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ARTICLE INFO ABSTRACT

Keywords: The development of new dosimetric materials is essential for the safe and effective use of nuclear technology. In

Yttria the present study, an eco-friendly bio-prototyping approach was developed for preparing thulium-yttria

Thulium oxide microceramics with potential applications in radiation dosimetry. Micro-powder compacts were obtained by

g?fp::f:;pmg casting colloidal thulium-yttria suspensions prepared with 20 vol% particles in thin-walled tube templates.

Dosimetry Samples were sintered at 1600 °C for 2 h under the environmental pressure and atmosphere to obtain thulium-

Ceramic processing yttria microceramics with dimensions of 3.33 + 0.01 mm x 2.27 + 0.01 mm (height x diameter), as well as a
cubic C-type structure, pycnometric density of 4.79 g cm™> (95.61% theoretical density), and surface micro-
structure comprising hexagon-like grains bonded at the boundaries. The use of thulium as an activator of yttria
greatly improved the electron paramagnetic resonance (EPR) response of the microceramics, where the main EPR
peak (p;) was recorded at 351.24 mT and the g factor was 2.0046. The innovative findings obtained in this study
may facilitate the production of new solid state dosimeters.

1. Introduction

The use of radiation in various areas such as medicine [1], industry
[2], energy [3], and food [4] has provided great benefits to society.
However, nuclear technology requires advanced materials to ensure that
the application of radiation in the long term is high quality, safe, and
effective. Dosimetric materials can absorb radiation energy and release
it in the form of visible light when optically or thermally stimulated
[5-71.

Magnesium, titanium co-doped lithium fluoride (LiF:Mg, Ti) [8],
magnesium, copper, phosphor tri-doped lithium fluoride (LiF:Mg, Cu, P)
[9], and manganese doped lithium tetraborate (Li;B4O7:Mn) [10] are
commonly used in clinical dosimetry due to their tissue equivalence.
Despite their higher atomic effective number, dysprosium doped cal-
cium sulfate (CaSO4:Dy) [11], carbon doped aluminium oxide (Alp03:C)
[12], and dysprosium doped calcium fluoride (CaF2:Dy) [13] have been
used widely in clinical, environmental, industrial, and personal dosim-
etry because of their high dose sensitivity.

A material that is available in the form of a free powder is not very
useful for dosimetry because free powders are difficult to manipulate
during routine work. Therefore, a process is required to consolidate
powders into a compacted body. Bio-prototyping is an eco-friendly
process that allows the shaping of advanced materials by using renew-
able templates and colloidal suspensions. The inter-particle forces are
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controlled in order to consolidate the particles and obtain a powder
compact. Furthermore, thermal treatment is performed to enhance the
mechanical strength of compacts and form the microstructure, which is
effective for improving the characteristics of the material and its com-
ponents. Previously, our research group investigated bio-prototyping for
materials such as biomorphic dysprosium-yttrium disilicate [14], yttria
nettings [15], yttrium disilicate micro-cellular burners [16], and
europium-yttria rods [17]. These previous studies confirmed that
bio-prototyping is a useful process for producing advanced materials.
Nuclear technology demands the continuous development of
advanced materials in order to ensure that the use of radiation is totally
safe. Yttria (Y203) belongs to the rare earth (RE) group and its unique
properties have facilitated a broad range of applications in biomaterials
[18], superconductors [19], scintillators [20], capacitors [21], and
catalysis [22]. Moreover, yttria exhibits lattice characteristics that allow
the insertion of other RE ions into its structure (doping). According to
the type of RE ion, valence state, content, and position in the host lattice,
the solid state characteristics of yttria can be greatly enhanced [23-28].
Oliveira et al. [29] improved the up-conversion luminescence of highly
crystalline (Eu®*, Er®*, Yb®*):Y,03 nanoparticles by using sorbitol as a
polymerizing agent. Yuan et al. [30] significantly enhanced the lumi-
nescence of Eu3+:Y203/Y2025 nanocomposites excited at 338 nm by
reducing Eu®*:Y,03 nanoparticles. Huerta et al. [31] reported that the
effective luminescence of (Er3+, Yb3+):Y203 nanoparticles was achieved
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through Er** to Yb>" energy transfer. Considering the special features
and broad applicability of RE oxides, members of this group of materials
are classified as critical materials in the European Union [32] and United
States of America [33].

