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Abstract

Fluorine-substituted hydroxyapatites are considered promising materials for bone scaffolding. In this study a systematic investigation on F-half
substituted hydroxyapatite (F-HAp, Ca;o(PO4)sOHF) obtained by precipitation is reported. Results on composition analysis, thermal behaviour,
and sinterability are presented for a comparison with the respective pure hydroxyapatite. Samples were characterised by electron microscopy,
induced coupled plasma-atomic emission spectroscopy, thermal analysis, infrared spectroscopy, N, adsorption measurements, X-ray diffraction
and dilatometry. A semicrystalline F-substituted hydroxyapatite powder made up of needle-like nanoparticles was obtained. Notwithstanding that
it was thermally stable up to 1300 °C, it was sintered at relatively low temperatures obtaining a very fine microstructure with a relevant nano-
porosity, beneficial in view of cell adhesion and in-growth.

Hardness, elastic modulus and toughness of produced samples were investigated by Vickers—Knoop microhardness testing. Significant

improvements of the mechanical properties were observed for the F-substituted hydroxyapatite, in comparison with pure hydroxyapatite.

© 2009 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Synthetic hydroxyapatite (HAp, Ca;o(PO,)s(OH),) is widely
used in dental, periodontal, oral/maxillofacial surgical proce-
dures and skeletal bone surgery. However, the bioresorption of
HAp under physiological conditions might affect implant
reliability and lifetime, leading ultimately to failure. Fluorine-
substituted hydroxyapatite (F-HAp, Ca;o(PO4)s(OH,F),) is
considered as alternative potential candidate for bone repair
due to its low solubility, good biocompatibility, high thermal and
chemical stability [1]. It has been recently reported that F~ ions
might stimulate extracellular matrix formation in vitro and
enhance bone union in vivo, promoting osteoblastic activities in
terms of cell proliferation and differentiation [2]. Besides F-
HAps promote new mineralization of incipient lesions, prevent,
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reduce and control dental caries [3]. However, two serious health
problems have been associated with high concentrations of
fluoride in groundwater: dental and bone fluorosis which can
evolve into a more severe illness such as osteosclerosis or
exostosis [4,5]. Thus, it is necessary to tailor the F~ content in F-
HAp so as to optimize the bioactivity of the implants in order to
control the amount of fluoride ions released from F-HAp,
because the higher the level of fluoridation, the more fluoride ions
released [6]. The higher stability of F-HAp in biological
environments with respect to HAp can also be considered as a
positive factor for a prospective application, e.g. in bone drug
delivery systems. In particular, it has been demonstrated that F-
HAp implants showed good integration in the bone tissue and
much longer resorption time than conventional calcium
phosphates [7].

Many papers [1-7] analyse the influence of F incorporation
within apatite lattice on the physicochemical properties of
hydroxyapatite, such as crystallinity, thermal stability, solubi-
lity, and corrosion resistance, but a certain lack exists in
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literature among powder features, sinterability, final micro-
structure and mechanical behaviour of F-HAps.

The knowledge of mechanical properties is useful and
fundamental for implant manufacturing. Load bearing applica-
tions require information on the fracture toughness, coupled to
hardness for wear resistance [8], and to elastic modulus to
determine the degree of stress shielding. Significant work has
been already carried out on the mechanical properties of
hydroxyapatite [9,10], while there is a lack of comprehensive
mechanical property data for chemically modified apatites [11-
13].

The objective of this paper is to compare a pure and a F-
substituted hydroxyapatite materials, covering the overall
ceramic process from the synthesis of the nanopowder to the
sintered bodies characterisation. For this purpose, pure and F-
half substituted hydroxyapatite nanopowders were synthesised
by precipitation starting from Ca(NOs),-6H,0, (NH4),HPO,
and NH4F. Particle size and morphology were studied by
Transmission Electron Microscopy (TEM), and specific surface
area (SSA) measured by N, adsorption isotherms. Character-
istic functional groups were evidenced by Fourier Transform
Infrared Spectroscopy (FT-IR), the thermal behaviour dis-
played by thermal analysis (TG-DTA) and the thermal stability
investigated by X-ray diffractometry (XRD and HT-XRD).
Crystallinity degree, average crystallite size and cell para-
meters of as-dried samples were also calculated. The sintering
behaviour was evaluated by thermal dilatometry. Results on
density, microstructure and mechanical properties (elastic
modulus, Vickers—Knoop microhardness, and fracture tough-
ness) of sintered ceramics are finally presented and discussed.

