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Towards a new promising dosimetric material from formation of 
thulium-yttria nanoparticles with EPR response 

S.C. Santos *, O. Rodrigues Jr., L.L. Campos 
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H I G H L I G H T S  

• Cubic C-type thulium-yttria nanoparticles are formed by a relative low temperature hydrothermal synthesis. 
• Thulium-yttria nanoparticles exhibit mean particle size less than 160 nm. 
• Doping with thulium improves remarkably EPR response of yttria. 
• Thulium-yttria nanoparticles are promising for radiation dosimetry use.  
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A B S T R A C T   

Advances toward new materials for dosimetry application is essential to enhance quality assurance and quality 
improvement practices based on radiation protection concept. Face to this challenge the present work reports an 
approach to produce thulium-yttria nanoparticles with electron paramagntic resonance response by an alter-
native hydrothermal synthesis based on a relative low temperature and pressure. Distinct compositions of 
thulium-yttria nanoparticles with up to 2 at.%Tm (at.%, atomic percentage) were prepared and characterized by 
XRD, SEM, PCS, and EPR. The proposed synthesis method followed by thermal treatment of the precursor powder 
at 1100 ◦C for 2 h provided thulium-yttria nanoparticles with rounded shape, cubic C-type structure, and mean 
particle size (d50) less than 160 nm. Among all compositions formed, thulium-yttria nanoparticles prepared with 
0.1%Tm presented the most remarkable EPR response. The production of fine thulium-yttria nanoparticles with 
EPR response supply meaningful parameters to advance in the formation of new dosimetry materials based on 
rare earths.   

1. Introduction 

Radiation dosimetry provides accuracy and safely in activities in 
which ionizing radiation is used as energy production [1], industry [2], 
medicine [3], and food [4]. Highly safe procedures related to radiation 
detection and dose evaluation to environmental control and personal 
control demand innovative materials that exhibit suitable response as a 
function of radiation dose that they are exposed. Even though dyspro-
sium doped calcium sulfate (CaSO4:Dy) presents high effective atomic 
number (15.3), it is widely used as thermoluminescent dosimeter for 
diverse types of radiation such as, beta [5], gamma [6], X-ray [7], 
clinical electron [8], clinical photon [9], UV [10], and laser [11], due to 
its great reproducibility, high sensitiveness, excellent optical absorbance 
(OA) properties, and Electron Paramagnetic Resonance (EPR) response, 

excellent reproducibility and high sensitivity (40 times higher than LiF: 
Mg,Ti) [12]. Lithium fluoride (LiF) is a standard thermoluminescent 
(TL) dosimeter, which is routinely used in radiation protection dosim-
etry [13–16]. Mrozik et al. [17] proposed that dopants (Mg, P, Cu, Ti) 
may have a significant influence on radio-photoluminescent (RPL) effect 
on LiF, which indicates that RPL is not entirely driven by intrinsic 
electron defects as F2 and F3

+ centers. 
Advances toward new materials for dosimetry application is essential 

to enhance quality assurance and quality improvement practices based 
on radiation protection concept [18–20]. The hydrothermal synthesis 
[21] provides the construction of a material by means of manipulation of 
atoms and molecules from colloidal suspensions under relative low 
temperature. The great advantage of hydrothermal synthesis consists in 
producing particles with controlled chemical stoichiometry. Besides, as 
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synthesized particles exhibit narrow particle size distribution, uniform 
shape, large specific surface area and high relative density (based on 
theoretical density). Many innovative materials have been produced by 
this method [22–27]. Chan et al. [28] obtained high aspect ratio 
wollastonite nanofibers by processing at 200 ◦C for 16 h. Carregosa et al. 
[29] reported that CeO2 powders exhibited high densification at sin-
tering temperatures 300 ◦C lower than that generally used to obtain 
dense CeO2 ceramics. Hu et al. [30] produced W–Y2O3 composite 
nanopowders with mean particle size of 15.1 nm and narrow particle 
size distribution. In addition, Y2O3 alloys presented refined W grains of 
about 210 nm and relative density of 98.0%. 