In the present study, we extended our recent research [34] where we
developed an alternative hydrothermal synthesis method to obtain
thulium-yttria nanoparticles with controlled powder characteristics and
electron paramagnetic resonance (EPR) response. Doping yttria with
thulium improves the EPR response of yttria as a function of the radia-
tion dose. As described in our recent study, thulium-yttria nanoparticles
prepared with 0.01 at% Tm (atomic percentage, at%) exhibited a cubic
C-type structure, mean particle diameter of around 96 nm, and the most
remarkable EPR response among all of the compositions obtained. This
response was related to the Tm content, where the insertion of low
concentrations of Tm led to the formation of substantial crystal defects,
which could trap more of the unpaired electrons formed during the
irradiation process.

In the present study, we contributed further to the development of a
promising solid state dosimeter by using an eco-friendly bio-prototyping
approach to prepared thulium-yttria microceramics with potential ap-
plications in radiation dosimetry.

2. Experimental
2.1. Powder synthesis and characterization

Thulium-yttria powders (Tm:Y203) prepared with 0.1 at% Tm were
synthesized using an eco-friendly hydrothermal process as described
previously [35].

The as-synthesized Tm:Y,03 powders were characterized by photon
correlation spectroscopy (Litesizer500, Anton Paar) according to the
following parameters: diluted aqueous suspensions (0.05%vol), equili-
bration time = 10 s, number of runs = 5, evaluation time = 20 s, and
temperature = 25 °C. We also conducted helium pycnometry (Pyc-
nometer Micrometrics 1330), X-ray diffraction (XRD, Rigaku Multiflex,
Japan) with an angular range (20) from 15° to 70° and scanning at 0.5°
min~! with a Ka source, and scanning electron microscopy (SEM,
INCAx-act, Oxford Instruments).

2.2. Colloidal stability based on zeta potential ({) determination

The stability of the Tm:Y,03 particles in aqueous solvent was eval-
uated based on electrophoretic mobility measurements (je) obtained at
room temperature (20 °C), before calculating the zeta potential ({)
considering the Smoluchowski model given in Eq. (1) [36,37]. The
stability of the particles was evaluated using stock suspensions con-
taining 0.5 g L ™! of particles, 1 mM NaCl (58.54 g mol !, Merck) as the
electrolyte, and HCl and KOH solutions.

(8

In Eq. (1), € is permittivity of the liquid (J V=2 m),  is the viscosity of
the liquid (cP), and pe is the electrophoretic mobility of the particles (p
syl cm).

2.3. Formulation of colloidal suspensions

Ceramic suspensions containing 20 vol% Tm:Y,0s3 particles were
prepared with tetramethylammonium hydroxide (30 wt%, Sigma
Aldrich) and 0.2 wt% corn starch as a binder (CS, Maizena), which were
subjected to ball milling for 24 h using alumina spheres (Dspheres = 10
mm).

2.4. Preparation of thulium-yttria microceramics by bio-prototyping

Thulium-yttria microceramics were produced using an eco-friendly
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bio-prototyping method (Fig. 1), where ceramic suspensions were sha-
ped using renewable templates to obtain almost net-shaped components
for advanced application.

The shaped compacts were dried in an air atmosphere at the envi-
ronmental temperature for 24 h. The powder compacts were then sin-
tered at 1600 °C for 2 h in an air atmosphere and at a heating rate of 5 °C

min~ L.

2.5. Microstructural evaluation of the microceramics

The as-sintered Tm:Y203 microceramics were characterized using
optical microscopy (OM, Nikon SMZ1270), SEM (TM 3000, Hitachi;
INCAx-act, Oxford Instruments), XRD (Rigaku Multiflex) at a scanning
rate of 0.5°min ! from 15 to 70° (20) with Cu-Ka radiation, and helium
pycnometry (Pycnometer Micrometrics 1330).

