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� Alternative hydrothermal synthesis
of powders is demonstrated.

� Bio-prototyping of europium-yttria
rods is reported.

� Microstructure evolution of as sin-
tered rods is evaluated.

� The effect of Eu3þ on paramagnetic
response of yttria host is discussed.
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The application of solid state dosimeters in radiation protection has grown significantly as consequence
of advances in the development of dosimetric materials using rare earths. The conception of new
dosimetric materials concerns synthesis methods, which control the evolution of material structure,
including further processing steps as, shaping, drying, and sintering. The present study reports a full bio-
prototyping approach to produce europium doped yttria rods with potential application in radiation
dosimetry. Ceramic particles synthesized by hydrothermal route were characterized by Photon Corre-
lation Spectroscopy (PCS), X-ray diffraction (XRD), and Scanning Electron Microscopy (SEM). The effect of
europium on promoting electronic defects in yttria host was evaluated by Electron Paramagnetic
Resonance (EPR). Low pressure hydrothermal synthesis led to formation of rounded particles with mean
diameter of 410 nm. Aqueous suspensions with 20 vol% of particles prepared at pH 10, and 0.2 wt%
binder exhibited apparent viscosity of 213 mPa s, being suitable for bio-prototyping of rods. Sintering of
shaped samples at 1600�C for 4 h provided formation of dense ceramic rods. Europium-yttria rods
containing 5 at.% Eu exhibited the most intense EPR response.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

A basic feature of dosimeter material is the ability to absorb
radiation energy and release it in form of visible light as photon or
thermally stimulated. The mechanism that converts absorbed ra-
diation energy into visible light output depends on material char-
acteristics such as chemical composition and crystal structure.
antos).
Besides, these characteristics are consequence of synthesis route,
including the nature of starting materials and further processing
steps.

The structure of material, including its defects (intrinsic and
extrinsic) can be controlled by synthesis methods such as evapo-
ration [1], Pechini [2], chemical vapour deposition (CVD) [3], spray
pyrolysis [4], sol-gel [5], co-precipitation [6], hydrothermal [7], and
combined synthesis methods [8]. Usually these routes lead to for-
mation of powder materials, in which further processing steps are
required to produce the desired product. Recently our group pre-
sented a facile hydrothermal synthesis using environmental
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pressure and temperature around of 60 �C to obtain submicrometer
yttrium disilicate powders, with mono modal particle size distri-
bution, rounded shape, high specific surface area and pycnometric
density similar to theoretical one [9,10].

Nowadays our research group has reported approaches on
development of advanced materials by bio-prototyping using
renewable materials [9,11e15]. Yttria nettings with homogeneous
void shape were produced using wood based netting as template
[12]. Biomorphic burners with thermoluminescence response
based on dysprosium doped yttrium disilicate were formed from
Luffa Cylindrica vegetable sponge [14]. Yttria micro rods with dense
microstructure and electron paramagnetic response were shaped
from wheat starch templates [11].

Bella et al. [16e18] employed carboxymethyl cellulose (CMC)
and micro fibrillated cellulose (MFC) as bio-sourced materials to
produce quasi-solid electrolytes for polymeric dye-sensitized solar
cells (DSSCs). Nishiyama et al. [19] using alginate hydrogel and
inkjet printing produced 3D biological structures composed of
living cells in vitro, which procedure was termed as 3D printer.
Zolin et al. [20] proposed a new solid Li-ion cell structural design
based for LiFePO4/graphite electrodes using carbonised cellulose
nanofibrils.

Colloidal processing consists in a full procedure to obtain
advanced materials since manipulation of molecular structures
(colloids), including the control of inter-particle forces, followed by
consolidation of colloidal particles into a desired shape and finally,
the enhancement of interparticle bonds by means of thermal
treatment. Recently our research group has published some con-
tributions addressing colloidal processing and bio-prototyping of
rare earth ceramics such as, yttria nettings [12]; bio-prototyping
rare earth doped yttria ceramics [15], yttrium disilicate micro-
cellular ceramics [9] and, biomorphic dysprosium doped yttrium
disilicate burners [14].