Rare earths (RE) exhibit great and unique chemical and physical 
properties, being addressed as critical materials by European Union and 
United States [31,32]. Belong RE series, yttria (Y2O3) has been widely 
used as host material to receive other REs due to its intrinsic lattice 
characteristics. Huerta et al. [33]observed that yttria tri-doped powders 
(4 at.% of Er, 2 at.% of Li and 2 at.% of Yb) exhibited around of 3.5 times 
more 950–1090 nm emissions in comparison with Yb3+ free samples. 
Wang et al. [34] reported that the luminescence response of yttria 
nanopowders was improved remarkably by doping with 2 at% of Nd. 
Kruk et al. [35] revealed that the transparency of yttria sinters ca be 
reduced to about 30% by doping with lanthanium. Gan et al. [36] ob-
tained highly transparent Nd-doped yttria ceramics with transmittance 
of 74.3% at 400 nm and 81.3% at 1100 nm, using 1 at.% ZrO2 and 3 at.% 
La2O3 as sintering aids, followed by hot pressing at 1600 ◦C for 3 h. 

The present paper reports an approach to obtain thulium-yttria 
nanoparticles with controlled powder characteristics and EPR reponse 
by an alternative hydrothermal synthesis performed in relative low 
temperature and pressure. The as synthesized powders represent an 
innovative approach toward new dosimetric materials based on rare 
earth oxides. 

2. Experimental 

Thulium yttria powders (Y2O3:Tm) with controlled characteristics 
such as stoichiometry, shape, size, and density were synthesized using 
the following starting materials: yttria (Y2O3, 99.99%, Alfa Aesar 
GmbH), thulium oxide (Tm2O3, 99.999%, Alfa Aesar GmbH), nitric acid 
(HNO3, Synth), ammonium hydroxide (NH4OH, Casa Americana). 

A facile hydrothermal process [38] was performed to synthesize 
Y2O3:Tm powders, with thulium content varying from 0.1 up to 2.0 at% 
(at.%, atomic percentage). All powder compositions were determinated 
by stoichiometry calculations, having yttria and thulium oxide as ref-
erences. The precursor powders were obtained from a stock solution 
processed at 60 ◦C for 6 h into a condenser system. 

Thermal decomposition assay of the precursor powders was per-
formed in order to provide a controlled thermal treatment to obtain 
crystalline Y2O3:Tm powders. A sample of 5 mg was heated from 25 ◦C 
up to 1400 ◦C in air atmosphere (Lindberg Blue, Haake), in which its 
mass was measured in each 100 ◦C, using an analytical balance (Mettler 
Toledo, AB204-S). In order to avoid any moisture absorption, the sample 
was not fully cooled down until environmental temperature, but at 
50 ◦C. Therefore, the sample heaviness was measured while it was still 
heated. Afterwards, the sample was put back into the furnace to 
continue the thermal evaluation. 

The first derivative of mass loss curve as a function of temperature 
was calculated in order to determine in which temperature the 
maximum decomposition peak of sample takes place. 

As synthesized Y2O3:Tm powders were characterized as follows: 
mean particle size (d50) by Photon Correlation Spectroscopy (PCS, 
Litesizer500, Anton Paars), using hydrodynamic diameter model [40] as 
shown in (Eq. (1)); X-ray diffraction (XRD, Rigaku Multiflex, Japan), 
with an angular range (2θ) from 15 to 70◦, scanning of 0.5◦.min− 1 and 
Kα source, in which crystallite size was calculate by Scherrer model [41] 
(Eq. (2)), and based on the measurement of full-width at half-maximum 
(FWHM) values in the corresponding XRD pattern; helium pycnometric 

(Pycnometer Micrometrics 1330), and Scanning Electron Microscopy 
(SEM, INCAx-act, Oxford Instruments). 

d50  =
(

KBT

3πη(T)Dt

)

⋅[nm] (1)  

Where, KBT is Boltzmann constant (1.38064852.10− 23 m2 kg. s− 2.K− 1), T 
is temperature (K), η(T) is viscosity of the suspending liquid and, Dt is 
particle diffusion coefficient. 