2.6. EPR responses of the microceramics

The paramagnetic responses of the thulium-yttria microceramics
were evaluated by EPR using an X-band EPR spectrometer (Bruker EMX
PLUS) at room temperature and atmosphere. EPR spectra were recorded
for the samples using the following parameters: field modulation fre-
quency = 100 kHz, microwave power = 2.5 mW, center field = 300 mT,
sweep width = 300 mT, modulation amplitude = 0.4 mT, time constant
= 0.01 ms, with 10 scans, temperature of 20 °C, environmental atmo-
sphere under controlled humidity, and 2,2-diphenyl-1-picrylhydrazyl
(Bruker) was the EPR reference.

3. Results and discussion

The XRD curve obtained for thulium-yttria powders prepared using a
relatively low temperature hydrothermal method [35], followed by
annealing at 1100 °C for 2 h in an air atmosphere is illustrated in Fig. 2a.
The as-synthesized powders had a cubic C-type structure and a high
intensity diffraction peak was recorded at 29.5°, which indicated the
(222) plane and corresponded to powder diffraction file (PDF) 25-100.
Considering the crystallographic characteristics of yttria, the cubic
C-type structure belongs to the Ia® space group, with 16 formula units
per unit cell, six-coordination number (N), two points symmetry (Se,
Csi), and Cy [38]. Moreover, yttria has many oxygen vacancies [39,40]
that allow the incorporation of other RE ions into the lattice, such as
Er*t [41], Dy®" [42], and Yb3" [43]. In addition, no secondary
diffraction peaks were observed (Fig. 2a), thereby confirming that the
proposed synthesis method was satisfactory for incorporating thulium
ions into the yttria lattice.

Based on the phase diagram for RE oxides illustrated in Fig. 2b, REs
can exhibit one of the following crystal forms according to the annealing
temperature: A, B, C, X, or H. The A-type form (La, Ce, Pr, Nd, and Pm)
has a characteristic hexagonal structure, with space group Psz/m, one
unit formula per unit cell, and a metal atom in seven coordination. The
B-type form (Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) has a
monoclinic structure, space group Cy/m, six formula units per unit cell,
and metal atoms in six-seven coordination [44,45]. The C-type form
(from La to Lu) is the most favorable for consolidation among all five
forms, even under high temperatures. At 1000 °C, members of the RE
group from Eu to Lu, including Sc and Y, tend to have the C-type form.
Moreover, the C-type form has a characteristic cubic structure, space
group I3, 32 metal atoms per unit cell, 48 oxygens per unit cell, and
metal atoms in six-coordination [46]. The last two forms comprising H
and X are just below the melting point (2400 °C). The H-type form ex-
hibits has a hexagonal structure similar to A-type and space group
P63/mme, Whereas the X-type form has a cubic structure and space group
Imam [47-49].

As described above, the cubic C-type is the most favorable form in
which REs crystallize. However, REs undergo phase transformations at
lower temperatures and under higher pressure. According to Hoestra
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Fig. 1. Formation of thulium-yttria microceramics by bio-prototyping.
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Fig. 2. (a) XRD curve obtained for thulium-yttria powders produced using the hydrothermal method, followed by annealing at 1100 °C for 2 h in an air atmosphere.
Phase diagrams of RE polymorphs as functions (b) of temperature, and (c) temperature and pressure.

et al. [50], REs tend to stabilize as the A-type rather than the B-type and
C-type under high pressure, and the B-type rather than the C-type.
Moreover, Hoekstra et al. [51] observed that the phase transformations
of REs can be reversible when samples are thermally treated under
higher temperatures for a few hours after reducing the pressure. As
illustrated in Fig. 2c, the equilibrium temperature phase from 1 atm to
2.10* atm is larger than that from 2.10* atm to 4.10* atm, and it was
observed that the conversion of the structure of yttria from the B-type to

