping images of (b) Ce, (c) Gd, and (d) Lu.
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Fig. 46. XPS spectra of (a) Ce®*:(Gd,Lu)sAlsO12 powder, (b) single-step SPSed sample (SS-

1250), and (c) two-step SPSed sample (TS-1000).

Fig. 47 (a) shows the PL excitation spectra of Ce3*:(Gd,Lu)sAlsO12 samples after annealing.
The PL excitation measurement was performed to investigate wavelength-dependent excitation
under the condition that light at 571 nm was emitted. The excitation bands around 342, 453,
and 506 nm were detected, all of which belong to the excitation of Ce®* [30,31]. The excitation
around 342 nm occurred by the transition from the ground state (2Fs/2) of Ce** to the Toq state,
and the excitation around 453 and 506 nm was the transition from the ground state to the Exq
state composed of two individual bands [30,31]. The specimen SS-1250 sintered with the

single-step profile exhibited evidently higher PL excitation intensity compared to the two-step
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profile. Independent of the first-step temperature in the two-step profile, the PL excitation
intensity was lowest in the specimen TS-1000. The transmittance was strongly influenced by
the porosity and two-step profile showed better results, but PL excitation characteristic was
different. First, the fraction of Ce®" in Fig. 46 directly affected the PL excitation characteristic.
In the PL excitation spectra, since the excitation is caused by only Ce** [30,31], the fraction of
Ce** contained in the Ce®*:(Gd,Lu)sAlsO12 is a very important factor. Next, the grain size of
the specimen SS-1250 was the largest as 221 nm, and the grain size gradually decreased from
207 to 139 nm as the first-step temperature decreased. Compared to the two-step profile, the
large grain size, and the small area of grain boundaries of the single-step profile might affect
the PL excitation characteristics [32,33]. Fig. 47 (b) shows the PL emission spectra of
Ce*:(Gd,Lu)sAlsO12 ceramics after annealing. Through the PL emission measurement,
wavelength-dependent emission under the condition that light at 453 nm was excited was
investigated. The PL emission characteristics were showed completely identical trend with PL
excitation characteristics. The full-width at half maximum (FWHM) values were almost same
in whole specimens. It means that the crystallinity and light clarity of all specimens are almost

the same, and that the two-step profile did not affect the PL emission characteristics.
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Fig. 47. (a) PL excitation and (b) PL emission spectra of Ce®*":(Gd,Lu)sAlsO12 ceramics

depending on the SPS conditions after annealing.
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5.4. Conclusions

In the present work, the two-step SPS profile was employed and investigated to improve
the optical property of Ce®*:(Gd,Lu)sAlsO12 ceramics as attractive yellow-emitting phosphors.
In the shrinkage curve of SPS process with a single-step profile, a significant reduction in
porosity from 3.74% to 1.63% was achieved by first-step sintering of 1000°C in a two-step
profile, where shrinkage began. As the first-step temperature decreased, the microstructure
control of the two-step profile enabled the finer microstructure to reduce grain and pore sizes.
As a result of the significant reduction in porosity in the two-step profile, the transmittance,
which has the strong relationship with porosity, at 1000 nm could be improved from 50.1% to
56.5%. On the other hand, due to the long sintering time, oxidation occurred, and the fraction
of Ce®" decreased slightly in the two-step profile, so the PL excitation and PL emission

characteristics were not improved.
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Chapter 6. Conclusions

During the SPS process of various transparent ceramics, deteriorating the optical
transparency and inducing the non-uniform microstructure have been occasionally reported. In
addition, the discoloration by precipitated carbon as by-products of carbon contamination with
the carbon-rich environment of SPS components may critically affect the deteriorating the
optical transparency. Therefore, the first objective is to overcome the severe drawbacks of the
SPS process such as non-uniform sintering behavior, residual pores, and carbon contamination
to improve the optical properties of transparent ceramics. Then, applying the microstructure
refinement of two-step SPS profiles with primary densification and coarsening suppression at
first-step to improve optical properties with finer microstructures in transparent Y.O3 and

RE3AIsO12 ceramics is final objectives. The following are outlined conclusions of each chapter.

