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Radiation dosimetry demands a continuos innovation in materials development. Yttria (Y203) exhibits intrinsic

Yttria lattice features that enable doping with other rare-earth ions, resulting in improvement of its solid state char-
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acteristics. This work aims to evaluate thulium (Tm) effect on promotion of dose-response behaviour of yttria
(YTm) rods by Electron Paramagnetic Resonance (EPR). YTm rods were irradiated with gamma (®°Co) doses from
0.001 to 150 kGy and evaluated by EPR, with an X-band EPR, and at room temperature. According to results,
YTm rods exhibited a linear dose-response behaviour in a range of dose from 0.001 to 1 kGy. In addition, the

fading of EPR signal during 288 h was achieved up to 88 %. These findings indicate that thulium-yttria is a
promising material for radiation dosimetry.

1. Introduction

Radiation dosimetry aims to measure the absorbed dose in a given
substance which was previously exposed to ionizing radiation [1-5].
Thus, radiation dosimetry is necessary for all applications where
ionizing radiation is used as nuclear facilities [6], clinical [7], sterilizing
[8], industry [9], and space [10].

Among dosimetry techniques, Electron Paramagnetic Resonance
(EPR) is a powerful, non-destructive and non-invasive characterization
technique to detect free radicals characteristic in a given substance, and
those induced by synthesis and processing procedures, including radi-
ation [11-14]. Some induced radicals present short lifetimes and their
identification is hard, whereas some are stable and can be used as probes
for radiation doses. Considering an EPR spectra, the peak-to-peak
amplitude (PPA) of the major EPR signal is proportional to the num-
ber of free radicals (spins) in a sample, and the number of radicals is
proportional to the absorbed dose in the sample. Moreover, the PPA is
proportional to sample mass and also depends on the measuring pa-
rameters as reported elsewhere [15-22].

Radiation dosimetry demands a continuous development of new
materials [23-27]with the aim to improve precision and security in
practices where ionizing radiation is used. Based on this context, studies
on rare-earth based materials for this purpose have been reporting
promising results. From the Periodic Table of Elements, rare-earths are
from lanthanum (La) to lutetium (Lu) series, including yttrium (Y) and
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Scandium (Sc). Rare-earths [28] constitute a special class of materials
due to their unique chemical and physical properties (photonic [29],
electrical [30], electronic [31]) and present a wide range of applicability
since agriculture to aerospace industry. Thus, rare-earth materials have
been assigned as critical materials [32]. Our research group found out
that EPR response of yttria rods was improved by doping with europium
(2 at%Eu, atomic percentage) in a range of dose from 0.001 to 10 kGy.
Besides, a substantial enhancement of EPR response of thulium-yttria
powders was also observed as ranging thulium content from 0 to
1.5 at%Tm [33].

Taking in account the innovative results reported by the group, the
present study aims to evaluate thulium (Tm) effect on promotion the
dose-response behavior of yttria based rods by EPR. These findings will
be useful parameters to advance toward formation of new materials for
application in high dose dosimetry, as radiotherapy and industrial
procedures.

2. Experimental

Thulium-yttria rods (YTm) with 0.1 at%Tm (atomic percentage, at%)
were formed by an eco-friendly bio-prototyping method as reported
previously [34]. Thulium concentration of 0.1 at%Tm provides
remarkable improvement in Electron Paramagnetic Resonance (EPR)
response of yttria, as reported in our previous study[35].

The ceramic rods were characterized by Optical Microscopy (OM,
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Nikon SMZ1270); Scanning Electron Microscopy (SEM, INCAx-act, Ox-
ford Instruments); and X-ray diffraction (XRD, Rigaku Multiflex, Japan),
with an angular range (26) from 15 to 70°, scanning of 0.5°.min ! and Ko
source. Pycnometric density (pp) was evaluated by using a helium gas
pycnometer (Micrometrics 1330), where ps-value is achieved according
to Eq. 1[36].

Py = (%) [g.em™3] (€D)

Where, w is the weight of sample, and V), is the powder volume.