Yttria (Y2O3) is a promising material for radiation dosimetry due
to its intrinsic chemical and physical proprieties as melting point of
2400 �C, refractive index of 1.9, thermal and chemical stability.
Besides, Y2O3 is used for enhancement of sintering [21], catalysis
[22], luminescence [23], electrical [24], electronic [25], mechanical
[26] and thermal [27] behavior of many advanced materials.
Europium doped yttrium oxide (Y2O3:Eu3þ) is noted for its excel-
lence in luminescence [28]. ZHANG et al. [29] reported the syn-
thesis of single-layer yttrium oxide nanosheets doped with Eu3þ

and Tb3þ by the exfoliation method. As synthesized nano sheets
exhibited transparency, strong red and green emissions, these re-
sults rise it as potential to be used as building blocks and other
functional materials.

Considering yttria potential for radiation dosimetry and our
experience on processing of rare earth powders, this work reports a
full colloidal processing of europium doped yttria rods as following:
stoichiometric composition of material, powders synthesis,
rheology of suspensions, bio-template evaluation, bio-prototyping,
microstructural evolution of rods as a function of sintering pa-
rameters, and effect of europium on EPR response of yttria rods.

2. Experimental

For development of europium-yttria powders (Y2O3:Eu) with
controlled size, shape and stoichiometry the following starting
materials were used: yttria (Y2O3, 99.99%, Alfa Aesar GmbH),
europium oxide (Eu2O3, 99.999%, Alfa Aesar GmbH), nitric acid
(HNO3, Synth), ammonium hydroxide (NH4OH, Casa Americana).

Synthesis of Y2O3:Eu powders with up to 10 at%. Eu3þ was
performed by a facile hydrothermal process, based on environ-
mental pressure and temperature of 60 �C. Aqueous solutions of
yttrium nitrate (Y(NO3)3$6H2O) and europium nitrate
(Eu(NO3)3$6H2O) were prepared by dissolution of rare earth pow-
ders in HNO3. Considering the stoichiometry of final powders,
aqueous solutions based on yttrium and europium nitrates were
stirred together, followed by addition of NH4OH to adjust pH of final
solution. The precursor gel suspension was formed at pH 10, cor-
responding to europium-yttrium hydroxide (Eq. (1)). The present
gel was stirred at 60 �C for 6 h, using a condenser system to
maintain constant the volume of suspension.

ð2� aÞYðNO3Þ3ðaqÞ þ ðaÞEuðNO3Þ3ðaqÞ
þ NH4OHðaqÞ�!60�C

Yð2�aÞEuaðOHÞ3ðsÞ þ 3NH4ðNO3ÞðaqÞ (1)

The precursor gel was dried at 70 �C for 24 h, followed by
thermal treatment up to 1200 �C in air atmosphere using a box
furnace (Lindberg Blue, Haake) as shown in Fig. 1. Thermal treat-
ment of precursor powders (YE) was based on thermal decompo-
sition assay of powders. A sample of 10 mg was heating up to
1400 �C in air atmosphere (Lindberg Blue, Haake), inwhich its mass
was measured in each 100 �C, using an analytical balance (Mettler
Toledo, AB204-S). The first derivate 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.

Powder characterization consisted in determining the mean
particle size (d50) by means of Photon Correlation Spectroscopy
(PCS, ZetaPALS Analyzer, Brookhaven Instruments) and using hy-
drodynamic diameter model [30] as shown in (Eq. (2)); X-ray
diffraction (XRD, Rigaku Multiflex, Japan), with an angular range
(2q) from 15 to 70�, scanning of 0.5�.min�1 and Ka source, in which
crystallite size was calculate from Scherrer formula [31] (Eq. (3)),
and based on the measurement of full-width at half-maximum
(FWHM) values in the corresponding XRD pattern; helium pycno-
metric (Pycnometer Micrometrics 1330), and Scanning Electron
Microscopy (SEM, INCAx-act, Oxford Instruments).

d50 ¼
�

KBT

3phðTÞDt

�
½nm� (2)

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

dc ¼
�
0:9l
bcosq

�
½nm� (3)

Suspensions with 20 vol% Y2O3:Eu content were prepared at pH
10 from tetramethylammonium hydroxide (TMAH, 30 wt%, Sigma
Aldrich), 0.2 wt% corn starch as binder (CS, Maizena), and followed
by homogenization in a ball mill for 24 h using alumina spheres
(Øspheres of 10 mm).