dc  = 
(

0.9λ
βcosθ

)

⋅[nm] (2) 

Paramagnetic response of Y2O3:Tm powders as a function of dopant 
concentration (Tm3+) was evaluated by electron paramagnetic reso-
nance using a X-band EPR spectrometer (Bruker EMX PLUS), under 
room temperature and atmosphere. EPR spectra of samples were 
recorded in field modulation frequency of 100 kHz, microwave power of 
2.5 mW, center field of 300 mT, sweep width of 300 mT, modulation 
amplitude of 0.4 mT, time constant of 0.01 ms, 10 scans, temperature of 
20 ◦C, environmental atmosphere, under controlled humidity, and using 
DPPH (2, 2-Diphenyl-1-picrylhydrazyl, Bruker) as EPR reference. 

3. Results and discussion 

Synthesis method provides conditions to form advanced materials 
through manipulation of a fraction of atoms and molecules. As a result, 
new materials with suitable properties and characteristics can be pro-
duced for high advanced applications as radiation dosimetry. The 
thermal decomposition behaviour of thulium-yttria precursor (PYTm) 
treated up to 1400 ◦C is illustrated in Fig. 1. The bold curve represents 
residual mass as a function of temperature and time, in which four 
different events were observed. The first one is observed from 25 to 
100 ◦C, which is due to broken down of weak bonded water molecules 
(hydration), and resulting in residual mass around of 1%. The second 
event takes place in temperature range between 100 and 245 ◦C as a 
result of breaking strong bonded water molecules (dehydration) and 
residual mass of 9%. The third event occurs in temperature range from 
245 to 900 ◦C, in which decomposition of yttrium nitrate - Y(NO3)3 
occur, resulting in mass loss around of 50%. It suggest that formation of 
crystalline thulium-yttria powders may be occurred. Over this temper-
ature, thermal decomposition goes on up to the temperature limit of 
1400 ◦C, resulting in loss mass of 10%. Considering the four events 
described, the precursor exhibited total loss mass of 58%. 

The sharp curve (Fig. 1) is based on the first derivative of the bold 

Fig. 1. Thermal decomposition of thulium-yttria precursor up to 1400 ◦C in air 
atmosphere during a heating rate of 5 ◦C.min− 1. Black curve illustrates the mass 
loss; light grey curve illustrates the first derivative of the mass loss curve and 
the temperature in which the decomposition is maximum. 
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curve, and shows the temperature in which the maximum decomposi-
tion of each substance that composes a sample takes place. For PYTm, 
yttrium nitrate exhibited maximum decomposition peak at 350 ◦C, with 
mass loss of 20%. Face to the results presented in Fig. 1, to form crys-
talline thulium-yttria powders three thermal treatment essays with 
heating rate of 10C.min− 1 and step of 2 h were proposed as following: 
800, 1000 and 1100 ◦C. 

X-ray diffraction curves of PYTm treated up to 1400 ◦C in room at-
mosphere are illustrated in Fig. 2a. The as sythesized samples exhibited 
amorphous spectra and a short range peak recorded at 29.5◦ (2Ɵ). 
Possibly, in this condition there are crystallites whose dimensions are 
very hard to indentify by XRD. For samples treated in a temperature 
range between 500 and 800 ◦C, it is observed the initial formation of 
diffraction planes recorded at 29.5◦ and 50◦. In addition, it is seen that 
samples treated at 1100 ◦C exhibited cubic C-type structure, corre-
sponding to Powder Diffraction File (JCPDS. 25–1200), with the main 
diffraction peaks recorded as follows: 29.5◦ (222); 53.0◦ (440), and 
57.6◦ (622). 

