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Abstract In this work it is presented for the first time the
nanostructured hydroxyapatites doped with 0.5, 1.0 and
2.0 wt% of Eu®" prepared at room temperature by the
mechanical alloying technique. X-ray diffraction powder
(XRD), infrared (IR) and Raman scattering spectroscopy,
scanning electron microscopy (SEM), microhardness mea-
surements as well as luminescent data of Eu®" were used to
investigate the structural and optical properties of these
nanomaterials. The electrical and dielectrical analyses were
used with the intention of having a better comprehension
about the electromagnetic fields in pure and doped
hydroxyapatites.
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Introduction

Apatite family has the general formula M;y(XO4)sY> (M =
Ca™, Sr’', Ba™"; X0, = PO,”, VO,>, AsO,” and Y =
OH ', F, CI') which belongs to the P63/m space group.
Hydroxyapatite, Ca;o(PO4)s(OH),, is mainly used in
reconstructive orthopedics and dental surgery playing the
role of massive filling of bone gaps and coating the bone
surface promoting adhesion between prostheses and bone
[9, 10]. Lots of papers deal with the study of hydroxyapatite
as a substitute for the human bone [11-16]. The substitution
of M**cation for rare earth ions in this material prepared by
the solid state reaction at high temperature has been
extensively studied [1-8]. Mechanochemical syntheses of
Ca;o(PO4)s(OH), were already studied before, where the
materials have to be heated at 1250°C [17] and 1100°C [18]
to have the Ca;o(PO4)s(OH), single phase, but these
methods did was not a completely dry ones. The mechan-
ical alloying was successfully used to produce nanocrystal-
line powders of hydroxyapatite using different experimental
procedures [19, 20]. The structural and electrical properties
of the biosystem with calcium and sodium phosphate
obtained for microwave irradiation were also studied [21].

The luminescent properties of rare earth compounds
have been widely used since they can be employed as
visible, near-IR radiation sources, besides their use as laser
and optical communication devices, especially when they
dope phosphate compounds as apatites [22—24]. Trivalent
europium (Eu’") has been also used as a tool to probe the
local symmetry and occupancy at the cationic sites in the
structure of oxyapatites and fluorapatites [25-30]. Recently
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an Eu®" doped calcium-deficient apatite, Cag(PO,)s(HPO,)
(OH), synthesized in hydroalcoholic medium was obtained
where Eu’" ion was proposed as a biological probe [31].
The study of the electrical and dielectrical properties of
Ca;o(PO4)s(OH), (HAP) is an important scientific issue
since electromagnetic fields have been shown to accelerate
healing in bone fractures, and has created technological
interest due to the promising application of this material as
biological sensors [32].

In this work nanostructured hydroxyapatites (HAP)
doped with 0.5, 1.0 and 2.0 wt% of Eu®*, denoted as
HAP:Eu0.5, HAP:Eul.0, and HAPEu:2.0 were prepared at
room temperature by mechanical alloying technique for the
first time. X-ray diffraction powder (XRD), infrared (IR)
and Raman scattering spectroscopy, scanning electron
microscopy (SEM) as well as luminescent properties of
Eu®* were used to investigate the structural and optical
properties of these nanomaterials. Electrical and dielectrical
properties of these powders were used with the intention of
having a better comprehension about the electromagnetic
fields in these samples.

Experimental procedure
The milling powder procedure

The Ca;o(PO4)s(OH), powder, HAP, was prepared by
mechanical alloying using the following experimental
procedure.

IMPACTS.
—_—

7Ca(0H)2 + 3Ca(H2P04)2 Calo(PO4)6(0H)2

+ 12H,0

The commercial reagents Ca(H,POy,), (Aldrich, 85%),
Ca(OH), (Vetec, 97% with 3% of CaCOs) and Eu,0;
(Aldrich, 99,99%) were used without previous purifica-
tions. In this experimental procedure, the appropriate
amount of the start materials was ground on a Fritsch
Pulverisette 6 planetary mill with the stoichiometric
proportionality between then as given up by the above
chemical equation. Milling was performed in sealed
stainless steel vials balls in air, with 370 rpm as rotation
speed. The ratio between powders to the ball mass used in
all the procedures was near 1/6. The milling was performed
in 60 min milling steps with 10 min pauses to avoid
excessive heating. Mechanical alloying was performed for
20 hours of milling. The pure hydroxyapatite (HAP) was
doped with 0.5; 1.0 and 2.0 wt% of europium, resulting
HAP:Eu0.5, HAP:Eul.0, and HAPEu:2.0 samples. The
Eu,O; used for doping the powders was previously
calcinated at 1150°C for 24 hours with heating rate of
4°C/min. The samples HAP:Eu0.5, HAP:Eul.0, and HAP:
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Eu2.0 were obtained and characterized by X-ray diffraction
powder (XRD), infrared (IR) and Raman scattering spec-
troscopy, scanning electron microscopy (SEM) as well as
through the luminescent properties of Eu®". These techni-
ques were used to investigate the structural and optical
properties of these materials. Besides, the analysis of the
electrical and dielectrical properties of Ca;o(PO4)s(OH),
were also studied.

