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Abstract

The obtention of europium-phosphate nanoparticles by the precipitation method and its thermal evolution to become ceramics materials is presented.
The monazite structure was obtained from the rabdophane phase after firing at 1000 °C during several hours. The powder characteristics made easy
the pressing and sintering processes and it was possible to obtain high density bodies (relative density >97%) at only 1200 °C. The fluorescence
spectra and the lifetimes were investigated as a function of the heating temperature, as well, the microstructure and the residual glassy phase. It
was found that higher sintering temperatures (>1500 °C) resulted in lower fluorescence emission than lower temperatures (maximum at 1200 °C)
as consequence of the microstructure detrimental. The gamma irradiation up to the dose of 18 kGys did not produce any appreciable effect in the
optical properties; however, the sintering temperature modified the optical absorption in the UV range.

© 2006 Published by Elsevier Ltd.
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1. Intoduction

Rare-earth phosphate monazite-type has a variety of poten-
tially beneficial properties, including very low solubility in
water, high thermal stability, high index of refraction and opti-
cal properties suitable for laser applications.> Other functions
concern the ability of the ceramic phosphate-containing matri-
ces for the immobilization of actinides radionuclides, that is
important for the containment of waste generated by the nuclear
fuel cycle.> On the other hand, the optical properties of poly-
crystalline phosphates made by conventional techniques are
generally poor due to large grain size and residual porosity,
and effective sintering requires very high temperatures and
pressures. Since optical properties are so sensitive to atomic
structure, this has received considerable attention*> as well the
phase equilibrium in the systems Ln203—P205—H20.6 There
have been few systematic studies on synthesis and sintering of
monazite-type EuPOy4. Several authors have reported the syn-
thesis of rare earth phosphate compounds via different methods,
such sol-gel,” high temperature solid reaction,® crystallization
from boiling phosphoric acid solution,” or direct evaporation. '’
This paper discusses the characteristics of the nanopowders
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obtained by the precipitation technique and the ratio between
the optical properties and the microstructural changes as conse-
quence of the heating treatment and the y-irradiation.

2. Experimental
2.1. Powder synthesis and characterization methods

The synthesis, carried out at room temperature, was based
on reacting H3PO4 (0.4 M) (98%) with Europium nitrate solu-
tions in equal molar ratio. A stoichiometric amount of Eu(NO3)3
dropwise to the H3POy4 solution while stirring to obtain a white
precipitate that was dried at 120 °C. The chemical analysis of the
phosphorous and europium in the precipitate was carried out in
a multielemental ICP spectrometer (Thermo Jarrell Ash, mod.
Iris). The P:Eu ratio was 1.09, slightly than the stoichiometric
value of 1.

The hydrodynamic phosphate nanoparticles size in the pre-
cipitate was measured at room temperature by photon correlation
spectroscopy (PCS), using an argon laser particle size analyzer
MALVERN 4700 model of 500 mW output power emitting at
514 nm wavelength.

The crystalline phases, obtained for each heating treatment,
were analysed by X-ray diffraction (XRD, Philips diffractometer
X-Pert-MPD) with CuKa radiation and Si monochromator.
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Thermogravimetry (TG) and differential thermal analysis
(DTA) tests were performed in a SEIKO TG/DTA 6300 equip-
ment. The samples were heated from room temperature to
1200 °C at 10 °C/min

The calcined powders and the microstructure of mirror-like
polished thermal etched sintered samples were studied by a scan-
ning electron microscope (SEM, JEOL JSM 6400 at 20kV and
ADX LINK INCA).

The photoluminescence emission and excitation spectra were
measured at room temperature with a Cary Eclipse luminescence
spectrometer (equipped with a Hamamatsu R3896 photomulti-
plier) sensitive in the range 200-900 nm. The excitation was
produced with a xenon flash lamp (~2 s pulse-width) and flu-
orescence spectra were recorded 0, 1 ms after the flash and with
5ms gate time. The bandwidth excitation and emission was
5 nm. Suitable spectral filters were used to prevent second order
diffraction. The measurements of fluorescence dynamics were
carried out 0, 1 ms after the flash of the xenon lamp and with
3 s gate time.