C-type occurred after thermal treatment at 900 °C in the air under
ambient pressure for several hours. Other studies have reported yttria
polymorphisms such as C—B [51], C—fluorite [52], and C—A [53].
Particle size is the most important parameter in powder processing.
In general, a powder comprises many particles with distinct sizes. Thus,
evaluating the particle size distribution is important for obtaining the
mean particle size (dsg), as well as the minor and higher diameter size
distributions denoted as d;¢ and dgg, respectively. The mean particle size
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distribution for the thulium-yttria powders is illustrated in Fig. 3a. The
proposed synthesis method resulted in the formation of fine particles
with a mean diameter size (dsg) around 98.8 nm. The other particle size
distribution parameters indicated that the thulium-yttria powders were
characterized by a narrow particle size distribution, span, where the
difference between the dgg and d;q distributions was 59.9 nm, i.e., the
relative span, and thus the ratio between the span and dsg was 0.6, and
the polydispersity index was 0.2. In previous studies of the synthesis of
RE-based materials, our research group reported the formation of the
following materials: yttrium disilicate (dsg = 185 nm) [16],
dyprosium-yttrium disilicate (dsp = 242 nm) [14], and europium-yttria
(dsp = 576 nm) [54].

The morphology of particles is a fundamental parameter of a powder
in the same manner as the particle size. As illustrated in Fig. 3b, the
thulium-yttria powders comprised agglomerates of rounded particles.
Nanoparticles are characterized by a high surface area and low mass/
size ratio, so the attractive forces are highly effective at promoting the
agglomeration of particles. Fortunately, these agglomerates are easily
broken by crushing. Yu et al. [55] reported that the synthesis conditions
led to changes in the morphology of Dy>*/Eu* co-doped Ca3(PO4)-
nanoparticles from nanorods to nano-spherical particles. Arul et al. [56]
prepared In(OH)3 and InpO3 micro-powders with a flower-like shape and
mesoporous hierarchical microarchitectures by using biuret as an alka-
line medium, chelating agent, and surface-anchored organic molecule.

Ceramic powders in the nano-scale range are very useful as func-
tional materials for enhancing the characteristics of materials and as
end-use components. Dense compacts of nanoparticles can be shaped to
obtain nanoparticles with polydispersed size and uniform shape.
Moreover, after thermal treatment under high temperature, the com-
pacts usually exhibit uniform shape and symmetric dimensions, with a
dense microstructure (and no detrimental defects) and high mechanical
strength. Hu et al. [57] reported that W-Y203 composite nanopowders
with a diameter of 15.1 nm formed W-Y,03 alloys with refined W grains
of about 210 nm and a relative density of 98.0%. Insmail et al. [58]
implanted TiO, nanoflowers on the surface of bauxite-based hollow
fiber membranes to enhance their photocatalytic properties under both
ultraviolet and visible light.

The zeta potential curves obtained for yttria and thulium-yttria in
aqueous solvent are illustrated in Fig. 4. The isoelectric points (IEPs)
were recorded for yttria and thulium-yttria at pH 8.2 and pH 8.7,
respectively. The zeta potential is zero at the IEP, and thus particles
become unstable to form strong agglomerates. Altering the pH of the
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Fig. 3. Particle size and shape characterization for thulium-yttria powders
produced using the hydrothermal method, followed by annealing at 1100 °C for
2 h in an air atmosphere: (a) mean particle size distribution determined by
photon correlation spectroscopy, and (b) SEM image.

Journal of Physics and Chemistry of Solids 161 (2022) 110420

suspension to far from the IEP is desirable for preparing highly stable
suspensions.

The yttria-based suspensions had significant zeta potential values in
the acid pH range (Fig. 4, stage I), but some were not considered given
that REs are soluble in the pH range below pH 5.5 according to Sprycha
et al. [59]. The stability conditions for the thulium-yttria suspensions
were effective except for pH 9.5, and also for yttria except for pH 10.0. In
addition, high stability suspensions of yttria and thulium-yttria were
obtained at pH 10.5, with { values around —31.34 mV and —34.56 mV,
respectively (Fig. 4, region IV). Thus, doping with thulium obtained
yttria suspensions with a broader range of stability and the dispersion of
the particles was enhanced in an aqueous medium.