Rheological characterization of Y2O3:Eu suspensions was per-
formed with a rheometer (Haake RS600, Thermo Scientific). The
sensor system consists in a double-cone rotor and a stationary plate
(DC60/1�). The flow behavior of the suspensions was characterized
in the control rate mode (CR) and compared with rheological
models available in rheometer database (Haake Rheowin Data
Manager v. 3.61.0.1). All measurements were evaluated at 25� by
increasing the shear rate ( _g) from 0 to 1000 s�1 in 5min, holding for
2 min at 1000 s�1 and returning to 0s�1 in 5 min. For each CR step
200 points were measured.

Organic tubes based on wheat starch were used as bio-
templates (BM) for replica method. BMs are abundant, renewable,
low cost, and exhibit suitable inner void shape, inwhich filling with
suspension (casting) lead to the formation of ceramic rods as
shown in Fig. 1. Shape and microstructure features of BMs were



Fig. 1. Colloidal processing of Y2O3:Eu rods performed in this study.
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observed by SEM (TM3000 Hitachi).
Thermal decomposition assay of BMs was performed by means

of measuring residual mass of BMs as a function of temperature. A
BM sample of 20 mg was heating up to 1200 �C in air atmosphere
(Lindberg Blue, Haake), in which its mass was measured in each
step of 100 �C using an analytical balance (Mettler Toledo, AB204-
S). The first derivate calculation of residual mass as a function of
temperature was performed in order to determine the temperature
peak of maximum decomposition of sample.

Molecular composition of BMs was evaluated by Fourier trans-
form infrared spectroscopy (FTIR, Thermo Nicolet iS50), followed
by determination of the index of crystallinity (CIFTIR) using Nelson
et al. [32] model as shown in Eq. (4). As shaped samples were
sintered in a vertical furnace (Lindberg/Blue M), in which thermal
treatment conditions were based on thermal decomposition results
of BMs.

CIFTIR ¼
�
a1372
a2900

�
½a:u:� (4)

where, a1372 and a2900 are the absorbance intensities of the bands at
1372 and 2900 cm�1 for OeH bending and CeH stretching in FT- IR
spectra respectively.

Characterization of Y2O3:Eu rods was performed by SEM (TM
3000, Hitachi; INCAx-act, Oxford Instruments); XRD (Rigaku Mul-
tiflex), with scanning at 0.5� min�1, from 15 to 70� (2Ɵ), Cu-Ka
radiation, helium pycnometric (Pycnometer Micrometrics 1330).

Paramagnetic response of Y2O3:Eu rods as a function of dopant
concentration (Eu3þ) was evaluated by electron paramagnetic
resonance using a X-band EPR spectrometer (Bruker EMX PLUS), in
room temperature and atmosphere. EPR spectra of samples were
recorded in field modulation frequency of 100 kHz, microwave
power of 2.5 mW, centre field of 300 mT, sweep width of 300 mT,
modulation amplitude of 0.4 mT, time constant of 0.01ms,10 scans,
temperature of 20 �C, environmental atmosphere, and under
controlled humidity.

3. Results and discussion

Yttria exhibits crystal features that enable inserting of rare erth
ions RE such as (Eu3þ, Tb3þ, Yb3þ, Er3þ) into its structure. This
inserting is known as doping and its aim concerns to intensity yttria
characteristics as luminescence and paramagnetism. Recent studies
[33e38] have shown that Y2O3 is an excellent material for doping
with europium, once that Y2O3 and Eu2O3 exhibits similar crystal
lattice and ionic radious (rY ¼ 0.092 nm [39]; rEu ¼ 0.098 nm [40]).
Doping Y2O3 with Eu3þ gives rise to substitution of Y3þ to Eu3þ in C2
and S6 sites with no significant distortion of crystal lattice, which
means a controlled doping. Nevertheless, no studies on colloidal
processing of europium doped yttria to produce promising shaped
materials for dosimetry have been reported up to now.

Thermal decomposition essay of YE up to 1400 �C in environ-
mental atmosphere is shown in Fig. 2. Bold curve represents mass
variation as a function of temperature and time, in which four
distinct events were observed. The first one is observed from 25 to
150 �C, which is due to broken down of weak bonded water mol-
ecules (hydration), and resulting in residual mass around of 5%. The
second event takes place in temperature range between 150 and
300 �C as a result of breaking strong bonded water molecules
(dehydration) and residual mass of 9%. The third event occurs from
300 to 800 �C, in which the residual mass was around 3% and may
be indicative of crystallization of C-type phase of yttria. Based on
these conditions, the total mass loss was 36%.