Absorption measurements were performed with a Cary SE
spectrometer in the UV—vis-NIR range (200-3000 nm).

Gamma irradiations were performed in the CIEMAT °Co
pool facility (NAYADE), that permits a controlled atmosphere
at a typical dose rate around 10 Gy/s.

3. Results and discussion
3.1. Characterization of powder

The Eu-phosphate obtained by precipitation exhibits a parti-
cle size of 135 & 4 nm. Such data correspond to the mean and its
standard deviation and were obtained from different PCS mea-
surements as can be seen in Fig. 1. Such particles are elongated
as large hexagonal bars and are weakly agglomerated, as shown
in Fig. 2a and b. They change to spherical particles when the
temperature is increased and are transformed into monazite-type
(Fig. 2c¢).

The Fig. 3 shows the temperature programmed XRD pat-
terns of EuPO4 powders. The broad peak at room temperature
indicates that rhabdophane-type powders were formed of small
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Fig. 1. Hydrodynamic size distribution in the precipitate suspension measured
by PCS.

Fig. 2. Particles morphology obtained from precipitation a) hydrated
EuPOy4-nH0, b) EuPO4-nH,0 rhabdophane-type at 350°C and C) EuPO4
monazite-type obtained at 1000 °C.

crystallites. The same phase is also detected at 350 °C, however
at 1000 °C the rhabdophane phase was disappeared to trans-
form into monazite, which has monoclinic structure. X-ray peak
intensities of monazite increased as heating temperature were
increased and no other phases were detected in the heated spec-
imens up to 1600 °C

Decomposition of the precursor and formation of europium
phosphate was followed by thermal analysis data provided in
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Fig. 3. Phase evolution with temperature from the precipitation synthesis at
room temperature to sintering temperatures of 1600 °C. Open circles: rhado-
phane, asterisks: monazite.

Fig. 4. The TGA curve shows three-step decomposition of the
europium phosphate precursor. The 66.2% weight loss was
observed below 130 °C. A narrow and sharp endothermic peak
was found around 90 °C which is related with the removal of
absorbed water. The evolution of water of hydration of europium
phosphate takes place at 150 and 250 °C. The weight loss mea-
sured during this second step corresponds to the hydration
ratio n of the rhabdophane (EuPO4-nH;0) about 0.47 moles.
On the hypothesis of pure europium phosphate is obtained, no
detectable weight change over 300 °C was expected to occur.
However, it is possible to observe a soft exothermic peak
at 830 °C. Some authors have confirmed that the irreversible
rhabdophane-monazite transformation takes place once dehy-
dration is completed and the transformation is accomplished
by heating close to 800 °C.!! The heat of such transformation
increases with the atomic number, until those rare earths that
for xenotime-structure hydrated phosphates are reached (Dy).
In this case, such peak is very smooth but noticeable enough.
The P:Eu ratio was 1.09 in the calcined powders and so on,
the possibility that EuP,07 dehydrated or polytrioxophosphate
were formed is quite low. Such crystalline phases would have to
be detected by some additional peaks registered on the XRD dia-
gram of the europium phosphate, or associated with extra peaks
in the TG-DTA plots because they are produced and decom-
posed with evolution of oxygen gas and simultaneously strong
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Fig. 4. Thermal analysis (DTA/TGA) graph of europium phosphate precursor.

exothermic and endothermic peaks at 600 and 873 °C!? and 950
and 1250°C!3, respectively.

3.2. Sintering and microstructure

The green density after isostatic pressing was over 50% which
means that the aggregates formed during heating at 1000 °C to
obtain the monazite phase were quite soft and could break when
the press was applied, the rounded size of the powders made
easy the packing. After sintering, the relative density for four
hours soakings was always over 98% and did not depend on
temperature from 1300 at 1600 °C. In this sintering temperature
range the density was maintained constant, only at 1200 °C the
density was slightly lower (97%).