Previous studies have shown that the characteristics of solvents and
additives can affect directly the zeta potentials of particles. Benammar
et al. [60] found that the zeta potential of erbium-yttria nanoparticles
shifted to 4.5 mV, 10.5 mV, and 48.1 mV in methanol, ethanol, and
water, respectively. Hammache et al. [61] showed that the addition of
phosphorus-based additives changed the IEP of polymer membranes
from pH 4.6 to pH 8.6. Lapo et al. [62] demonstrated that the uptake of
REs by adsorption depended directly on the zeta value of the biomate-
rial, where the {-values for banana particles were highly negative at pH
4.5 ({ > —40 mV) [63], thereby resulting in the maximum adsorption of
REs. In a recent study [64] of CeOq, EupO3, and TmyO3 based suspen-
sions, the stable conditions promoted by an electrostatic mechanism
were established for all of the suspensions in the pH range between 5.5
and 7.5, but not pH 10 ({ > 20 mV). Another study [65] showed that
using polyacrylic acid as a dispersant shifted the IEP of yttria from pH
8.5 to pH 6.6 and provided a broader pH range for preparing stable
suspensions.

Colloidal stability is governed by the sum of the potential energies on
particles (Vc) corresponding to the following energies: van der Waals
(Vw), electrostatic (Ve), steric (Vs), and structural (Vt). Therefore, in
order to stabilize colloidal suspensions, the solvent conditions must be
adjusted to allow the dispersion of the particles (Fig. 4, regions I and IV).
Highly stable concentrated suspensions are desirable for bio-prototyping
so they can fill or cover the template in a suitable manner to provide a
smooth layer. In addition, stable suspensions allow the formation of
powder compacts with uniform shape and size. Considering the results
illustrated in Fig. 4 and the aim of preparing highly stable concentrated
suspensions for bio-prototyping, the thulium-yttria suspensions were
prepared at pH 10.5.

OM images of the thulium-yttria suspensions shaped by bio-
prototyping and dried at environmental temperature are shown in
Fig. 5. According to Fig. 5a and b, the thulium-yttria suspensions
entirely filled the templates to yield a homogeneous mass with no
apparent defects such as cracks and bubbles. Furthermore, Fig. 5¢ and
d show that the ceramic suspensions formed a homogenous mass of
packed particles after drying at environmental temperature for 24 h. The
form of this product was associated with the dispersion of the particles
because stable suspensions usually have a uniform arrangement of
particles, and thus they also sediment in a uniform manner and adhere
strongly to the template’s surface. Thus, green powder compacts with a
highly packed structure, and regular shape and size were obtained.

Clearly, the stability of the particles in a suspension must be modified
by the shaping process. Moreover, changing the stability of particles by
adjusting the pH (electrostatic mechanism) may not be sufficient, and
thus additives might be required to enhance the dispersion. A recent
study [66] showed that the addition of carboxymethyl cellulose changed
the pH of yttria suspensions to alkaline, and 0.2 wt% carboxymethyl
cellulose was sufficient to yield shear-thinning behavior, which is useful
for producing ceramic nettings by bio-prototyping. Marani et al. [67]
showed that acidic affine and amphiphilic dispersants were efficient at
dispersing gadolinium doped ceria nanoparticles in ethanol to provide
suitable concentrated suspensions for tape casting. However, the results
obtained in the present study demonstrate that thulium-yttria suspen-
sions can be strongly stabilized without using additives, such as
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Fig. 5. OM images of a thulium-yttria compact obtained by shaping the ceramic suspension into an organic template, before drying at environmental temperature:

(a) top in side view, (b) top, (c) bottom, and (d) left side.

dispersants, surfactants, and binders.

The characteristics of powders and stability of their suspensions
greatly affect the packing of particles during shaping. In addition, the
thermal treatment conditions directly affect the formation of the
microstructure in powder compacts. Bio-prototyping uses organic sub-
stances as templates, so it is essential to understand the decomposition
behavior of the template as a function of temperature.

In a recent study [68], the vegetable sponge Luffa cylindrica was used

as a template to produce biomorphic yttria-based ceramics, and Luffa
cylindrica exhibited the following three distinct decomposition stages
according to its constituents and temperature: hemicellulose degrada-
tion between 100 and 280 °C, cellulose degradation between 260 and
350 °C, and lignin degradation between 350 and 500 °C. According to a
previous evaluation [69], the critical temperature range for the
decomposition of the organic template used in the present study is
250-575 °C. Therefore, the heating rate had to be controlled in order to



S.C. Santos et al.

avoid fragmentation of the sample.

