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Abstract. Designing nanostructured materials with high dosimetric efficiency is a great
challenge in radiation dosimetry research. From rare-earth series, yttrium oxide is considered
as excellent host matrix for rare-earth ions, leading to formation of advanced functional
materials with optical, mechanical, chemical, and thermal properties notably improved.
Nevertheless, there is a lack of information which correlates microstructural characteristics and
performance of rare earths. This work aims to evaluate the radiation effects on microstructure
and EPR signal of Y,0; rods produced by colloidal processing followed by sintering at
1600°C/4h in air. Ceramic rods were exposed to gamma radiation with doses up to 100kGy.
Microstructural and dosimetric characterizations were performed by XRD, SEM and EPR
techniques. Yttrium oxide rods as sintered exhibited dense microstructure (96.6% theoretical
density) and linear EPR dose response behaviour for wide dose range. These results reveal that
yttrium oxide is a promising material for radiation dosimetry.

1. Introduction

Innovation in design of dosimetric materials comprises synthesis, processing and conformation of
nanostructured components. In addition, the properties of solid dosimetric materials depend on chemical
composition, crystal lattice and microstructure, which is the arrangement of the atoms, phases and defects within
a material.

The interaction of ionizing radiation (o, B, y rays) with a solid can induce physical modifications such as
excitation (ionization) of atoms and molecules, a pair of electron- hole that leads either recombination
luminescence centres or to formation of an interstitial atom and vacancy. A powerful technique for
characterization of ionizing induced defects is Electron Paramagnetic Resonance (EPR). In addition, EPR is used
to evaluate polymerization reactions'"), catalysis™®, laser”®, free radicals in living tissues and fluids™ and drug
detection”. EPR is a useful technique for solid state dosimetry.

Yttrium oxide (Y,0;) belongs to rare earth sesquioxides series and exhibits remarkable properties, which
make it a promising material for radiation dosimetry. Further, Y,O; applications include sintering aid"®,
catalysism, luminescence'™, electrical®, electronic!"”, mechanical'! and thermal"? materials. Even though
Y,0; presents great applicability, there is a lack of investigations on radiation effects in yttrium oxide based
ceramics. The purpose of this paper is to evaluate radiation induced effects on microstructure evolution and EPR
response of yttrium oxide rods produced by colloidal processing.
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2. Experimental
For this work, yttrium oxide powders (Y,03 99.99%; Johnson Matthey) with mean particle size (dso) of 190nm,
specific surface area (SSM) of 6.4m”.g", pycnometric density (p) of 4.85g.cm™ were used as raw material.
Yttrium oxide rods were formed by colloidal processing using suspensions with 30vol% of Y,0; particles
prepared at pH 10 through tetramethylammonium hydroxide solution (TMAH, 25wt.% in water, Sigma Aldrich).
All procedures and parameters for stabilization of Y,0; suspensions are reported in our previous study'*!. The
homogenization of ceramic suspensions was performed with a ball mill for 24h using alumina spheres
(Dspheres=10mm). Ceramic samples (4.35 x 2.27mm, height x diameter) were shaped as micro rods by casting
using organic templates on a plaster plate as illustrated in Figure 1. Thermal treatment of conformed samples
was realized in a vertical furnace (Lindberg Blue) at temperature of 1600°C for 4h in ambient atmosphere.
Crystalline structure of as sintered samples was evaluated by X-ray diffraction (XRD; Rigaku Multiflex),
scanning at 1".min"", A® = 10-80°(20), radiation Cu-ko and identified according to powder diffraction files (PDF).
Batches of four yttrium oxide rods as sintered were irradiated with gamma source with doses from 1Gy to
100kGy in ambient temperature. Microstructural evaluation of irradiated samples was performed by Scanning
electron microscopy (SEM, Incact-X Oxford). Crystal defects and radicals induced by ionizing radiation were
characterized by electron paramagnetic resonance at ambient temperature and atmosphere using X-band EPR
spectrometer (Bruker EMX PLUS). EPR spectra of samples were recorded using the following parameters: field
modulation frequency of 100kHz, microwave power of 0.6325mW, center field at 3200G, sweep width of 6000
G, modulation amplitude of 4 G, time constant of 0.01ms and, 10 scans. The EPR spectra of irradiated samples
were determined as a mean of each batch normalized by mean mass of samples. EPR dose response and time
decay curves were plotted considering the mean of peak-peak amplitudes of irradiated samples.
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Figure 1 — Sequential colloidal processing for production of yttrium oxide rods.