The narrow curve represents the first derivate of residual mass
as a function of temperature and time (Fig. 2). The present curve
illustrates the temperature in which maximum decomposition of a
substance takes place. For YE the peak of maximum decomposition
of europium doped yttrium nitrate takes place at 450 �C with re-
sidual mass of 20%. According to results (Fig. 1), to produce crys-
talline europium doped yttrium powders the following conditions



Fig. 2. Thermal decomposition of precursor powders YE evaluated up to 1400 �C in
room atmosphere.
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of thermal treatment were proposed: heating rate of 10 �C.min-1,
step of 2 h and temperatures from 800 to 1100 �C.

XRD patterns of YE precursor powders thermally treated up to
1200 �C is illustrated in Fig. 3a. As synthesized YE powders exhibit
amorphous characteristic with short range peak around of 30� (2q).
For samples under thermal treatment from 800 �C it is seen the
formation of cubic C-type lattice, inwhich four high intensity peaks
around 30.0� (222); 33.9� (400); 48.6� (440) e 57.6� (622) are
presented, corresponding to Powder Diffraction File (PDF. 25e101).

Thermal treatment under 800 �C for 2 h supplied formation of
cubic C-type europium doped yttria powders for compositions up
Fig. 3. XRD curves of (a) YE powders up to 1200 �C and
to 10 at.% Eu as shown in Fig. 3b. Europium content up to 5 at.%
exhibited no alteration in crystalline structure of yttria, neither
diffraction peaks corresponding to secondary phases. Based on
phase diagram of the system Y2O3-Eu2O3 (Fig. 4b) cubic C-type is
the most stable phase, being stable up to high temperatures around
2300 �C inwhich Eu content is up to 40mol.%. However, the sample
which composition is 10 at.% Eu a secondary phase peak was
recorded at 44.5�, corresponding to Eu2O3 structure. This peak may
be ascribed to synthesis processing, in which homogenizing
(digestion) of precursor gel may not be completed.

Even though doping Y2O3 with 10 at.% Eu led to formation of a
peak of secondary phase, the hydrothermal synthesis based on
environmental pressure was able to produce crystalline rare earth
powders using low temperature (60 �C). Tolstikova et al. [41] using
a modified Pechini method followed by thermal treatment carried
out at 1000�С within 2 h produced Y2O3:Nd powders with diam-
eter of 100 nm. Lojpur et al. [42] produced nanocrystalline Y2O3:Yb,
Er powders via self-propagating room-temperature reaction
(SPRT), followed by thermal treatment up to 1100 �C within 1 h.
Englade-Franklin et al. [43] via surface-directed synthesis followed
by thermal treatment in two steps, 300 �C for 3 h and 800 �C for 8 h
obtained Y2O3:Er nanoparticles with low agglomeration state.

Yttria exhibits cubic C-type structure, in which Y3þ ions located
at symmetry point groups C2 and C3ie are surrounded by six oxygen
atoms as shown in Fig. 4a. Since Eu3þ ion presents ionic radius size
similar to Y3þ ion, doping yttria with europium is characterized as
substitutional insertion. Eu3þ ions tend to occupy C2 and C3i sym-
metry positions to form new energy levels, as shown in Fig. 3a.
Ranson et al. [44] reported that luminescence response of yttria is
associated to crystallographic axis inwhich RE ion is situated. As RE
ions are located at C3i, S6 symmetry axis low luminescence
response occurs due to less probability of electronic transitions. On
(b) Y2O3:Eu powders as a function of Eu content.



Fig. 4. Designing of Y2O3:Eu compositions. In (a) spheres model illustrating cubic C-type structure of yttria, in which Eu dopant can be inserted and; (b) phase diagram of Y2O3-
Eu2O3 system showing all possible crystal structures as a function of dopant concentration and temperature.

Fig. 5. Powder characterization curves of Y2O3:Eu as a function of Eu content.
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the other hand, RE ions located at C2 axis exhibit electronic tran-
sitions (5D0 / 7F2) which provide higher luminescence response.