SEM images of a thulium-yttria microceramic sintered at 1600 °C for
2 h under environmental atmosphere are shown in Fig. 6. From a
macroscopic perspective (Fig. 6a), the microceramic exhibited uniform
size of 3.33 £ 0.01 mm x 2.27 + 0.01 mm (height x diameter), weight
of 62.65 + 0.02 mg, and no apparent defects. Furthermore, sintering in
an air atmosphere yielded samples with a pycnometric density of 4.79 +
0.01 g cm ™3, which corresponds to a relative density of 95.61%. These
findings are important because high density yttria samples have been
obtained by using sintering aids in a vacuum or hydrogen atmosphere
[70-72].

The surface microstructure (Fig. 6b) was relatively dense without
cracks, and the grains were bonded at the boundaries to form a triple
junction without an unreactive/amorphous phase. The intragranular
pores indicated a high rate of grain boundary migration. Chen et al. [73]
observed that Zr*' is a powerful grain growth inhibitor in yttria,
whereas Sr?* is an effective grain growth promoter. Moreover, accord-
ing to Fig. 6b, no secondary phases were observed, thereby demon-
strating that the thulium-yttria particles were in a solid state after
sintering. In addition, microstructural observations confirmed that the
thulium-yttria rods were single-phase ceramics.

The fractured surface illustrated in Fig. 6¢ shows the features of
transgranular fractures, with cleavage planes and inner pores, thereby
indicating the presence of weak interfaces in the material and pathways
for crack propagation across the grains. Cracks continue to grow until
they reach a critical length and the remaining uncracked region in the
material is no longer able to support the stress applied at the point where
complete fracture/failure occurs [74,75].

The densification of ceramics is very important for ceramic pro-
cessing. Akinc et al. [76] reported that yttria powder compacts should be
highly densified (98-99%) at sintering temperatures between 1500 and
1700 °C. Rhodes et al. [77] proposed a method to for limiting grain
growth in (LagOs3-Y203) based ceramics to obtain pore-free samples by
sintering at 2170 °C. Yoshida et al. [78] successfully obtained nearly
full-density yttria samples (97.4%) using a flash-sintering approach at a
temperature of 985 °C and under an applied DC field of 1000 V cm™ L. It
was reported that the acceleration of the sintering process is based on
the Joule heating of the sample [79].

The microstructural features of ceramic rods depend on the charac-
teristics of the initial powders employed. Thulium-yttria powders

\

L4
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comprise acicular particles and the powder compact exhibits four
microstructural stages during sintering, as shown in Fig. 7. First,
thulium-yttria nanoparticles form junctions in the green body, where
high temperature induces a spheroidization process and nanoparticle
rearrangement, and thus the powder compact changes to a lower energy
state and the number of junctions between the particles increases. Sec-
ond, coalescence of the nanoparticles occurs, thereby leading to mass
transport and a decreased number of void spaces. Third, grain formation
and evolution occur due to the densification process. It was reported that
no significant temperature difference between the grain boundary and
grain interior can be expected in ceramics [80]. Finally, the fourth stage
involves grain growth depending on the temperature and time condi-
tions. As shown in Fig. 6b, the grains had different shapes and sizes,
thereby suggesting that a higher temperature and time may be have
been required to enhance grain growth in the samples. Therefore, the
results indicate that the fourth stage of microstructural development
was not completed.

The XRD curve obtained for thulium-yttria microceramics sintered at
1600 °C for 2 h under the environmental atmosphere is illustrated in
Fig. 8a. The thulium-yttria microceramics (Fig. 8b) exhibited a cubic C-
type form (Fig. 8c) with two high intensity peaks at 49.5° and 29.5°,
which matched with the (220) plane and (100) plane according to PDF
43-621. In addition, a high intensity peak was recorded at 57.5°, which
matched with the (622) plane according to PDF 71-99. As discussed
previously and shown in Fig. 2b, the cubic C-type is the most common
form of yttria even if it is doped with other REs. This finding is important
given that high density yttria has been obtained by using sintering aids
in a vacuum or hydrogen atmosphere. In addition, high temperature and
pressure are required to induce polymorphisms in yttria, as indicated in
Fig. 2c.