The sintered bodies microstructures can be observed in Fig. 5.
Since lower sintering temperatures (1200°C) to the higher
(1600°C) the general features are similar. Mainly equiaxed
grains of a broad size form such material. At 1200 °C the grains
are ranged between 2 and 10 microns and grow up at 1600 °C
to 10 and 30 microns. In addition to this usual coarsening size
behaviour, two important facts can be observed. The first one
is related with the second glassy phase rounding the monazite
grains, such phase is more plentiful for the lower sintering tem-
peratures and to be efficient the liquid phase must wet the solid.
The apparition of the glass phase would lead to the existence of
an endothermic DTA peak over 1200 °C, however, in our case
temperature just reach to 1175 °C. The second one is that even at
1200 °C some sporadic abnormal large grains are formed coex-
isting with the equiaxed grain matrix (not showed in the figure).
These grains can reach an enormous size of about 400 microns
when temperature is increased to 1600 °C. Finally, to comment
that at 1200 °C the porosity has not disappeared completely
and some pores remain into the grains and the grain boundaries
denoting that the grains coalescence and the sintering reaction
are happening but are not yet finished while some glassy phase
emerges at the grain boundaries and triple points as it is shown in
Fig. 5C. The sintering is completely finalized at 1300 °C, as can
be seen in the Fig. 5a, where only a minimal residual porosity
is located at the triple junctions.

As it is known, it is difficult to prepare residual glass free
REPOj4. An important determinant of the glass forming regions
is the cation size, and the Eu3* has a small valence-stable by
bonding with PO4>* tetrahedra. The light excess of PO43* is
assumed to be adsorbed at the particle surfaces!*; however, it is
not sufficient to develop any of the crystalline phases as EuP,O7
or EuP30y. In our material the P,O5 exceeds Eu and is segre-
gated at the grain boundaries as glass, as can be seen in Fig. Sc.
The P/Eu ratio is 1.09 as the elemental analysis demonstrates,
and the calculated ratio P/O is 0.25. In such conditions the phos-
phate portion of the network glass is expected to be composed of
shorter chains!>. This fact seems decisive for the high densifica-
tion during sintering at low temperatures. When the densification
begins, the mobility of the short chains of the glassy phase can
be important for moderate temperatures of 1200 °C and allow
the complete densification at 1300 °C by promoting mechanisms
that are effective in the densification of the material, specially
the grain boundary diffusion. The flexibility of the structure is



112 T. Herndndez, P. Martin / Journal of the European Ceramic Society 27 (2007) 109—114

Fig. 5. Microstructure of the samples sintered at 1300 °C (a) and 1600 °C (b)
for 4 h, (c) glassy phase at sintering temperature of 1200 °C.

a key factor for the formation of a disordered glass and deter-
mines the glass-forming ability of glass formation regions. This
looks to be significant for europium/phosphate system and is
agree with the short chains glass hypothesis. On the other hand,
the crystallization of a glass is governed, to a large extent, by
structural-chemical factors. The sequence of the formation of
different crystalline phases along the crystallization path with
an increase in temperature corresponds to the sequence of lib-
eration of glass structure components, which is determined by
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Fig. 6. Room temperature photoluminescence emission spectra of EuPO4 under
396 nm excitation, sintering temperatures 1200, 1300, 1400, 1500, and 1600 °C.

the strength of chemical bonds and the flexibility of glass struc-
ture. This fact appears to be happening for the higher sintering
temperatures, when the amount of glass is lower noticeable by
SEM than for the inferior sintering temperatures.