2. Experimental details
2.1. Precipitation

Pure and F-substituted hydroxyapatite powders were synthe-
sised in a double-walled jacket reactor at 40 °C under magnetic
stirring, starting from calcium nitrate and diammonium hydrogen
phosphate. Pure hydroxyapatite powder (HAp) was prepared
adding drop-wise (3—4 drops/s) 250 ml of an 1 M aqueous
solution of calcium nitrate tetrahydrate (Ca(NOs),-4H,0, Aldrich
99.2%, MW 236.15) to a diammonium hydrogen phosphate
((NH4),HPO,, Aldrich 99.2%, MW 132.06) solution.

The pH was continuously monitored and adjusted to
10 £0.1 by adding conc. NH,OH. More details on this
synthesis are reported elsewhere [14].

F-half substituted hydroxyapatite powder (Ca;y(PO4)sFOH)
was prepared, assuming that F~ ions would substitute for the
hydroxide site in the HAp lattice in order to obtain a nominal
composition in terms of Ca/P ratio of 1.667 (Table 1).

Ammonium fluoride (NH4F, Sigma—Aldrich 99.99%, MW
74.10) was added to the (NH,4),HPO, solution, the same
procedure described above was then followed.

Both precipitates were aged in mother liquor at room
temperature for 24 h, washed with an aqueous NH,OH
solution, vacuum filtered, and finally dried in oven at 60 °C
(as-dried samples).

Table 1
Designation, nominal composition and ICP-AES results of as-dried pure and F-
substituted hydroxyapatite powders.

Sample  Formula Nominal ~ Actual  Nominal Actual
Ca/P Ca/P [F] (mg/l)  [F] (mg/l)
molar molar
ratio ratio

HAp Ca;((PO4)s(OH),  1.667 1.658 - -

F-HAp  Ca;o(PO4)sFOH 1.667 1.7153  0.9567 0.9143

Sample designation and nominal compositions of synthe-
sised materials are summarised in Table 1.

2.2. Powder characterisation

Chemical analyses of precipitates were performed by
induced coupled plasma-atomic emission spectroscopy (AES-
ICP, JobinYvon JV 24R). Detection limits of ICP analysis were
0.2 ppb at 393.366 nm for Ca and 76 ppb at 214.914 nm for P.

Fluorine concentration measurement was conducted using
F-selective electrode (Orion 94-09) in a total ionic strength
adjustment buffer (TISAB). 0.2 g of each sample was dissolved
in 10 ml of 1 M nitric acid and then diluted by 200 ml deionised
water. The fluorine content was determined by mixing 10 ml of
such solution and 10 ml of the buffer. Standard solutions made
from NaF were used to calibrate the measurement in the same
buffer solution.

The thermal behaviour of as-dried samples was investigated
by simultaneous thermogravimetry and differential thermal
analysis (TG-DTA, Netzsch STA 409) in the following
conditions: sample weight about 60 mg, heating rate 10 °C/
min, peak temperature 1500 °C.

Microstructural features of as-dried powders were studied
by Transmission Electron Microscopy (TEM, Philips CM120)
in bright field mode, the accelerating voltage being 100 kV.

Infrared spectra (Fourier Transform Infrared Spectroscopy,
FT-IR PerkinElmer) were recorded in the region 500-
4000 cm ™" using KBr pellets (1%wt/wt), spectral resolution
4em.

The specific surface area (SSA) of as-dried samples and
powders heated at 600 °C was evaluated by N, adsorption
(Sorptomatic 1900, Carlo Erba Instruments) using Brunauer—
Emmett-Teller (BET) method. The specific surface area is then
calculated from the volume of gas adsorbed in a monolayer
[15].

The particle size (Dggt) Was also estimated by assuming the
primary particles to be spherical

Dggr = —
08

where p is the theoretical density of the sample (3.156 g/cm3
for HAp and 3.13 g/cm® for F-HAp) and s is the SSA [16].
X-ray diffraction (XRD) (Philips X Pert 1710) (Cu Ka
radiation A = 1.5405600 A, 20-55° 20, step size 0.010°, time
per step 2 s, scan speed 0.005°/s) analyses were performed on
both as-dried and calcined powders at different temperatures up
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to 1400 °C. Phase evolution of as-dried powders was followed
by high-temperature XRD measurements (HT-XRD) (Anton
Paar HTK 1200) in the following conditions: Cu Ka radiation
A =1.5405600 A 20-55° 26, heating rate 5 °C/min, peak
temperature 1100 °C, step size 0.010°, time per step 2 s, scan
speed 0.005°s.