3. Results and discussion

In ceramic processing there is a great concern on material structure, which has a profound effect on properties as
well as on performance of the final product. The first type of structure is at atomic scale i.e. type of bonding and
crystal structure (arrangement of atoms). Thus, crystal characterization is primordial step to development
advanced materials for radiation dosimetry. Fig.2a shows XRD pattern of Y,0; rods (Fig.2b). A characteristic
diffraction peak of high intensity at 29° is observed, which is related with the crystallographic plane (222),
corresponding to body-centered cubic yttria (C-type) and fitting the PDF (70-603) standard. Hoekstra et al.!'*!
reported that rare earths sesquioxides belong to C-type as Dy,03, Th,O3, Ga,05 and In,Os5. In addition, literature
has shown that Y,O5 can present other polymorphs. Gourlaouen et al.!"” reported the monoclinic structure (B-
type) at 997°C under 2.0 GPa during plasma spray coating. Navrotsky et al..'"” showed that the C-type becomes
fluorite type at 2308°C and hexagonal A-type at 2325°C. Quin et al.!'”! observed for particles smaller than 10nm
structural changes of yttria from C-type to B-type.

The second type of structure refers to a larger scale and is a result of fabrication method. Microstructure
concerns to the quantity and distribution of the structural elements/phases in a ceramic material and determines
its properties such as ionic/electric conductivity, mechanical/chemical strength, abrasion resistance, and
luminescence. Microstructural formation of ceramic rods shaped by colloidal processing is shown in Fig.3.
Yttrium oxide powders have as characteristic flakey particles, forming agglomerates higher than 1um (Fig.3a,).
A suitable stability condition for yttrium particles and homogenization of ceramic suspensions led to formation
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of high compacted powders (Fig.3.a;). The void space is eliminated by high temperature heat treatment, which
results in densification of ceramic component. As shown in Fig.3a;, as sintered yttrium oxide rods exhibited
coarsened microstructure with rounded grains with size higher than 1pm.
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Figure 2. Crystal characterization of Y,0O5; powders; (a) XRD curves of cubic C-type Y,0s; (b) model

representation of crystal lattice of cubic C-type - dark spheres represent yttrium (Y) atoms and light ones

oxygen (O) atoms.

Densification of a powder compact can be summarized using a model of two touching particles'*”, as shown
in Fig.3. Initially neck growth dominates any mass transport between particles by grain boundary diffusion
(Fig.3b) i.e. particle mass diffuses along the grain boundary to the surface to form a neck and as a consequence
produces shrinkage (b;-b,). Besides, the mass transport still continues due to the differential size of the two
grains. The smaller grain donates its mass to the larger one, which reduces the surface to volume ratio.
Furthermore, although neck growth ceases the two sintered grains can reduce their free energy it if the grain
boundary moves through the smaller grain and disappears (b,- by and bs-b,). Kellet at al.” reported that it is
achieved via coarsening where the energy barrier for grain boundary motion is zero. In the case where the
smaller particle is between two larger ones (Fig. 3¢) the same sequential mass transport occurs i.e sintering (c;-
c,)> grain boundary diffusion (c,-c3) > sintering (cs-c4). Besides, it is seen that the two larger grains touch one
another (c;), initiate grain growth and reinitiate shrinkage (c;3-c4).

Fig.4a. shows SEM image of yttrium oxide rod sintered at 1600°C for 4h at ambient atmosphere. As can be
seen, as sintered ceramic samples exhibited dense microstructure (Fig.4b), grain size larger than 1pm,
pycnometric density of 4.84g.cm™, which corresponds to 96,61% of theoretical density. From fracture
micrograph (Fig.4c), is observed that ceramic rods exhibited dense microstructure with a closed pore situated
within grain boundaries, as well as revealing transgranular fracture and cleavage planes, as indicated by white
arrows.

Irradiation of materials with particles that are substantially energetic can produce atomic displacements, as
well as can induce significant microstructural alteration. In contrast, gamma irradiation with doses up to 100kGy
did not create microstructural changes for yttrium oxide rods. It is supposed to be ascribed to high energy
bonding between Y-O atoms and the intrinsic properties of this rare earth sesquioxide. Light dots observed on
grains surface (Fig.4d) are likely to be an approach of two sintered grains to reduce their free energy by moving
from smaller grain to larger one.