Chapter 2. Non-Uniform Sintering Behavior in Transparent Y203 during SPS

The non-uniform microstructure of SPSed Y203 was investigated by microstructural and
spectroscopic analysis. During the SPS process, the defects under the electric fields led to
increased grain boundary mobility and coarsening. At high heating rates with stronger electric
fields and rapid densification, the relatively large number of defects in the center region
accompanied the rapid grain growth and coarsened microstructure. Consequently, during the
SPS process, the coarsening was more dominant than the densification in the center and, unlike

in the periphery, dramatically coarsened microstructures were induced.

Chapter 3. Fabrication of Highly Transparent Y203 by Two-Step SPS
The fabrication of transparent Y»Os3 ceramics was accomplished using a two-step SPS

process. SEM results showed that densification occurred sufficiently in all specimens, but the
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distribution of the ILT was significant. Since densification behavior was improved and
microstructure control was achieved, applying the two-step SPS process significantly improved
the ILT (63.1% (single-step SPS) — 80.6% (two-step SPS)). In two-step SPS, high-
temperature loading of 80 MPa improved densification behavior by suppressing considerable

agglomeration and accelerating atomic diffusion at high temperatures.

Chapter 4. Fabrication of Transparent Ce3*:(Gd,Lu)sAlsO12 by SPS

Since the carbon contamination and oxygen vacancies are inevitably induced during the
SPS process, the transmittance of the as-sintered Ce3*:(Gd,Lu)sAlsO12 ceramics tended to
decrease with holding time, and it was mostly recovered by annealing process. In the PL
excitation characteristics after annealing, the positions of three bands were identical and, each
spectrum’s intensity increased significantly. The carbon contamination and oxygen vacancies
had the most critical effects than microstructures and were removed effectively by annealing.
As a result, more PL excitation intensity improvements occurred with increasing the holding

time because microstructure coarsening positively affected PL excitation characteristics.

Chapter 5. Fabrication of transparent Ce**:(Gd,Lu)3AlsO12 by two-step SPS

A significant reduction in porosity from 3.74% (single-step SPS) to 1.63% (two-step SPS)
was achieved in Ce3*:(Gd,Lu)sAlsO12 ceramics sintered with first-step sintering at 1000°C
during two-step SPS. As the temperature of first-step sintering decreased, the microstructure
control with two-step SPS enabled the finer microstructure with a reduction in porosity, grain
size, and pore size. Consequently, the transmittance, which has a strong relationship with

porosity, was improved from 50.1% to 56.5%.

To achieve a fine microstructure with high transparency, it is necessary to lower the
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sintering temperature, but unexpectedly non-uniform sintering behavior occurred. Although
the investigation of non-uniform sintering behavior through microstructural and spectroscopic
analysis was successfully conducted, the sintering temperature could not be significantly
lowered. As an alternative for the fine microstructure, a two-step profile was applied to the SPS
process. Through the two-step profile, the SPS process was divided into the first-step and the
second-step to suppress the microstructure coarsening and may achieve sufficient densification.
A two-step SPS was applied to the transparent Y03 and RE3AlsO1> ceramics to achieve
worthful improvement in transparency and microstructure control. As a result, the SPS process
with high efficiency in densification using an electric field was successfully applied to
transparent ceramics, and meaningful results were obtained that simultaneously achieve
excellent optical transparency and microstructure control. In the future, it is expected to make

a positive contribution to improving and optimizing the FAST processes such as SPS and FS.

125



Research Achievements

1. List of published papers

[1]

[2]

3]

[4]

[5]

[6]

[7]

J.H. Lee, B.N. Kim, J.G. Li, C.AJ. Fisher, and B.K. Jang, “Fabrication of transparent
Ce**-doped (Gd,Lu)sAls012 ceramics by two-step spark plasma sintering”, Journal of the
European Ceramic Society, (2021) in preparation.

J.H. Lee, B.N. Kim, and B.K. Jang, “Fabrication of highly transparent Y>O3 ceramics by
two-step spark plasma sintering”, Journal of the American Ceramic Society, 104 (2021)
5501-5508.

J.H. Lee, B.N. Kim, S. Hata, and B.K. Jang, “Microstructural and spectroscopic analysis
in non-uniform Y203 ceramics fabricated by spark plasma sintering”, Journal of the
Ceramic Society of Japan, 129 (2021) 66-72.

J.H. Lee, J.G. Li, B.N. Kim, Q.H. Meng, X.D. Sun, and B.K. Jang, “Effect of annealing
on microstructure and luminescence characteristics in spark plasma sintered Ce3*-activated
(Gd,Lu)3AlsO12 garnet ceramics”, Journal of the European Ceramic Society, 41 (2021)
1586-1592.