According to Ref. [17], the crystallinity degree of as-dried
samples (X.), corresponding to the fraction of crystalline phase
present in the examined volume, was evaluated as follows:

X~ 1 V112/300

T300
where I is the intensity of the (3 0 0) reflection of HAp and
V1121300 18 the intensity of the hollow between the (1 1 2) and
the (3 00) reflections, which completely disappears in non-
crystalline samples. In agreement with Ref. [17], a verification
was made as follows:

BoovVX:. =K

where K is a constant equal to 0.24 for a very large number of
different HAp powders, and Bgg, is the full width at half
maximum (in degrees) of the (00 2) reflection.The average
crystallite size Dy, in nm was estimated following the Debey—
Scherrer equation [18]:

KA
Dy = —
(kT Vw? — wjcos b

where K is the shape factor equal to 0.9, A is the X-ray
wavelength (i.e. 1.541 A for Cu Ka radiation), 6 is the Bragg’s
diffraction angle (in degrees) and w is the full width at half
maximum (FWHM). The diffraction peak at 25.8° (26) corre-
sponding to the (0 0 2) Miller plane family of HAp (JCPDS files
#09-0432), and the diffraction peak at 32.9° (26) corresponding
to the (3 0 0) Miller plane family, were chosen to calculate the
average crystal size along to the crystallographic axis ¢ and a,
respectively, wg corresponds to the instrumental width [19].
Cell parameters of pure and substituted HAps were estimated
through the algorithm TREOR (Philips X Pert Plus software).

2.3. Sintering behaviour

On the grounds of TG-DTA and XRD analyses, powders
were pre-treated at 600 °C for 1 h (heating and cooling rate of
10 °C/min) to prevent relevant weight losses during the
densification process. Bars were cold uniaxially pressed at
400 MPa and dilatometric analyses (Netzsch 402E) were
performed in the following conditions: peak temperature
1250 °C, soaking time 1 h, heating and cooling rate 10 °C/min.
On the grounds of the resulting shrinkage, sintering cycles at a
lower maximum temperature were also performed. Green
densities were calculated by geometrical and mass measure-
ments, whereas fired density values evaluated by Archimede’s
method. Final microstructures were observed on fracture
surfaces by Scanning Electron Microscope (SEM, Hitachi S
2300).

2.4. Mechanical characterisation of samples

The 600 °C-treated powders were uniaxially pressed at
about 120 MPa in a 12 mm diameter cylindrical die. Green
bodies were sintered in air in the following conditions: peak
temperature 1250 °C, soaking time 1 h, heating and cooling rate
10 °C/min.

Knoop microhardness testing was adopted for the evaluation
of the elastic modulus of produced samples; five indentations
were performed on each sample at an applied load of 1 N
(which was enough to have easily readable indentation marks
by optical microscopy, also avoid cracking of samples — test
parameters according to the standard ASTM E384-99 [20]).

The elastic modulus (£) was then calculated according to the
procedure described in Ref. [21], being:

Hx _ 0.14— (b/d)
E 0.45

where b and d are the lengths of the shorter and longer Knoop
diagonals, respectively.

Hardness and Indentation Size Effect (ISE) curve were
investigated by Vickers indentation testing and hardness
modelling, applied load ranging from 50 down to 5 gf (also
in this case, test parameters according to the standard ASTM
E384-99). Five indentations were carried out for each load.

The Indentation Size Effect (ISE) Meyer’s law [22] was
finally adopted to describe the relation between load and size of
indentation:

P =kd"

where P is the applied load, d is the indentation size, k and n are
constants.

The above equation can be rewritten as a function of Vickers
hardness:

Hvy = Hyod" 2

Coefficient n is known as Meyer’s or hardening index,
generally slightly lower than 2.0 for pyramidal indenters [22],
while Hy is a constant. If n is equal to 2.0, there is no ISE in the
analysed sample.

Vickers hardness testing was also adopted for fracture
toughness evaluation of the analysed samples: during sharp
indentation of brittle materials, radial cracks can be generated
during unloading due to the residual crack opening force given
by the plastic deformed zone under the indenter [23].

Under sharp indenters, two distinct types of crack are found
in planes perpendicular to the direction of indentation: (1)
radial median crack type, where the crack is generated all under
the indent, and (2) Palmqvist crack type, where a crack is
developed only at the corners of the indent [23].

The Vickers indentation of brittle calcium phosphate
materials causes the creation of crack patterns that can be
described mainly according to the radial median crack system.
This assumption has been confirmed when analysing the
relationship between crack length, 2¢, and load, P, as well as
using the c/a ratio analysis for a chosen load.
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Fracture toughness (Kc) can be therefore calculated as
follows, by the use of the well known model developed by Lawn
et al. [23], based on a radial median crack type assumption:

ENY2 oy 15
_ 2y (E e
Kc = 0.028(Hya )(HV) (a)

where a and c are the half diagonals of the Vickers indent and of
the crack, respectively.