All rare earth oxides (RE2O3) can exhibit cubic C-type form as 
illustrated by transition phase diagram [37] in Fig. 2b. According to this 
diagram, five polymorphic forms designated as A, B, C, X, and H can be 
formed. The forms A, B, and C can be formed below 2000 ◦C, whereas X 
and H can be established above this temperature. In addition, above 
2400 ◦C RE2O3 are in liquid form. Moreover, type C presents the 
broadest range of stability among all forms. The polymorphic forms and 
transition temperatures (approximation) of some RE2O3 are as 
following: Dy2O3 (C-type 2000 ◦C → B-type 2200 ◦C → H-type); Eu2O3 
(C-type 1000 ◦C → B-type 2100 ◦C → H-type 2340 ◦C → X-type); and 
Tm2O3 (C-type 2300 ◦C → H-type). 

Yttria which belongs to the rare earth group can exhibit one of the 
following crystalline structures: monoclinic (A-type), hexagonal (B- 

type), and cubic (C-type). As illustrated in Fig. 2b, cubic C-type is the 
most common form of yttria, being stable even in high temperature 
range (800 ◦C < T < 2400 ◦C). Besides, yttria presents wide homoge-
neity field to form C-type solid solutions with other RE elements as Eu, 
Sm, Gd, Dy, Er, and Tm. Nevertheless, some investigations [38–40] 
revealed that yttria can present polymorphism under high temperature 
and pressure. 

The ball model of cubic C-type yttria is illustrated in Fig. 2c. Yttria 
exhibits crystal lattice features that enable the insertion of rare earth 
ions as (Dy3+ [41], Tm3+ [42], Yb3+ [43], Tb3+ [44], Ce2,3+ [45]) into 
its structure. This insertion refers to the term doping and is concerned to 
enhance yttria characteristics as luminescence and paramagnetism. 
Doping Y2O3 with Tm3+ gives rise to substitution of Y3+ to Tm3+ in C2 
and S6 sites without substantial distortion of crystal lattice, seeing that 
ytrrium and thulium exhibits similar crystal lattice and ionic radious (rY 
= 0.092 nm [46]; rTm = 0.095 nm [47]). 

On Fig. 2c, it is reported [48] that the luminescence response of yttria 
is associated with symmetry axis wherein RE ion is located. As RE ion is 
located at C3i, S6 summetry axes, low luminescence response is pro-
duced due to low probability of electron transitions. On the other hand, 
as RE ion fill C2 symmetry, transitions 5D0 - 7F2 are provided and as 
consequence, luminescence response is intensified [49]. 

The process to form crystalline yttria varies on raw materials nature, 
synthesis route, and thermal treatment. The thermal energy induces 
transition from amorphous to crystalline state of powders and changes 
on characteristics as size and shape. Zhang et al. [8] produced micro 
particles of europium-yttria by hidrothermal method, followed by 
thermal treatment at 800 ◦C for 5 h in environmental atmosphere. 
Shivaramu et al. [38] obtained nanoparticles of yttria by combustion 
synthesis and thermal treatment at 600 ◦C for 2 h. Lojpur et at [39]. 
synthesized terbium-yttria powders with accicular morphology by 

Fig. 2. Formation of crystalline thulium-yttria powders: (a) XRD curves; (b) polymorphic diagram of rare earth oxides [37]; and (c) cubic C-type structure that is 
usually formed by powder synthesis. 
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powder mixture and thermal treatment at 1100 ◦C for 1 h. 
Thermal treatment usually provides increasing in particle size due to 

formation of larger aggregates. In Fig. 3 is illustrated a correlation be-
tween particle size and crystallite size of precursor powder as a function 
of temperature used during thermal treatment. As synthesized powders 
were constituted of fine particles, whose mean diameter size around of 
64 nm and crystallite size of 7.5 nm. Moreover, the thermal treatment 
performed in this study to form thulium-yttria powders was successful to 
provide particles with nanosized distribution, in which small difference 
of 20 nm in diameter size and 7 nm of crystallite size of samples treated 

from 800 ◦C to 1400 ◦C were observed. 
XRD curves of thulium-yttria powders with up to 2 at.%Tm are 

shown in Fig. 4. As illustrated in Fig. 2c yttria exhibits Y3+ ions in C2 and 
C3i,S6 in the presence of six oxygen atoms. Since yttrium and thulium 
present similar ionic radius, doping is characterized as substitutional 
and no lattice distortion is induced. In addition, Tm3+ ions tend to 
occupy C2 and C3i,S6 positions to form energy levels. Based on results 
shown in Fig. 4, the hydrothermal method performed followed by 
thermal treatment proposed was successful to form thulium-yttria 
powders with cubic C-type structure, without secondary phases within 
(2Ɵ) 10–70◦, according to JCPDS 25–1200. 