Homogeneity fields, including invariant points vary based on RE
characteristics as cation size and structure. Doping Y2O3 with light
RE (La, Ce, Pr, Nd, Y) promotes formation of solid solutions based on
B type, whereas doping with middle RE (Sm, Eu, Gd, Tb, Dy) and
heavy RE (Ho, Er, Tm,Yb, Lu) enable the formation of C-type in a
wide range of temperature [45].

The conditions to obtain crystalline yttria based powders
depend on characteristics of starting materials, synthesis route and
thermal treatment parameters. Zhang et al. [46] produced euro-
pium doped yttria micro particles from hydrothermal method us-
ing autoclave, followed by thermal treatment of precursor powders
at 800 �C for 5 h. Shivaramu et al. [47] synthesized yttria nano-
particles by combustion route and thermal treatment of precursor
at 800 �C for 2 h. Lojpur et al. [42] synthesized terbium-erbium
doped yttria particles with acicular shape by powder mixture and
thermal treatment at 1100 �C for 1 h.

According to results from thermal treatment essays it is seem
that the following condition of 800 �C for 2 h in air atmosphere led
to formation of europium doped yttria powders with cubic C-type
structure and no secondary phase peaks. The proposed hydro-
thermal method based on environmental pressure and tempera-
ture around 60 �C was effective in promoting the insertion of Eu3þ

ions into yttria lattice (doping).
Fig. 5 illustrates Y2O3:Eu powder characteristics as a function of

Eu content. Fig. 5a shows (from a0 to a10 in which the subscribed
number is related to dopant concentration, at.%) that increasing
dopant concentration led to modification of size, shape and
agglomeration state of ceramic particles. “Pure” yttria exhibits
flaked particles with size around of 410 nm, whereas those doped
with Eu showed rounded shape, mean diameter at least of 430 nm,
and higher agglomeration state. As shown in Fig. 5b, all composi-
tions exhibitedmean particle diameter (d50) and crystallite size (dc)
less than 500 nm and 11 nm respectively. In addition, increasing Eu
content provided increase in pycnometric density of powders from
5 to around 6.40 g cm�3. According to results, it is observed that the
increase of d50 from 410 to 490 nm is ascribed to agglomeration
state of particles. Besides, variation of dc from 3.75 to 10 nm in-
dicates that the lattice parameters were expanded as a conse-
quence of Eu ionic radius (rEu ¼ 0.098 nm, rY ¼ 0.092 nm) and
content.

Zhao et al. [48] reported a hydrothermal method using potas-
sium sodium tartrate (C4H4O6KNa) as forming agent in which
Y2O3:Eu particles with flower-like shape were obtained. According
to authors, forming agent concentration leads to control nucleation
and grain growth of colloidal particles and, as a consequence in-
fluences the morphology of the as synthesized particles.

Bio-template BM fits accordingly to green technology seeing



Fig. 7. In (a) Flow curves of Y2O3:Eu suspensions with 20 vol% of particles, pH 10 and
0.2 wt% AM and; (b) as shaped samples by replica using this suspension.
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that it is based on amide starch, low cost, abundant and, as a
consequence renewable. As shown in Fig. 6a, BM exhibits external
diameter around of 5.9 mm, inner diameter around of 3.4 mm, and
wall width around of 1.0 mm. Further, BM presents porous micro-
structure with grain size higher than 10 mm. BM's shape is suitable
for producing ceramic rods by replica method due to its inner
diameter. BM is basically constituted by organic substances, as
shown in Fig. 6b. From F-TIR curve are shown vibrational peaks of
CeH bonds at 2750 cm�1, OeH bonds from 2400 to 1330 cm�1,
CeO/OeCeO stretching bonds from 1410 to 550 cm�1. In addition,
the index of crystallinity (CIFTIR) of BM, considering the absorbance
intensities of the bands at 1372 and 2900 cm�1 was around of
1370 cm�1.

Based on our previous studies [9,12,14], it is seem that the use of
starch based binders, such as corn binder (AM) leads to formation
of shear thinning suspensions with apparent viscosity suitable for
replica method. Fig. 5a illustrates flow curves of Y2O3 suspensions
prepared with 20 vol% and 0.4 wt% AM in controlled rate mode.
Suspensions with no AM usually exhibit constant apparent vis-
cosity for all shear rate range evaluated and flow behavior char-
acteristic of Carreau Yasuda model [49]. As a consequence, low
viscous suspensions are not suitable for replica method, since they
leak out from organic template during casting. Besides, cracks are
formed as drying stage.