X ray diffraction

The X-ray diffraction (XRD) patterns were obtained at
room temperature, using powdered and bulk samples, in a
PHILIPS X’PERT system, with a K, radiation (Cuy=
1.54056 A) at 40 kV and 30 mA, with a step of 0.02 and a
time per step of 1 s using the geometry of Bragg-Brentano.

Dielectric measurements

The Dielectric measurements were obtained from a HP
4291A Material Impedance Analyzer in conjunction with a
HP 4194 Impedance Analyzer, which jointly cover the
region of 100 Hz to 1.8 GHz at room temperature (300 K).
For the electrical measurements the disc shaped samples,
with 5x107 m of diameter and approximately 1 mm of
thickness, were mechanically compressed between two
parallel stainless steel electrodes.

Micro hardness vickers

Micro hardness measurements were made by measuring
Vickers indentations on the no polished faces of the doped
hydroxyapatite with europium specimens using a Vickers
Micro Hardness Test (HMV-2 SHIMADZU). Load of
9.81 N were used with a 20 s loading time and loading
speed of 70 um/s, and were made approximately 10 to 20
indentations per specimens. The Vickers Hardness (Hy) of
the sintered hydroxyapatite samples was calculated using
the average diagonal length of the Vickers indentation as
depicted in equation 1:

l
- (1

Where / is the indentation load in Newton (N) and 2d is the
length of the indentation diagonal in meters. All samples
were thermally etched by heating the specimens in air in a
conventional furnace at 900°C for 5 hours.

Scanning electron microscopy
Microstructure was performed in a HITACHI S4100-1

system, on the surface of all samples covered with carbon
before microscopic observation.
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Fig. 1 XRD patterns of the HAP:Eu0.5 (a), HAP:Eul.0 (b) and HAP:
Eu2.0 (c¢) samples synthesized by the milling reaction. Pecks related to
the CagEu,(PO4)O, phase are shown in (d) as JCPDS-Pattern 33-
0275 [33]

Luminescence measurements

Emission and excitation spectra were obtained under a
450 W xenon lamp in a Jobin Yvon-Fluorolog. Lumines-
cence lifetime measurements were carried out as well using
a 1934D model spectrophosphorometer coupled to the
spectrofluorometer.

Results and discussion

Figure 1 presents the XRD patterns for hydroxyapatites
HAP:Eu0.5 (a), HAP:Eul.0 (b) and HAP:Eu2.0 (c). It can
be noticed that all samples presented a good phase
identification when compared to the JCPDS—Pattern 33-
0275 (CagEuy(PO4)0,) [33] showed at (d), indicating that
the milling reaction resulted in an excellent substitution of
the calcium for europium ions.

Table 1 show the microhardness data for HAP, HAP:
Eu0.5, HAP:Eul.0 and HAP:Eu2.0 samples, where it is
observed an increase of these values as the amount of
europium oxide increase. This behavior characterizes an
interference of the europium in the CagEu,(PO4)s0,

Table 1 Microhardness Vickers (Hy) in MPa for the HAP, HAP:
Eu0.5, HAP:Eul.0 and HAP:Eu2.0 samples

Samples Microhardness (MPa)
HAP 278
HAPEu0.5M 510
HAPEulM 418
HAPEu2M 710

Fig. 2 Scanning electron micrographs of the sample HAP:Eu0.5

structure as Ca®" is replaced by Eu®" during the milling
process. This behavior could be related to the grains
morphology of the material. It is a well-established fact
that ceramic hardness depends on the grain sizes. Smaller
grain sizes yield higher hardness values [34]. As it is
observed at Figs. 2, 3 and 4, which show SEM micrograph
of the samples HAP:Eu0.5, HAP:Eul.0 and HAP:Eu2.0,
these materials present a different morphology, which
reveals an homogeneous aspect of the synthesized particles
for all samples. The HAP:Eu0.5 and HAP:Eu2.0 samples
show a much more homogeneous morphology of the grains
than the HAP:Eul.0 one, which presents a flat shape at the
surface (see Fig. 3).

Table 2 presents the dependence of dielectric constants
data (€) for the HAP, HAP:Eu0.5, HAP:Eul.0 and HAP:
Eu2.0 samples in 1 MHz frequency. It is observed a
decrease in the 4" values as the Eu’" is incorporated to
HAP, compared to this sample, which presents the value of
11.3 for the £. The dielectrical properties are associated
with the motions of OH  ions in the HAP phase [35]. The

L.