Particle characteristics of thulium-ytrria powders with distint com-
positions formed at 1000 ◦C for 2 h are shown in Fig. 5a. Particle size 
variation is represented by the black line and revealed that thulium 
concentration increased directly particle size from 50 to 150 nm in 
addition, picnometric density increased significantly from 4.7 (“pure 

Fig. 3. (a) Correlation between crystallite size (dc) and mean particle size (d50) of thulium-yttria precursor during thermal treatment up to 1400 ◦C; (b) repre-
sentation about increase of dc and d50 as a function of temperature. 

Fig. 4. XRD curves of Y2O3:Tm powders synthesized by hydrothermal synthe-
sis, followed by thermal treatment at 1100 ◦C for 2 h in room atmosphere. 

Fig. 5. Thulium-yttria powder characteristics: (a) curves of crystallite size (dc), 
pycnometric density (ρ), and mean particle size (d50); (b) SEM image of 
composition prepared with 0.5 at.%Tm. 
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yttria”) to 5.9 g cm− 3 (Y2O3:Tm, 2 at.%). On the other hand, crystallite 
size (dc) exhibited a small variation (between 5 and 7 nm), which con-
firms the substitutional characteristic of doping. Moreover, SEM image 
illustrated in Fig. 5b revealed that thulium-yttria powders (0.5 at%Tm) 
are constituted by fine particles, with accicular morphology and size 
inferior than 1 μm. The control of particle characteristics contributes to 
improve particle packing during shaping process. In addition, powder 
compacts formed from particles with controlled characteristics after 
sintering often provide ceramic bodies with dense microstructure, ho-
mogeneous phase, free of visible defects, and suitable response for end- 
use. 

Particle morphology is an important feature in many advanced ap-
plications. Vatankhah et al. [50] during seeded emulsion polymerization 
study, found out that particles with spherical morphology presented 
better drug release than cauliflower-like ones. Xiu et al. [51] reported 
that particle circularity exerts the greatest influence on powder flow-
ability of microcrystalline cellulose. Limousin et al. [52] observed that 
the morphology of the hybrid latex particles directly influences the final 
film morphology, in which hemispherical particles provide aggregated 
hard domains and higher strength. Wei et al. [53] reported that rough 
particulates in concrete can increase stress bearing capacity by 
enhancing intra-aggregate fracture paths. In our recent work [54], micro 
ceramic rods with dense microstructure were produced by 
bio-prototyping from europium-yttria nanoparticles with accicular 
shape. 

Processing procedures as comminution, grinding, seiving, as well as 
radiation provide the development of unpaired electrons in materials. 
The Electron Paramagnetic Resonance (EPR) is a non destructive and 
non intrusive technique that provides structural information from 
chemical and physical processes by detection of unpaired electrons. 
Thus, EPR is a useful technique to advance in development of rare earth 
based dosimetry materials. 

In Fig. 6 are illustrated EPR spectra of thulium-yttria compositions 
containing up to 2 at.%Tm. Apart from 0.5 at%Tm it is seen that EPR 
spectra exhibited additional resonance peak (p2) as indicative of Tm+

recorded at 164.0 mT and g 2.0065. The main peak (p1) was recorded at 
350 mT, with width of 3 mT and g 2.0040. Considering yttria spectra, it 
is observed that a shift around of 0.0040. On p2 peak, the shift was 
around of 0.0050 g. In addition, p1 peak exhibited significant increase 
for composition 1.5 at%Tm compared to “pure” yttria. Based on results, 
doping yttria with thulium enhances EPR response of samples due to 
formation of new defects, as well as energy transfer from Tm3+ ion to 

yttria host. 
The process of doping yttria with thulium consists in increasing EPR 