The identification of the crystalline phase from the observed XRD
pattern was based on Crystallography Open Database (COD) [37-39].
Besides, Rietveld structure refinement, the mean crystallite size (d.),
theoretical density from observed XRD pattern (pxrp), and including
electron density distribution of the powdered samples were performed
by the open source XRD and Rietveld Refinement software, PROFEX
[40]. Furthermore, ball-and-stick and polyhedral representations of the
unit cell of a YTm composition were formed by using Vesta [41]
software.

Batches containing three ceramic rods each one were irradiated with
gamma source (6°Co), with range of dose from 0.001 to 150 kGy in
electronic equilibrium condition, and at room temperature. Radiation
induced defects and radicals were characterized by electron para-
magnetic resonance at room temperature and atmosphere using an X-
band EPR spectrometer (Bruker EMX PLUS).

EPR spectra of samples were recorded at room temperature and
under controlled humidity, using the following parameters: field fre-
quency modulation of 100 kHz, microwave power of 2.5 mW, center
field at 320mT, sweep width of 600mT, modulation amplitude of 4 G,
time constant of 0.01 ms and, 10 scans, and using DPPH (2, 2-Diphenyl-
1-picrylhydrazyl, Bruker) as EPR reference.

The EPR peak-to-peak response of rods was normalized by the
average mass of samples and DPPH. The EPR dose response, time and
temperature decay curves were plotted considering the average of the
peak-to-peak amplitudes (PPA) of samples. The g-factor of EPR spectra
were calculated according to Eq.2[42].

¢ =714.4775 (Bl) @
0

Where g is the gyromagnetic ratio, By is the magnetic field in gauss (G),
and v is the microwave frequency in hertz (GHz).
Despite of SEM images, all experimental data were processed in R
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programming language [43,44].
3. Results and discussion

The OM and SEM images of a thulium-yttria rod obtained by bio-
prototyping, followed by sintering at 1600°C for 2 h under environ-
mental atmosphere are illustrated in Fig. 1. The ceramic rod exhibits
uniform shape, with dimensions around of 3.3 x2.5 mm (height x
diameter), and no shaping irregularities as bubbles and asymmetries, as
illustrated in Fig. 1a and Fig. 1b, respectively. The surface microstruc-
ture (Fig. 1c and Fig. 1d) is constituted by single phase grains bonded at
the boundaries due to solid state sintering, forming a triple junction,
with no pores. The fracture surface shown in Fig. le exhibits cleavage
planes of transgranular characteristic, which means that weak interfaces
existing in the material provided a pathway for crack propagation across
the grains [45,46]. The sintering conditions provided ceramic rods with
pycnometric density (p,) of 4.79 g.cm~>+0.009, which corresponds to
95.61 %pxrp- While pxrp is related with atoms located in the crystal
lattice of YTm rods, pj, is associated with the real solid volume of YTm
rods, where any void space is not considered during measurement. It is
clearly evidenced (Fig. 1e) that YI'm rods have a microstructure with
some porous and void spaces due to particle packing during shaping.
Some authors have proposed the use of sintering additives to enhance
sintering and the density of ceramics [47-51]. However, it is beyond the
aim of this study.

The innovative results on microstructure formation of thulium-yttria
reported in this work relies on powder characteristics, such as particle
size and shape, particle stabilization, and sintering conditions. It was
evidenced that providing the stabilization of particles, which means
suspension structure, lead to formation of ceramic components with
homogenous microstructure, shape and size, as also reported previously
[34]. Comparatively, such achievements have been reported by other
authors using sophisticated approaches as, vacuum and hydrogen at-
mosphere [52-54], 7r*t as grain growth inhibitor [55], high sintering
temperature for longer time [56], and flash-sintering [57,58].