J.H. Lee, B.N. Kim, and B.K. Jang, “Non-uniform sintering behavior during spark plasma
sintering of Y203, Ceramics International, 46 (2020) 4030-4034.

B.K. Jang, J.H. Lee, and C.A.J. Fisher, “Mechanical properties and phase-transformation
behavior of carbon nanotube-reinforced yttria-stabilized zirconia composites”, Ceramics
International, 47 (2021) 35287-35293.

J.H. Lee, Y.J. Lee, Y.H. Han, D.G. Shin, S.Y. Kim, and B.K. Jang, “Microstructural
studies of core/rim structure of polycarbosilane-derived SiC consolidated by spark plasma
sintering”, Ceramics International, 45 (2019) 12406-12410.

126



2. List of international academic conferences

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

J.H. Lee, and B.K. Jang, “Densification Behavior of Transparent Y203 Ceramic in Two-
Step Spark Plasma Sintering”, IEICES-2021 (International Exchange and Innovation
Conference on Engineering & Science), Kyushu University, Kasuga, Japan, 10/21-22
(2021).

J.H. Lee, B.N. Kim, and B.K. Jang, “Qualitative Analysis on Non-Uniform Sintering
Behavior of Y203 Fabricated by Spark Plasma Sintering”, ICC 8 (8" International
Congress on Ceramics), Online Conference, 04/25-30 (2021).

J.H. Lee, and B.K. Jang, “Sintering Behavior in Polycarbosilane-Derived SiC Ceramics”,
ICC 8 (8" International Congress on Ceramics), Online Conference, 04/25-30 (2021).
J.H. Lee, B.N. Kim, S. Hata, and B.K. Jang, “Contamination of carbon and carbonate
phases during spark plasma sintering in non-uniformly sintered Y203 ceramics”, ICACC
2021 (45" International Conference and Expo on Advanced Ceramics and Composites),
Online Conference, 02/08-11 (2021).

J.H. Lee, J.G. Li, B.N. Kim, and B.K. Jang, “Effect of Carbon Contamination on
Luminescent Characteristics During Spark Plasma Sintering of Ce3*:(Gd,Lu)sAlsO12”, The
22" CSS-EEST (Cross Straits Symposium on Energy and Environmental Science and
Technology), Online Conference, 12/02—03 (2020).

J.H. Lee, J.G. Lee, B.N. Kim, B.K. Jang, “Relationship between carbon contamination
and luminescent characteristics in spark plasma sintered Ce**:(Gd,Lu)3AlsO1,”, The 5"
Asian-APC (Asian Applied Physics Conference), Online Conference, 11/28-29 (2020).
J.H. Lee, B.N. Kim, and B.K. Jang, “Characterization on Matter Diffusion and
Microstructural Evolution of Y203 Fabricated by Spark Plasma Sintering”, PACRIM 13
(The 13" Pacific Rim Conference of Ceramic Society), Okinawa Convention Center,
Okinawa, Japan, 10/27-11/1 (2019).

J.H. Lee, B.N. Kim, and B.K. Jang, “Non-homogeneous Sintering Behavior of Y.03
Ceramics”, IEICES-2019 (International Exchange and Innovation Conference on
Engineering & Science), Kyushu University, Kasuga, Japan, 10/24-25 (2019).

J.H. Lee, B.N. Kim, and B.K. Jang, “Effects of mold materials and heating rate on
transparent Y03 fabricated by spark plasma sintering”, UNITECR 2019 (United
International Technical Conference of Refractories), Pacifico Yokohama, Yokohama,
Japan, 10/13-16 (2019).

[10] J.H. Lee, Y.J. Lee, D.G. Shin, S.Y. Kim, and B.K. Jang, “Microstructural evolution of

polymer precursor-derived SiC on Core/Rim Structure”, ICACC 2019 (43" International

127



Conference and Exposition on Advanced Ceramics and Composites), Hilton Daytona
Beach Oceanfront Resort, U.S.A., 1/27-2/1 (2019).

[11] J.H. Lee, Y.J. Lee, D.G. Shin, S.Y. Kim, and B.K. Jang, “Effect of liquid phase SiO2 on
the densification of polycarbosilane-derived SiC ceramics”, CSS-EEST 20 (Cross Straits
Symposium on Energy and Environmental Science and Technology), Haeundae Grand
Hotel, Busan, Korea, 11/26-28 (2018).