response of yttria as a function of radiation dose. In Fig. 7 are presented 
EPR response curves of as synthesized powders and irradiated ones with 
5 kGy. For as synthesized samples it is seen that 2 at%Tm exhibited the 
highest EPR response. On the other hand, powders irradiated with 5 kGy 
presented great improvement of EPR response for samples with 0.1 e 
0.3%at Tm. The insertion of low concentrations of Tm provided sub-
stantial formation of crystal defects, which in turn can trap more un-
paired electrons formed during irradiation process. In addition, the solid 
state features of yttria rely on its symmetry axis wherein RE ion is 
located. As RE ion is located at C3i, S6 summetry axes, low EPR response 
is produced due to low probability of electron transitions. On the other 
hand, as RE ion fill C2 symmetry, more electron transitions are provided 
and as consequence, EPR response is intensified. Based on results, 
doping with 0.1%at Tm was more effective in promoting new electron 
defects and provided the highest EPR response. 

Thulium-yttria particles exhibits significant EPR response, an evi-
dence that indicates this ceramic material as a promising candidate for 
radiation dosimetry. Nevertheless, additional studies have to be done in 
order to confirm these evidences and to present this material as an 
alternative for those widely used as dysprosium doped calcium sulfate. 
With the aim to provide more findings and innovative results, a new 
study on thulium-yttria micro rods is under development. 

4. Conclusion 

Cubic C-type thulium-yttria nanoparticles with rounded shape, mean 
particle size less than 160 nm, and electron paramagnetic resonance 
(EPR) response were obtained by an alternative hydrothermal synthesis 
performed at 60 ◦C for 6 h in relative low pressure, followed by thermal 
treatment at 1100 ◦C for 2 h in environmental atmosphere. Thulium- 
yttria nanoparticles prepared with 0.1 at.%Tm exhibited the most 
remarkable EPR response as a function of dose among all compositions. 
The proposed synthesis was effective to produce nanoparticles with 
suitable characteristics for colloidal processing toward new dosimetry 
materials. 
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Arreguín, I. Martínez-Merlin, C. Falcony-Guajardo, H. Murrieta S, Up-conversion 
luminescence of hafnium, erbium, ytterbium and lithium co-doped yttrium oxide, 
Opt. Mater. 105 (2020) 109923, https://doi.org/10.1016/j.optmat.2020.109923. 

[44] E.-J. Popovici, M. Nazarov, L. Muresan, D.Y. Noh, L.B. Tudoran, E. Bica, E. Indrea, 
Synthesis and characterisation of terbium activated yttrium tantalate phosphor, 
J. Alloys Compd. 497 (2010) 201–209, https://doi.org/10.1016/j. 
jallcom.2010.03.010. 

[45] H.K. Jung, C.H. Kim, A.-R. Hong, S.H. Lee, T.C. Kim, H.S. Jang, D.H. Kim, 
Luminescent and magnetic properties of cerium-doped yttrium aluminum garnet 

and yttrium iron garnet composites, Ceram. Int. 45 (2019) 9846–9851, https://doi. 
org/10.1016/j.ceramint.2019.02.023. 

[46] A. V Shevchenko, L.M. Lopato, I.E. Kir’yakova, The reactions of HfO2 with Y2O3, 
Ho2O3, Er2O3, Tm2 O3, Yb2O3 and Lu2O3 at high temperatures, Izv. Akad. Nauk. 
SSSR - Neorganicheskiye Mater. 20 (1984) 1991–1996. 

[47] E.R. Andrievskaya, L.М. Lopato, A. V Shevchenko, V.P. Smirnov, Phase interaction 
in the system HfO2–Eu2O3, Izv. RAN Neorg. Mater. 33 (1997) 835–838. 

[48] E. Zych, M. Karbowiak, K. Domagala, S. Hubert, Analysis of Eu3+ emission from 
different sites in Lu2O3, J. Alloys Compd. 341 (2002) 381–384. https://doi. 
org/10.1016/S0925-8388(02)00042-7. 