YTm rods obtained by bio-prototyping, followed by sintering at
1600 °C for 2 h exhibited a cubic C-type structure (Fig. 2a), composed
by sixteen unit formula, Cs;, S¢ space group, with three high intensity
peaks recorded (angle/plane) at 29.10°/(2,2,2), 48.46°/(4,4,0), and
57.53°/(6,2,2), respectively. As illustrated in Fig. 2b, a small difference
between the experimental curve (dark green line) with simulated one
(green circles), was observed. Moreover, the peak recorded at 29.10°/
(2,2,2) showed the highest signal/noise ratio. Probably the

Fig. 1. (a) thulium-yttria rod formed by bio-prototyping and sintering at 1600°C for 2 h under environmental atmosphere; (b) top surface view; (c) side surface view;
(d) side surface microstructure, and (e) inner microstructure exhibiting cleavage planes due to transgranular fracture.
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Fig. 2. Rietveld refinement of the XRD pattern observed of YTm rod: (a) dark
green line represents the experimental data, while green circles are the simu-
lated pattern; (b) orange line is the difference pattern (experimental — simu-
lated); (c) straight lines are the indexed peaks according to BGMN structure file
04-005-4378; and (d) electron density maps of the unit cell as a function of
lattice planes (b-a), (c-a), and (c-b), respectively.

enhancement of peaks size and shape can be performed by increasing
sintering time of samples, which in turn, can reduce signal/noise ratio.
The following Rietveld fitting results demonstrated that the refinement
of the crystal structure was performed accordingly, where the weighted
residual square sum (Ry,) was 29.02, the possible minimum value for
Ruwp (Rexp) was 30.90, quality parameter (y2) was 0.88, and crystal
density (pxrp) was 5.03.gem ™.

Based on literature [59,60], the cubic C-type form is the most

P,
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predominant structure for most rare earth sesquioxides (RE203). Despite
of that, yttria can also present A-type (monoclinc), B-type (hexagonal),
and C-type (cubic) according to synthesis and processing conditions. All
diffraction peaks (Fig. 2c) are in associated with Cubic C-type yttria in
accordance with BGMN structure file (04-005-4378), which reveals
doping yttria with thulium was effective. According to electron density
maps (Fig. 2d), it is seen that yttria lattice is less closed packed, exhib-
iting large vacancies for Y (bright yellow) and O (dark yellow) planes, as
reported by Yong-Nian et al. [61]. These intrinsic vacancies enable the
incorporation of RE ions into yttria lattice, forming new yttria based
materials with enhanced characteristics/response.

In Fig. 3 is illustrated the EPR spectra of thulium-yttria rods sintered
at 1600°C for 2 h in environmental air. Based on results, three EPR peaks
assigned as (P1), (P2) and (P3) were recorded at 350mT, 356mT, and
368mT, with the following g-values 2.0126, 1.9787, and 1.9141,
respectively. On the other hand, thulium-yttria powders exhibited an
EPR spectra with two resonance peaks (P; and P3) recorded at 350mT
and 164mT, respectively [33]. This result indicates P3 peak was pro-
moted by sintering at 1600°C for 2 h under environmental air.

The paramagnetic defect P; recorded at 350mT is due to interstitial
0%~ ion in the lattice, commonly addressed as superoxide ion, which is
generated by adsorption of molecular oxygen from atmosphere, as re-
ported elsewhere [62-67]. Moreover, P, defect is associated to F' cen-
tres charged vacancy oxygen, which have one remaining electron.
Besides, P3 defect is ascribed to the presence of the Tm>* ions located at
Se, Csi and Cy positions of yttria crystal lattice. The achievements re-
ported in the present study reveal that conditions of powder processing,
which includes synthesis, have influence on the EPR response of yttria.
As yttria exhibits cubic C-type form, its lattice presents intrinsic oxygen
vacancies that can produce F centres [68], as well as enable the insertion
of other rare-earth ions (Ce>* [69], Yb®*/ Pré* [70], Nd®* [71], La®*
[72]) to form new materials,

As exposed to ionizing radiation up to 150 kGy using %°Co (Fig. 3)
and (Fig. 4), it was noticed that peak-to-peak amplitude of P; peak in-
creases as a function of dose from 0 (no dose) to 1 kGy, while apart from
1 kGy dose-response relation is not maintained. In fact, doses above

Dose (Gy)
— 0
— 1

5

10

20

50
— 100
- 500

P,

I
348

P> P3

()

Tm:Y203

| | I I
350 352 354 356

Magnetic Field (mT)

Dose (kGy)
1
—_—5
10
— 20
50
- 100
150

Py

I 1 1 | 1 | 1
330 340 350 360 370 380 348

Magnetic Field (mT)

|| | I I |
350 352 354 356
Magnetic Field (mT)