Ceramic suspensions based on 0.4 wt% AM (Fig. 7a) exhibited a
small area between up and down curves, which is characteristic of
thixotropic behavior [50]. Thixotropy consists in variation of
apparent viscosity as a function of time at constant shear rate,
which means that viscosity decreases due to break down of ag-
glomerates of particles formed by long chains of AM binder. Be-
sides, it is observed that apparent viscosity decreased while
shearing, revealing flow viscous behavior. In this case, the sus-
pension exhibits lower apparent viscosity while flowing, whereas
its viscosity is higher in static mode. Shear thinning suspensions are
suitable for applications as painting, pumping, impregnation, and
replica. Using 0.4 wt% AM was useful to shape uniformly bio-
templates, in which suspensions did not leak out from bio-
template, and the integrity of template was maintained (Fig. 7b).
Therefore, 0.4 wt% AM was suitable to produce yttria rods by
replica.

Processing parameters for Y2O3 aqueous suspensions with
20 vol% of particles and 0.4 wt% AM are described in Table 1. Based
on our previous studies [9,11,12,14], it is observed that processing
Fig. 6. FTIR spectra of BM template as received.
parameters change according to template characteristics. Dyspro-
sium doped yttria nettings were produced from ceramic suspen-
sions with 30 vol% of particles and 0.2 wt% binder. On the other
hand, reticulated ceramic bulbs based on dysprosium doped
yttrium disilicate were produced from ceramic suspensions con-
taining 25 vol% of particles and 0.4 wt% binder. Therefore, to pro-
duce successfully ceramic bodies from replica method, which
includes bio-prototyping, it is essential to set the condition of
suspension stability as well as its viscosity considering template
characteristics.

Fig. 8 shows thermal decomposition curves of BM template
evaluated up to 1400 �C, with heating rate of 10 �C.min�1 in room
atmosphere. According to mass loss curve as a function of tem-
perature (bold curve), it is seen that BM exhibited mass loss of
10 wt% up to 175 �C due to water elimination. Accentuated degra-
dation around 86 wt% was observed in the range of temperature
between 250 and 575 �C, which corresponds to decomposition of
main substances such as amylose and amylopectin. Maximum peak
of decomposition (sharp curve) was recorded at 280 �C, corre-
sponding to a mass loss of 68 wt%. In the temperature range from
575 to 1200 �C a slight variation of curve less than 1 wt% (bold
curve) was observed due to decomposition of a(1,4) glucose, C-6
and, P2O5 units. Apart from this range of temperature, none mass
variation was observed.
Fig. 8. Thermal decomposition curves of BM up to 1400 �C in air.



Table 1
Processing parameters of Y2O3 suspensions for replica method from bio-templates.

Solids (vol%) 20
Binder (wt.%) 0.4
h (mPa.s) 213.0
Thixotropy (Pa.s�1) 3.118.106

Rheological model Cross Parameters

h0 (mPa.s) 2.250
h∞ (mPa.s) 17.25

_g (s�1) 1.976.104

n 0.6565

h: apparent viscosity at 10s�1; h∞: infinity viscosity; _g: shear rate; n: power law
index.

Table 2
Results of thermal treatment essays of as shaped yttria samples.

Condition Heating rate
(oC.min�1)

Temperature
(oC)

Hold
(h)

Result

1 5 2 Fragmented
2 5 4 Brittle
3 5 1600 6 Brittle
4 3 4 Strong
5 3 6 Strong
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Considering thermal decomposition results of BM samples
thermal treatment conditions for sintering of shaped samples were
proposed as shown in Table 2. Essays from 1 to 3 were not enough
Fig. 9. Development of yttria based rods from replica method. From (a) to (d) morphology a
microstructure and (c2) fracture microstructure exhibiting cleavage planes.
to produce ceramic rods with mechanical strength and smooth
shape. This condition was defined by controlling thermal decom-
position of BM template while shaping and sintering of ceramic
phase. The first condition led to formation of fragmented samples,
whereas conditions 2 and 3 provided brittle samples. Conditions 4
and 5 provided samples with mechanical strength.