[12] J.H. Lee, Y.J. Lee, H.M. Lee, T. Nishimura, Y.H. Han, D.G. Shin, S.Y. Kim, and B.K. Jang,
“Study on the discrepancy of sintering behavior in polycarbosilane-derived SiC ceramics”,
KJ-Ceramics 35 (Korea-Japan International Seminar on Ceramics), Lakai Sandpine Resort,
Gangneung, Korea, 11/21-24 (2018).

[13] J.H. Lee, and B.K. Jang, “Effect of Liquid Phase SiO, on the Densification of
Polycarbosilane-derived SiC Ceramics without Additives”, KIMST 2018 (Korea-Japan

International Symposium on Materials Science and Technology), The Ocean Resort, Yeosu,

Korea, 11/7-9 (2018). [Best Presentation Awards]

128



3. List of domestic academic conferences

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

ZHEMA . SRS . RN,  “The influence of two-step spark plasma
sintering on optical and luminescent properties 1in transparent
Ce’: (Gd, Lu) sA150,, ceramics” HAE 7 I v 7 e H 4 BKEL VR T T A
Fr T4 B, 9/1-3 (2021),
UM, ST, RIRE,  2BPEE T T A~ BERIEIC K o TRES o
W Y,0, 7 X v 7 A7 AAMERSS, 2021 FEEGRERAS, BERAR
FOHEF v %R RfESE, 05/20-21 (2021),
Zht#a . &R . RN, “Fabrication of highly transparent Y,0,
ceramics by spark plasma sintering with two—step pressure and heating
profile” AAEZ I v 7 R 2021 H4EE, 4074 VB, 03/23-25
(2021),
THMR ., BHOL. WP EBRE. “MET T XA~ BEM TIELRE
(Gd, Lu) sA1:0,, T — v MCET D IRFIGRDIET R L ORICFFEIC KIT T
B ARET v ARIUNE 2020 FERFHIERRS, L TA
PRfE. 11/14 (2020),
ZHER . W HREFER. &5, BB, “Microstructural study on
non—uniformly sintered Y,0, by spark plasma sintering” ¥ &K RKiG4&H
22020 FEERKTFERE, A T4 B 10/27-29 (2020),
ZhHR. 5. EIWEI.  “Microstructural and spectroscopic analysis
for the carbon and carbonate in spark plasma sintered Y,0,” HAtEZ I
vy WE FEIBEMEFL LRI T L AT A B 9/2-4 (2020),
b =R, W5 . EMMEI.  “Improvement of luminescence
characteristics in Ce®": (Gd, Lu),A1:0,, garnet fabricated by spark plasma
sintering after annealing” HAMEIRIZEE. 2020 FFEE 2GRN S MK
IR BERBLSEE, 7/16 (2020,
Zh . BROL. &WE . BEWEl.  “Microstructure and luminescence
characteristics by annealing in spark plasma sintered Ce*-activated
(Gd, Lu) 5A1:0,, garnet” HARL T I v 7 #He 2020 H4E4L, GRS, 3/18-
20 (2020),

129



(9] Z=hb#a. SEMNE].  “Microstructural evolution of polymer precursor—
derived SiC fabricated by spark plasma sintering” HAMEIEFE. 2019
RTINS BIRERE R 5/23-24 (2019),

[10] Z=hb#a, &4R5% . BN, “Effects of heating rates and holding times
on sintering uniformity in spark plasma sintered transparent yttria’
AAMBIE 2, 2019 FEEEAfiTRR RS BB R 5/23-24 (2019),

[11] Z=HEHE. 45 . 3EMEI.  “Non—homogeneous sintering behavior during
spark plasma sintering of yttria” HAY®Z I v 7 #H& 2019 445, 1%

FE k. 3/24-26 (2019),

130



Acknowledgments

I would like to express my sincere gratitude to Prof. Byung-Koog Jang as an advisor at
Kyushu University, who put a lot of energy and effort into research, life, and faith life guidance
to receive a Ph.D. successfully. My professor's guidance was something | had never received
anywhere else, and it was by far the best. In a limited time during the doctoral course, guidance
on how to efficiently plan the experiments and write the academic papers not only helped me
grow but also gave me respect for Prof. Jang. In addition, it was an opportunity to grow as a
doctoral student and a member of society through a firm mindset and overall personal education
in leading the doctoral program. Thanks to the professor's constant guidance with passion and
effort, | have learned a lot, and I am grateful that | could grow. As a result, 1 achieved significant
research achievements and graduated proudly, leading to a post-doctoral fellowship.