Fig. 3. EPR spectra of YTm rods sintered at 1600°C for 2 h in air atmosphere, and recorded in a range of magnetic field (a) from 330 to 380mT (general view);
evolution of P, peak as a function of dose from (b) from 0 to 500 Gy, and (c) from 1 to 150 kGy.
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Fig. 4. EPR spectra of YT'm rods sintered at 1600°C for 2 h in air atmosphere, recorded in a range of magnetic field from 356 to 380mT, where the evolution of (a) Py
and (c) P3 peak as a function of dose from 0 to 500 Gy, and from 1 to 150 kGy (b) P,, and (d) P; are illustrated.

1 kGy tend reduce radicals formation, by recombination effects and
releasing of those electrons from forbidden band to valence band.
Considering previous studies performed by the group on rare-earth
based materials, it was observed that “pure” yttria rods [73] exhibited
two EPR peaks (p;) and (ps) recorded at 352mT and 357mT, respec-
tively. In addition, the EPR peak named as p; is associated with oxygen
vacancies. Moreover, doping yttria with europium led to formation of
ceramic rods with two EPR peaks recorded at 163mT and 248mT. These
achievements reveal doping using rare-earth ions provides significant
changes on yttria paramagnetic response.

The signal amplitude of P; peak as a function of dose for yttria based
rods exposed to doses up to 150 kGy was evaluated and the results are
illustrated in Fig. 5. According to results, it is clearly evidenced a regular
dose response behaviour for ceramic rods exposed to doses up to 1 kGy
(red dot line). On the other hand, doses above 1 kGy led to decrease of
EPR signal of rods, which means ionizing radiation induces new radicals
which combine with others and then reduces EPR signal. Comparatively
to our previous studies, while “pure” yttria exhibited a very low dose-
response behaviour in a range of dose from 0.001 to 150 kGy, while
doping it with 2 at%Eu (atomic percentage) enhanced dose-response
behaviour of rods in a range of dose from 0.001 to 10 kGy [74]. Even
though doping with Tm enhanced the dose-response behavior in a
shorter range of those (0.001 — 1 kGy), the improvement was very sig-
nificant and promising for radiation dosimetry in this range of dose.

The fading of the EPR signal of YT'm rods corresponding to P; peak is
illustrated in Fig. 6. Based on results, rods irradiated with 10 kGy and
100 kGy exhibited a significant decrease of the EPR relative signal from
100 % to 93 % and 87 % during 48 h, respectively. While, those irra-
diated with 100 Gy and 1 kGy exhibited 96 % and 98 %, respectively.
During 288 h the fading of ceramic rods exposed to 0.1 up to 100 kGy
was recorded as follows: 88 %, 82 %, 74 %, and 70 %, respectively.
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Fig. 5. Peak to peak amplitude of EPR signal (P;) of YTm rods as a function of
dose from 0.001 to 150 kGy.

Considering the results of dose-response illustrated in Fig. 5, ceramic
rods exposed to doses which are in the linear region (0.001-1 kGy)
presents more stability of signal during time.
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Fig. 6. Fading of the EPR signal (P;) of YTm rods irradiated with up to 100 kGy
and recorded during 288 h.

4. Conclusion

Thulium-yttria (YTm) rods, with pycnometric density of 95.61 %,
and cubic C-type structure, were successfully obtained by bio-
prototyping, followed by sintering at 1600°C for 2 h under environ-
mental air. Doping yttria with 0.1 at% of thulium (at%, atomic per-
centage) provided considerable improvement on EPR response of the
ceramic rods as exposed to doses up to 150 kGy (5°Co). The EPR dose
response behaviour of YTm rods exhibited a linear character from 0.001
up to 1 kGy. Above 1 kGy the EPR signal started decreasing consistently,
which suggests a recombination of electronic defects. The fading during
288 h of ceramic rods exposed to 0.1 up to 100 kGy was recorded as
follows: 88 %, 82 %, 74 %, and 70 %, respectively. The present results
constitute important parameters to advance toward new materials for
radiation dosimetry.
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