Considering results from Table 2 conditions 4 and 5 are suitable
to produce europium-yttria rods by bio-prototyping. Among these
conditions, condition 4 supplied samples with higher density and
mechanical strength. Fig. 9 shows samples sintered on condition 4,
with homogeneous size and shape (mean height, hm of
3.335 mm ± 0.011 mm; mean diameter, Øm of 2.271 mm ± 0.014;
mean weight, mw of 63.730 mg ± 0.002 mg), dense surface
microstructure (Fig. 8c1), and inner microstructure with cleavage
planes exhibiting transgranular characteristics (Fig. 8c2). Therefore,
condition 4 was used to thermal treatment of yttria based samples
by bio-prototyping.

Correlation between pycnometric density and microstructure of
as sintered samples as a function of thermal treatment is shown in
Fig. 10. Thermal treatment conditions from 1 up to 3 provided
samples with porous microstructure and as a consequence, density
inferior of 90%. On the other hand, conditions 4 and 5 supplied
samples with higher density (>98% of theoretical density), het-
erogeneous grain shape and size higher than 2 mm.

Sintering of Y2O3:Eu rods (up to 10 at.%) based on condition 4 led
to formation of ceramic rods with controlled shape and size,
including high crystallinity as shown in Fig. 11. Y2O3:Eu rods
exhibited cubic C-type structure, in which XRD peaks fitted to
PDF.25e101. According to phase diagram of system Y2O3-Eu2O3,
nd microstructure evolution as a function of sintering parameters. In (c1) dense surface



Fig. 10. Density-microstructure evolution of yttria based rods as a function of thermal
treatment condition.

Fig. 11. XRD pattern of as sintered Y2O3:Eu rod from sintering condition 4.

Fig. 12. EPR spectrum of as sintered Y2O3:Eu rods as a function of Eu content recorded
in room atmosphere.
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cubic C-type structure is the most predominant phase, being stable
around of 2200 �C for compositions containing at least 60mol% of
Y2O3.

The interaction of ionizing radiation with matter leads to
development of unpaired electrons, which are detectable by Elec-
tron Paramagnetic Resonance (EPR). In addition, rare earths ions
(RE) as Eu3þ, Tb3þ, Dy3þ, Yb3þ are often incorporated into host
structures to the aim of enhance material characteristics as
mechanical-chemical strength, thermal stability, and luminescence
response. Since Y2O3 exhibits intrinsic significant vacancies it is one
of the most promising substances for doping with RE ions to
develop dosimetric materials. The incorporation of RE ions into
Y2O3 structure gives rise to rearrangement of its crystal lattice,
which provides formation of energy levels and defects. In this way,
EPR is a useful technique for characterization of ionizing induced
defects, providing substantial information to develop new dosi-
metric Y2O3:Eu based materials.

Fig. 12 illustrates EPR spectra of Y2O3:Eu rods as a function of Eu
concentration up to 10 at.%. Yttria samples (Eu 0 at.%, narrow line)
exhibited two distinct peaks between 345 and 360 mT, where the
main peak (c1) with g value of 2.00 and linewidth around 2.3 mT.
Lunsford et al. [58] reported that c1 centre is associated with O2�

interstitial íon as a consequence of oxygen adsorption from atmo-
sphere. Osada et al. [51] in their study on Y2O3eCaO system
observed O2� radical for samples treated in vacuum atmosphere an
intense EPR signal with g of around 2.040. On the other hand, for
those samples prepared in vacuum no O2� signal was observed.
Singh et al. [52] observed the same effect for Y2O3:Er samples, in
which the main RPE addressed as centre 1 exhibited g of 2.0415.
During annealing essays it was observed that centre 1 showed a
significant decrease at 160 �C.

The incorporation of europium into yttria host structure led to
formation of two new peaks of resonance (a) and (b) which were
recorded at 163.5 mT (Fig. 12a) and 248.0 mT (Fig. 12b) with g
values of 4.2960 and 2.8540 respectively. The high intense peak c1
(Fig. 12c) was recorded around 360 mT, with linewidth of 6 mT and
g of 2.0040. Considering yttria RPE spectra (thin line), it is seen a
displacement of this peak around 0.0040 g. For lower intense peak
(c2) the displacement was around 0.0050 g. According to results, it
is verified that europium incorporation into yttria host forming
news resonance peaks (a-b), intensifies charge carriers and, as a
consequence increases EPR response.