3.3. Luminescence absorption and y-irradiation

The fluorescence spectrum of EuPO4 under UV excitation
is due to the 4f — 4f electronic transitions in Eu* between
the lowest excited state "D and the ground state ’Fj'0. In
Fig. 6 are displayed the emission spectra of EuPOy4 for samples
sintered at temperatures from 1200 to 1600 °C, under 396 nm
excitation at room temperature, (spectra present the characteris-
tic peaks about 595 nm for 5DO — TF|, 614 nm for 5Do — T,
654nm for SDy — ’Fzand 700 nm for "Dy — ’F4 transitions)
as can be seen samples sintered at lower temperature shows
higher intensity. In general, the forbidden electric-dipole transi-
tion Dy — 'F; (614 nm) of Eu* is expected to dominate in the
emission spectrum if Eu** ions occupy asymmetric sites in the
lattice'” however in phosphates such as YPO4'® and LaPO,4'*
the magnetic dipole transition "D — "F; (595 nm) becomes
stronger than the electric-dipole transition due to effects of phos-
phate groups in the host lattices. These transitions "Dg — 'F;
(595nm) and Do — "F, (614nm) are hypersensitive transi-
tions and their intensity depends strongly on the chemical and
structural environment inside the host matrix. No appreciable
differences in the emission spectra were found under excitation
from f-f transitions such as at 396 nm wavelength ("Fy — 3L
transition) and exciting at 267 nm, this band is attributed to
charge transfer between oxygen and europium. %2

Fig. 7 shows the excitation spectra monitored at 595 nm wave-
length Samples sintered at higher temperature presents lower
intensity excitation at wavelengths around 267 nm. No apprecia-
ble differences in the excitation spectra were found monitoring
at wavelength 615 and 700 nm. Lines observed at 320, 363, 383,
396, 416, 465, and 526 nm are associated with f — f transitions
of Eu?* 2!

A luminescence study of single-crystal EuPOy4 at high pres-
sure was made by G. Chen et al.>> They found that the lumines-
cence spectrum and the luminescence lifetime are good monitors
to study the effect of pressure on the crystal structure. Our EuPOy4
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Fig. 7. Room temperature photoluminescence excitation spectra of EuPO4 mon-
itored at 595 nm wavelength, sintering temperatures 1200, 1300, 1400, 1500, and
1600°C.

powders were cold pressed to form pellets under 200 MPa pres-
sure. Luminescence lifetimes of samples sintered at different
temperatures were measured with 0.1 ms delay after the excita-
tion. Data were collected directly in the form of luminescence
decay curve from which the lifetime was determined. The exci-
tation wavelength was 396 nm. Measurements were obtained at
different emission wavelengths (595, 616 and 700 nm) and an
average of the lifetime at a given temperature was taken. Fig. 8
shows an example of the fluorescence decay curves measured.
The curves can be well fitted into a single exponential func-
tion as =1, exp(—1/t) The decay constant obtained was t ~
0.650 + 0.070 ms.

The measured absorption spectra for samples sintered at
1600 °C is shown in Fig. 9 (sample thickness 0.32 mm), The
absorption are due to crystal-field? transitions involving deep-
lying electrons of the Europium. In the ultraviolet range
(between 270 and 400 nm) the absorption increases significantly
for samples sinterized at higher temperature.

After gamma irradiation of 18 kGy, no changes was observed
in the absorption spectrum and overlaps with non irradiated one
in the whole wavelength range studied.
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Fig. 8. Fluorescence lifetime of EuPOy sintered at 1200 °C. The excitation wave-
length was 396 nm and monitor wavelength was 595 nm. The smooth line is the
exponential fitting function.
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Fig. 9. Absorption spectra for samples sintered at 1600 °C.

4. Conclusions

When the europium phosphate is obtained from aqueous
solutions of their salt by precipitation, the precipitate contains
defined amount of water that still exists as hydroxyl radicals
after sintering at elevated temperatures. The characteristics of
the calcined powders and a small proportion of amorphous phase
provide the full densification at low temperatures of 1300 °C
by promoting the grain boundary diffusion. The glass phase
could be formed of high flexibility short chains. The intensity
of the excitation peak assigned to charge transfer transition (at
267 nm) decrease significantly with sintering temperature. No
appreciable differences in the emission spectra were found exci-
tating from f-f transition (396 nm wavelength) and exciting from
charge transfer band (267 nm).

v-irradiation does not produce any noticeable change in the
material at the dose studied.
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