Fig. 3 Scanning electron micrographs of the sample HAP:Eul.0
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Fig. 4 Scanning electron micrographs of the sample HAP:Eu2.0

incorporation of Eu*" in the HAP leads to the formation of
the CagEu,(PO4)¢O, phase, causing a decrease of the
electrical dipoles of OH ions, promoting the decrease of
the € values. These results show that Eu®>* concentration is
a very important factor for the dielectrical properties of
these materials, and it is related to the substitution of OH™
for Eu®" ions.

The particularities of the luminescence of rare earth like
long decay time and narrow-band emission spectra are
responsible for the high importance of these ions. The
lanthanide spectroscopic properties are due to the fact that
in its ions the excited and ground states possess the 4f
electronic configuration whose 4f electrons are shielded by
the outer s and p electrons protecting them from the
external surrounding. Eu®" has a spectrum easily compre-
hensible due to its simplicity, so it has been the most
studied by luminescence spectroscopy among the rare earth
ions. The luminescence spectrum of the Eu’" presents a
relatively simple energy level structure with the emission
lines extending from visible to near infrared region.
Especially the Dy — F; (J=0,1,2,...6) manifold capaci-
tates one to determine the microscopic symmetry around
the site, making the Eu’" an ideal experimental probe of the
crystalline environment [36]. The Eu®" ion normally
excited by 394 nm light, correspondent to the °Lg level,
decays in inorganic systems to the °D levels, mainly to the
Dy one, from which the ground state is reached with
emission of radiation to the levels of the fundamental term 'F,

Table 2 Dielectric constants (£') data for the HAP, HAP:Eu0.5, HAP:
Eul.0 and HAP:Eu2.0

Samples >4
HAP 11.3
HAPEu0.5M 6.7
HAPEulM 6.5
HAPEu2M 6.8
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Fig. 5 Excitation spectra of the HAP:Eu2.0 sample recorded with the
emission set at 573 nm at room temperature

(J=0,1,2,... 6) [37]. The crystal field at the location of the
free ion may break the (2J+1) degenerescence. The levels
with J=0 are normally not degenerated, so the °Dy, — 'F,
transition shows no more than one band at the spectrum. The
Dy — ’F, transition appears at least as three bands, five
bands is expected for Dy — F», seven bands for °Dy — 'F5
and so on. When this behavior is observed it is supposed that
Eu’" sites have a unique symmetry. Changes in the
surrounding can cause only a slight change in the position
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Fig. 6 Emission spectra of the HAP:Eu0.5 (a), HAP:Eul.0 (b) and

HAP:Eu2.0 (¢) samples, excited at 328 nm at room temperature
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Fig. 7 Emission spectra of the HAP:Eu0.5 sample, excited at 328 nm
at room temperature, indicating the Eu®* 5DOJ —F,, J=0,1,2,3 and
4, transitions

of the electronic transition lines of the rare earth ions; very
different values in its luminescence lifetime however, have
been observed [38, 39].

Figure 5 show excitation spectra of HAPEu2.0 sample
recorded with the emission set at 573 nm, the highest
emission intensity, at room temperature. As it is observed in
this Figure, there is a strong and broad excitation band with a
maximum at 328 nm, probably related to the ligand-metal
charge transfer into the hydroxyapatite matrix. It is also
observed a weak band at 391 nm ascribed to the °Lg level of
the Eu’", as it is commonly observed in numerous inorganic
systems. Unfortunately, rare earth ions absorb very little

excitation energy since the f*—f* transitions are forbidden by
the Laporte rule. The presence of the strong band at 328 nm
indicates an increasing light absorption cross section as it is
observed by antenna effect which is present in lanthanide
complexes [40, 41]. In the case of doped HAP however, we
do not have the disadvantages of the low thermal and
mechanical stability observed in the complexes, which limits
their further application. In hydroxyapatite matrix the
interaction among the inorganic components occurs through
the powerful covalent bonds, which build its single phase.

Figure 6 show the emission spectra of the HAP:Eu0.5,
HAP:Eul.0 and HAP:Eu2.0 samples, excited at 328 nm at
room temperature. It was not observed a significant change
in the spectra behaviour as the Eu’" concentration is
increased. It is only observed a slight difference in its
intensity. The feature of these Eu®" emission spectra have
the same characteristic bands as reported in some literature
on luminescence data [42—44].