Doping Y2O3:Eu is performed by replacing Y3þ ions for Eu3þ ions
on sites of yttria lattice, which are C2 and C3i. The effect of Eu
content in promoting EPR response of Y2O3:Eu rods considering
peak-to-peak height of c1 centre is illustrated in Fig. 13. The results
revealed that the Eu concentration of 5 at.% supplied the most
intense peak at g of 1.9970 and linewidth of 4.46 mT. Increasing Eu
content towards to 10 at.% leads to decrease EPR signal, in which
values are quite similar with those of undoped samples. This effect
is ascribed to filling process of symmetry lattice of yttria host, the
place in which Eu ions are situated, as well as its concentration.
Thus, material characteristics are defined from how RE ion interacts
with other ions situated into host material.

Luminescence behavior of phosphors fits well the relation be-
tween RE dopant (activator) and host material. In low concentra-
tion RE dopant fits symmetry site of host accordingly, transfers its
energy to host material as stimulated, rising to intense lumines-
cence. On the other hand, the use of high dopant concentration



Fig. 13. (a) Effect of Eu doping on promoting paramagnetic defects in yttria host; (b)
valence charge density contours in a plane containing Y1eOeY2 bonding, as reported
in Ref. [58]; (c) representation of a crystal cluster from cubic C-type lattice - dark
spheres represent oxygen (O) atoms, gray spheres yttrium (Y) atoms and the light
sphere means Eu (dopant) atom.
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gives rise to decrease the intensity of luminescence due to reduc-
tion of space between electronic levels of Eu. Consequently,
changes in absorption and emission luminescence spectra as
displacement of lines, alterations in intensities, formation of new
lines and disappearing of old ones are observed [53].

Govindasamy et al. [54] evaluated theoretically the proprieties
of Y2O3:Eu using Time-dependent density functional theory
(TDDFT). The use of europium as dopant led to formation of sam-
ples with wider absorption range, including new absorption bands.
Ranson et al. [44]reported that luminescence of yttria is associated
with symmetry site in which RE ion is located. Filling of symmetry
sites C3i, S6 result in lower luminescence due to less probability of
electronic transitions [55,56]. On the other hand, when RE ions fill
C2 sites, 5D0 / 7F2 transitions occur and, consequently provides
enhancement of luminescent response [57].

Nian Xu et al. [58] reported a theoretical study on the bond
order of Y2O3, which means a quantitative measure of the strength
of the bond for Yand O in crystal lattice of Y2O3. From this study, the
chemical bond of Y2O3 is far from fully ionic and the bonding be-
tween Y and O is significantly covalent. In addition, from the
valence charge density maps (Fig. 13c) it is seen that the cubic
structure of Y2O3 is less closed packed, exhibiting large vacancies at
Y and O planes. As a result, these vacancies enable RE ions incor-
poration and formulation of RE doped yttria based materials
(Y2O3:RE).
4. Conclusion

Europium-yttria rods (Y2O3:Eu) with dimensions of
3.335 mm ± 0.011 mm � 2.271 mm ± 0,014 (height x diameter),
weight of 63.701 mg ± 0.021 mg, and electron paramagnetic
response were produced by bio-prototyping, in which ceramic
powders with mean particle size of 430 nm were synthesized by
hydrothermal route at 60 �C for 6 h. Aqueous suspensions with
20 vol% of particles, pH 10, 0.2 wt% of binder exhibited shear
thinning behavior and apparent viscosity of 213.00 mPa s. Sintering
at 1600 �C for 4 h in air atmosphere provided high densification of
ceramic rods with pycnometric density of 4.98 g cm�3, homoge-
neous microstructure and mechanical strength. Europim-yttria
samples exhibited two distinct paramagnetic peaks between 345
and 360 mT, where the main peak with g value of 1.9970 and
linewidth around 5.22 mT. The incorporation of europium into
yttria host structure led to formation of two new peaks of reso-
nance, which were recorded at 163.5 mT and 248.0 mT with g
values of 4.2960 and 2.8540 respectively. The concentration of Eu
5 at.% provided the most intense paramagnetic peak at g of 1.9970
with linewidth of the 4.46 mT due to effective energy transfer from
Eu ion to yttria host. These promising results supply substantial
processing parameters toward development of new dosimetric
materials based on yttria-europium system.
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