[49] A. Konrad, T. Fries, A. Gahn, F. Kummer, U. Herr, R. Tidecks, K. Samwer, Chemical 
vapor synthesis and luminescence properties of nanocrystalline cubic Y2O3 : Eu, 
J. Appl. Phys. 86 (1999) 3129–3133, https://doi.org/10.1063/1.371177. 

[50] Z. Vatankhah, E. Dehghani, M. Salami-Kalajahi, H. Roghani-Mamaqani, Seed’s 
morphology-induced core-shell composite particles by seeded emulsion 
polymerization for drug delivery, Colloids Surf. B Biointerfaces 191 (2020) 
111008, https://doi.org/10.1016/j.colsurfb.2020.111008. 

[51] H. Xiu, F. Ma, J. Li, X. Zhao, L. Liu, P. Feng, X. Yang, X. Zhang, E. Kozliak, Y. Ji, 
Using fractal dimension and shape factors to characterize the microcrystalline 
cellulose (MCC) particle morphology and powder flowability, Powder Technol. 364 
(2020) 241–250, https://doi.org/10.1016/j.powtec.2020.01.045. 

[52] E. Limousin, N. Ballard, J.M. Asua, The influence of particle morphology on the 
structure and mechanical properties of films cast from hybrid latexes, Prog. Org. 
Coating 129 (2019) 69–76, https://doi.org/10.1016/j.porgcoat.2019.01.015. 

[53] D. Wei, R.C. Hurley, L.H. Poh, D. Dias-da-Costa, Y. Gan, The role of particle 
morphology on concrete fracture behaviour: a meso-scale modelling approach, 
Cement Concr. Res. 134 (2020) 106096, https://doi.org/10.1016/j. 
cemconres.2020.106096. 

[54] S.C. Santos, O. Rodrigues, L.L. Campos, Bio-prototyping of europium-yttria based 
rods for radiation dosimetry, Mater. Chem. Phys. (2017), https://doi.org/10.1016/ 
j.matchemphys.2017.07.063. 

S.C. Santos et al.                                                                                                                                                                                                                                

http://inis.iaea.org/search/search.aspx?orig_q=RN:07227877
http://inis.iaea.org/search/search.aspx?orig_q=RN:07227877
https://doi.org/10.1016/j.addma.2020.101286
https://doi.org/10.1557/JMR.2005.0364
https://doi.org/10.1557/JMR.2005.0364
https://doi.org/10.1111/j.1551-2916.2005.00506.x
https://doi.org/10.1111/j.1551-2916.2005.00506.x
https://doi.org/10.1016/j.ijleo.2018.02.015
https://doi.org/10.1016/j.jallcom.2017.03.165
https://doi.org/10.1016/j.jallcom.2017.03.165
https://doi.org/10.1016/j.optmat.2020.109923
https://doi.org/10.1016/j.jallcom.2010.03.010
https://doi.org/10.1016/j.jallcom.2010.03.010
https://doi.org/10.1016/j.ceramint.2019.02.023
https://doi.org/10.1016/j.ceramint.2019.02.023
http://refhub.elsevier.com/S0254-0584(20)31365-1/sref46
http://refhub.elsevier.com/S0254-0584(20)31365-1/sref46
http://refhub.elsevier.com/S0254-0584(20)31365-1/sref46
http://refhub.elsevier.com/S0254-0584(20)31365-1/sref47
http://refhub.elsevier.com/S0254-0584(20)31365-1/sref47
https://doi.org/10.1016/S0925-8388(02)00042-7
https://doi.org/10.1016/S0925-8388(02)00042-7
https://doi.org/10.1063/1.371177
https://doi.org/10.1016/j.colsurfb.2020.111008
https://doi.org/10.1016/j.powtec.2020.01.045
https://doi.org/10.1016/j.porgcoat.2019.01.015
https://doi.org/10.1016/j.cemconres.2020.106096
https://doi.org/10.1016/j.cemconres.2020.106096
https://doi.org/10.1016/j.matchemphys.2017.07.063
https://doi.org/10.1016/j.matchemphys.2017.07.063

	Towards a new promising dosimetric material from formation of thulium-yttria nanoparticles with EPR response
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