Figure 7 show the emission spectra of the HAP:Eu0.5
sample, excited at 328 nm at room temperature. The weak
bands at around 528 nm are ascribed to the °D; — 'F,
transition of the Eu®" emission. The Eu*' D, — ’F,
transition is observed as the strongest peak at 573 nm. The
very weak peak at 577 nm is also attributed to this Eu*"
transition, indicating the presence of this ion in the B site
[43]. It is difficult to say in this case that the main D, — 'F,
transition at 573 nm is non-degenerated, since we did not
perform low temperature measurement neither site-selective
excitation of a particular site or level, but it is possible to see
that there are the A; and A, nonequivalent crystallographic
sites of Eu®" in this material. The emission spectrum of the

Fig. 8 Emission spectra of the y
HAP:Eu0.5 sample, excited at 5
328 nm at room temperature 1,0x10™
with simulations (dotted line)
8,0x10%
> 4
@ 6,0x10
2
= 4
3 4
E 4,0x10"
2,0x10%
0,0 T
570

572 574 576
Wavelength (nm)
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HAP:Eu0.5 sample, excited at 328 nm at room temperature
with simulations (dotted line) at Fig. 8 presents the *Doy — 'F,,
transition at 573 nm, where it is noticed a slight shoulder at
around 572 nm. The high intensity of the band at 573 nm
also indicates that both positions related to A; and A,
correspond to a preponderance site, while the weak band at
577 nm (Fig. 7) suggests to a minority site. The hydroxy-
apatite (HAP), Ca;o(PO4)s(OH),, crystallizes in the hexago-
nal system, which space group is P63/m. This structure
presents two kinds of cationic sites. The M(I) site has
trigonal point symmetry (C;) corresponding to the 4f site,
and it is formed by nine oxygen atoms belonging to the
phosphate groups surrounding the cationic site. The M(II)
site corresponds to the 6h positioning a sevenfold coordina-
tion with six oxygen atoms belonging to phosphate groups
and one OH anion, which local symmetry is Cg [44].
According to several literature studies [42-44], Eu®*
substitute Ca>" jons and occupy mainly the Ca (II) sites,
which a relative abundance of 60%. The intense Dy — 'Fo
emission band at 573 nm (A; and A, sites) is related to this
substitution. While the weak band at 577 nm (B site) is
attributed to the substitution on Ca (I) sites, which has a
relative abundance of 40%. It is also noticed in Fig. 7 the
presence of the °Dy — ’F, transition with two strong bands
at 622 and 629 nm. The intensity of this electric dipole
transition is stronger than that of Eu** emission assigned to
the 5Do — F, one, observed at around 600 nm, which is
assumed as magnetic dipole transition. The bands related to
the °Dy — ’F; transition are observed at around 655 nm. The
lifetimes of the Eu*" °Dy — F,, transition (Aexe 328 nm and
Aem. 573 nm) for all the HAP:Eu samples were evaluated
from the decay curves, which presented a monoexponential
feature. All samples resulted in values of around 0.52 ms,
which are in accordance with previously published lifetime
for others hydroxyapatite [43].

Conclusions

The milling powder procedure presented as a good
approach to obtain pure and Eu’" doped hydroxyapatite.
XRD pattern for hydroxyapatites HAPEu0.5, HAPEul.0,
and HAPEu2.0 showed that all samples presented good
phase identification when compared to pure hydroxyapatite,
indicating that the milling oxide is incorporated, character-
izing an interference of the europium in the Ca;o(PO4)sO,
(HAP) reaction resulted in an excellent substitution of the
calcium for the europium ions. Microhardness data for
HAP, HAPEu0.5, HAPEul.0 and HAPEu2.0 samples
increase when europium is present in the CagEu,(PO4)O,
(HAP:Eu) structure as Ca®" is replaced by Eu’" during the
milling process. This behavior could be related to the
morphology of the material since ceramic hardness depends
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on the grain sizes. It was observed a decrease in the
dielectrical constant values as the Eu®" is included in HAP.
The incorporation of Eu®* in HAP leads to the formation of
the HAP:Eu phase, showing that Eu®" concentration is a
very important factor for the dielectrical properties of these
materials and is related to the substitution of OH™ for Eu*"
ions. The Eu®* doped samples presented a strong and broad
excitation band with a maximum at 328 nm, related to the
ligand-metal charge transfer into the hydroxyapatite matrix,
and a weak band at 391 nm ascribed to the *Lg level of the
Eu®'. The emission spectra of the HAPEu0.5, HAPEul.0
and HAPEu2.0 samples excited at 328 nm at room
temperature shows the Dy — ’F, transition at 573 nm, as
the main band, where it is noticed a slight shoulder at
around 572 nm, indicating the presence of A; and A, sites.
It is well-known that Eu®" substitute Ca®" ions and occupy
mainly the Ca (II) sites. The intense Dy—'F, emission band
at 573 nm (A, and A, sites) is related to this substitution,
while the weak band at 577 nm (B site) is attributed to
substitution on Ca (I). It was not observed a significant
change in the spectra feature as the concentration is
increased, only a slight difference in its intensity. The
decay curves of the Eu’" “Dy—"F, transition (Aexe 328 nm
and M., 573 nm) for all HAP:Eu samples presented a
monoexponential feature, and all samples resulted in
lifetime values of around 0.52 ms.
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