I’d like to thank Prof. Satoshi Hata for his generous teaching and support regarding the
TEM analysis and academic discussion. Through the analysis and discussion with Prof. Hata,
I could understand more deeply and derive clear conclusions about the evolution of non-
uniform microstructure during the SPS process. 1’d like to express my deep appreciation to
Prof. Satoshi Hata and Prof. Kengo Shimanoe for their informative comments and guidance as
to the thesis committee despite their busy schedule.

During the NIMS dispatch research, Dr. Byung-Nam Kim as supervisor helped me
successfully lead my own research theme with experimental support and academic discussion.
As a supervisor, he genuinely guided me not only with basic assistance but also with
fundamental questions and sometimes clear solutions to my research. I would like to thank Dr.
Li who was provided with Ce3*:(Gd,Lu)sAlsO12 powder and helped lead the research theme
through detailed discussion of the powder preparation process. I’d like to thank Dr. Je-Deok

Kim, and Dr. Koji Morita helped me with experimental supports. Dr. Koji Morita considered

131



me to applying for the NIMS Post-doctoral Fellowship. Although definitive results have not
been announced, | also learned and felt a lot in applying. Dr. Craig A.J. Fisher at Japan Fine
Ceramics Center (JFCC) helped proofread the submitted academic papers in English, and | was
able to learn a lot about deriving the conclusions and writing the papers.

In campus life, due to the kindness of Ms. Rumiko Ide and Ms. Kyoko Nozoe at the major
office, | was able to communicate without difficulty in administrative procedures. I’m deeply
grateful to Korean fellows in the Chikushi campus, particularly Seung-Hyeon Kim, Hwa-Jeong
Seo, Ahrong Jeong, Hyeong-Seok Yi, Sung-Jin Kim, Sang-Won Seo, and Su-Hyeon Baek. |
have enjoyed my campus life with their kind endurance and assistance.

Most of all, I’d like to express my infinite gratitude to my parents for their infinite care and
support during Ph. D. course. As a Ph.D. in Materials Science and Engineering, my father (Dae-
Yeol Lee) always suggested wonderful and worthful paths for me, and my mother (In-Ja Cho)'s
frugal and devoted care will never be forgotten. Also, there were many ordeals for my younger
brother (Ji-Bum Lee) but seeing him persevere and overcome it was able that | hold on to the
will to endure to the end. I love you always, and the future will be full of only happy days.

I sincerely thank everyone for their consideration and kindness, and | will never forget
them. Finally, for 3 years and 6 months, | will never forget the study, research, and academic
activities at the Chikushi Campus. It was a very valuable and precious period in my life. | am

very proud to have graduated at the Chikushi Campus in Kyushu University.

January, 2022

ZF fbip

LEE JI HWOAN

132



	Abstract
	List of Figures
	1.2. Transparent Ceramic Materials
	1.2.1. Yttria (Y2O3)
	1.2.2. Rare-Earth Aluminum Garnets (RE3Al5O12)

	1.3. Sintering Technologies for Fabrication of Transparent Ceramics
	1.3.1. Field-Assisted Sintering Technology (FAST)
	1.3.1.1. Spark Plasma Sintering (SPS)
	1.3.1.2. Flash Sintering (FS)


	References
	2.1. Introduction
	2.2. Experimental Procedure

	Chapter 3. Fabrication of Highly Transparent Y2O3
	by Two-Step SPS
	3.1. Introduction
	3.2. Experimental Procedure
	3.3. Results and Discussion
	3.3.1. Appearance and Microstructure of SPSed Y2O3
	3.3.2. Shrinkage Behavior During SPS of Y2O3 Ceramics
	3.3.3. Optical Properties

	3.4. Conclusions
	References

	Chapter 4. Fabrication of Ce3+:(Gd,Lu)3Al5O12 by SPS
	4.1. Introduction
	4.2. Experimental Procedure
	4.3. Results and Discussion
	4.3.1. Compositional and Microstructural Analysis
	4.3.2. Optical Properties
	4.3.3. PL Characteristics

	4.4. Conclusions
	References

	Chapter 6. Conclusions
	Research Achievements
	Acknowledgments