EPR spectrum of Y,0; rods irradiated with doses up to100kGy at room atmosphere and temperature are
shown in Fig. 5. As it can be seen, all samples exhibited EPR signal with an isotropic g tensor of 2.00 (c;) and
line width around 23G. The main defect ¢, is ascribed to interstitial O, ion, nominally addressed as superoxide
jon, which is generated by adsorption of molecular oxygen as observed by Lunsford®". Osada et al'*”’ reported
these interstitial O, ions in a study on Y,05-CaO system, with tensor value g of 2.003. Singh et. al.*®! observed
that for Y,O5:Er powders, EPR spectra exhibited as characteristic an axially g tensor with principal values g of
2.0415 and g. of 2.0056. The low intensity centre (c,) illustrated in Fig. 5 exhibits smaller width line around
13G and g tensor of 1.969. The present center is assigned to F™ centre charged oxygen vacancy having one
remaining electron. Besides, C-type crystal lattice of Y,O; presents intrinsic oxygen vacancies which can
produce F centres close to c,. The effect of this point defect on luminescence of Y,O; thins was discussed
previously by Bordun®”. According to his study, thermal treatment of Y,0; samples in air atmosphere leads to
the filling the oxygen vacancies by oxygen atoms from air into Y,0; and as a result, additional weak bonds with
oxygen ions are formed. On irradiation a radiative recombination between these new centres and those intrinsic
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centres occurs, resulting in an increase of the luminescence near 2.9¢V. Singh et al.** evaluated the stability of
signal c, as a function of temperature and observed that this centre decays at low temperature around 180°C.
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Figure 3. Sequential forming of yttrium oxide rods: Figure 4. SEM images of Y,03 rods sintered at

(a) colloidal processing, (b) two touching particles; 1600°C for 4h at room atmosphere, (a) ceramic rod

(c) two larger particles sandwiching a smaller as produced; (b) surface microstructure of

particle unirradiated sample; (c) fracture surface, exhibiting
cleavage planes in transgranular fracture (d)
surface microstructure of gamma irradiated sample
with 100kGy.
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Fading behavior of dosimetric signal (c;) of irradiated Y,0; rods with doses up to 100kGy is illustrated in
Fig. 6b. As can be seen, considering all doses the EPR relative signal of ¢ exhibited a mean decay of 23% until
96h after irradiation. Apart from this time, it became linear, revealing stability. Shivaramu et al.*") reported that
yttria samples irradiated with 6kGy gamma dose exhibited up to 22% fading over a period of sixty days.

Dose dependence of any material is the fundamental basis of its application as a dosimetric material. Within
the dose range of interest the response is expected to be reproducible as a function of dose and preferably linear.
Linearity describes proportionality between EPR signal and absorbed dose. Usually, the dose response behavior
of most dosimetric materials exhibits linear, supralinear and saturating response.

In this work, the EPR signal as a function of gamma radiation absorbed dose, determinated as peak height of
the main center (c;), exhibited linear behavior up to 10kGy and presented a tendency of supralinearity for higher
doses, as illustrated in Fig. 6a. Considering that a wide range of dose was evaluated, which was from 0,001 to
100kGy the plot scale was set to log-log in order to make visible the linearity of signal for lower doses.

Supralinearity refers to a region in which the slope of the response versus dose is greater than that for the
linear region™). Chen et al.”” described supralinearity as a property of the measured dose being above the
continuation of the initial linear dose range. Furthermore, even if it is not related to this result, supralinearity may
be ascribed to accumulation of doses, which can produce trapped electrons and holes at existing impurities along
with the defects produced by the process of irradiation itself. As can be seen, Y,0; rods present effective
sensitivity for high dose radiation range. Salah et al.*” as evaluating dosimetric properties of CaSO4:Dy
powders observed that particles in nano scale range were more sensitive, exhibiting a linear dose response
behavior for high doses. Authors suggest that this behavior and supralinearity for nanocrystalline CaSO4:Dy
might be related to the probability of formation of more numbers of traps, in which a large amount of particles
are exposed directly to irradiation. As a consequence, the traps will compete to fill up the electronic levels while
generating or while recombining during stimulation and finally, the supralinearity will occur if there is no much
retrapping.
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Figure 5 — EPR spectra recorded at room temperature and atmosphere for Y ,05 rods irradiated with
doses up to 100kGy.
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Figure 6 — (a) Peak-to-peak normalized EPR dose response of Y,03 rods gamma irradiated with up to
100kGy ; (b) fading of Y,05 rods at room temperature evaluated over 11 days

4. Conclusion

The effects of ionizing radiation on microstructure and electronic defects of yttrium oxide rods produced by
colloidal processing followed by sintering at 1600°C for 4h in room atmosphere were evaluated. Ceramic
samples exhibited dense microstructure and pycnometric density of 96.6%. None radiation induced defects were
observed on microstructure of samples. However, for all samples EPR characterization revealed spectra with
principal g tensor of 2.00 and maximum line width around 23G, which is ascribed to superoxide O, ion
generated by adsorption of molecular oxygen from room atmosphere. Dose response behaviour was linear from
0,1 to 10kGy range and supralinearity was observed for higher doses. Fading stability was achieved from 96h.
The present results suggest that yttrium oxide is a promising material for high dose dosimetry applications.
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