RE ions such as Tm®*, Tb®*, Dy®*, and Yb>' are generally used as
activators in order to improve the characteristics of the host material,
such as the mechanical and chemical strength, and luminescence. Yttria
has an intrinsically high number of oxygen vacancies, so it is a very
promising potential host material for other RE ions in order to form new
dosimetric materials.

The EPR spectra obtained for “pure” yttria and thulium-yttria
microceramics are illustrated in Fig. 9a and Fig. 9b, respectively. As
shown in our recent study [81], “pure” yttria produced two resonance
peaks between 345 and 360 mT, where the main peak p; was recorded

Fig. 6. Thulium-yttria microceramic formed by bio-prototyping, followed by sintering at 1600 °C for 2 h under the environmental atmosphere: (a) macroscopic view,
(b) surface microstructure, and (c) inner microstructure with transgranular fractures.



S.C. Santos et al.

Starting
particles

Particle spheroidization

2

and rearengement

Journal of Physics and Chemistry of Solids 161 (2022) 110420

3 Grain
growth

Particle
coalescence

o4
QQQ@U -

L5 |

Fig. 7. Formation of the microstructure of thulium-yttria microceramics under sintering at 1600 °C for 2 h in the environmental atmosphere.

20 (degree)

(@) g Y,0,Tm
3
s
w
=
-

£ *PDF. 43-621

PDF. 71-99

15 20 25 30 35 40 45 50 55 60 65
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Fig. 9. EPR spectra recorded for microceramics prepared with (a) yttria and (b)
thulium-yttria under the environmental atmosphere and temperature.

with g = 2.0000 and a width around 23 G (Fig. 9a). The peak p; is
associated with the interstitial 0%~ ion, which is attributable to the
adsorption of oxygen from the atmosphere [82]. Osada et al. [83] re-
ported that the 02~ ion was recorded at g = 2.040 for samples based on
Y203-CaO. Singh et al. [84] observed the same result for erbium doped
yttria (Er:Y203) where the main peak was recorded at g = 2.0415.

The incorporation of Tm>" into the yttria lattice enhanced the main
peak (p;) response recorded at 351.24 mT, with a line width of 16.8 and
g factor of 2.0046 (Fig. 9b). In addition, the p, peak recorded at 357.16
mT with a line width of 21.2 and g factor of 1.9714 was associated with
the F' center, which corresponded to oxygen vacancies containing a
remaining electron.

In our recent study of thulium-yttria nanoparticles, thulium-yttria as
free powders produced two EPR peaks (p; and p2) recorded at 350 mT
and 164 mT, respectively [34]. However, in the present study, the ps
peaks recorded for the free powders were not present in the spectra
obtained for the microceramics, thereby indicating that this defect was
not stable at higher temperatures (due to the sintering of microbodies).
Previous studies of EPR characterization for REs reported that the for-
mation of radicals in yttria is associated with its lattice characteristics.
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Bordun et al. [85] observed that the thermal treatment of yttria under an
oxygen atmosphere allowed all of the oxygen vacancies to be filled by
oxygen ions from the air atmosphere to yield weak bonds between the
new defect centers and intrinsic centers in the lattice. Moreover, in the
present study, the incorporation of Tm>" ions led to the development of
anew EPR peak assigned to (p3), which was recorded at 367.64 mT, with
aline width of 10.0 and g factor of 1.9162. These results indicate that the
peak (p3) could be ascribed to Tm>* ions integrating in the yttria lattice
given that the insertion of Tm>* ions into the yttria lattice occurred by
replacing Y>* ions with Tm>" ions in yttria sites Cy and Cg;. Therefore,
adding 0.1 at% Tm was useful for producing new charge carriers and it
greatly improved the EPR response of yttria.

4. Conclusion

In this study, thulium-yttria microceramics with EPR responses were
successfully produced by bio-prototyping. The use of thulium as an
activator of yttria enhanced the EPR response by the microceramics,
which produced three EPR peaks designated as pi, p2, and p3 with g
factors of 2.0046, 1.9714, and 1.9162, respectively. These findings
represent further progress in the development of thulium-yttria based
materials with potential applications in radiation dosimetry.
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