The data on the crack length was taken from Vickers
indentations at an applied load of 20 N.

Finally, the brittleness index has been determined by the
following equation [24]:

H

B=—
Kc

3. Results and discussion
3.1. Composition, microstructure and thermogravimetry

The results of ICP-AES analyses of as-dried powders are
reported in Table 1. It is evidenced that the Ca/P atomic ratio of
pure hydroxyapatite was close to the stoichiometric value of
1.667. In the case of F-HAp, the actual Ca/P molar ratio was
higher than the nominal one, probably due to P loss. Moreover,
the measured fluorine content was close to the nominal value
(Table 1).

Particle size and morphology of as-dried powders were
determined by TEM observations. It resulted that samples are
composed of nano-sized, needle-like particles 10-20 nm wide

F-HAp

—

Fig. 1. TEM images and selected area electron diffraction (SAED) patterns of as-dried HAp and F-HAp nanopowders (magnification 300,000x).

and 50-200 nm long. TEM micrographs and the correspondent
selected area electron diffraction (SAED) patterns of samples
HAp and F-HAp are presented in Fig. 1. The incorporation of
fluoride within the apatite lattice does not seem to significantly
affect the size and morphology of nanoparticles [25-27]. The
SAED patterns exhibit spotted sharp and continuous rings that
evidence polycrystalline grains.

TG curves of all as-dried precipitates showed 3-5% weight
losses in the range 150-600 °C, due to the removal of combined
water and carbonates, in good agreement with literature data
[28,29].

XRD patterns of as-dried pure and F-substituted hydro-
xyapatite powders are compared in Fig. 2. Both spectra showed
only reflections associated to HAp according to JCPDS

counts/s

. HAp JCFDS #09-0432

‘ |

Fig. 2. XRD patterns of as-dried HAp and F-HAp nanopowders.
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#09-0432. The estimated crystallinity degree was around 60%
and 40% for HAp and F-HAp, respectively.

The mean crystallite size of as-dried HAp sample was about
40 nm and about 20 nm, along c-axis and a-axis, respectively.
In the case of F-HAp, the mean crystallite size was about
116 nm and 36 nm, along c-axis and a-axis, respectively. In
good agreement with the literature an increased crystallite size,
especially along the c-axis direction, was observed [30,31].

3.2. Thermal stability

In Fig. 3a high-temperature XRD (HT-XRD) analyses of the
pure hydroxyapatite powder are presented. They were
performed in order to better assess the decomposition
temperature. HAp was thermally stable up to 960 °C; above
this temperature the a-TCP metastable phase appeared [JCPDS
#70-0364]. On the other side, in Fig. 3b the XRD spectra of
substituted sample calcined at different temperatures are
reported. F-HAp was thermally stable up to about 1300 °C,
while at higher temperatures a-TCP phase appeared. The
increased stability of F-HAp could be explained considering
that a more ordered apatite structure is formed. In details, in the
HADp lattice the hydrogen atoms of the OH group are randomly
arranged in atomic interstices neighbouring to the oxygen
atoms, conferring a certain disorder to the crystal structure. In
the case of F-HAp, the hydrogen atoms of the hydroxyl groups

counts/s

(@

HAp JCPDS #i09-0432
+ o.-TCP JCPDS #70-0364

20

counts/s

(b) 1

HAp JCPDS #09-0432
+a-TCP JCPDS #70-0364

H_L_JLL | JL__JJL LWL
U ”LUI;SA ok, QLU%M |

20 25 30

©2Theta
Fig. 3. (a) HT-XRD spectra of sample HAp recorded between 30 °C and

1100 °C, (b) XRD spectra of F-HAp powder calcined at 1100 °C, 1300 °C
and 1400 °C.

Table 2
Calculated cell parameters of pure and F-substituted hydroxyapatite powders.

Sample a (A) b (A) ¢ (A) V/10° (pm)
HAp 9.422(3) 9.422(3) 6.884(2) 529.201
F-HAp 9.39(1) 9.39(1) 6.882(9) 525.992

are tightly bound to the nearby F~ anions, producing a well-
ordered apatite structure [27].

Lattice parameters are reported in Table 2, the reference for
hydroxyapatite being JCPDS #09-0432 (a=b=9.418 A,
c=6.884 A, space group P63/m, theoretical density 3.156 g/
cm’, Z= 1). In agreement with the literature [27,31], a slight
decrement of lattice constants was detected. The value of the
calculated a-axis of F-half substituted HAp was between that of
HAp and that of fluoroapatite (Ca;o(PO4)gF>) according to JCPDS
#15-0876 (a=9.364 A) [25,31], due to the smaller size of F~
(1.32 A) with respect to OH™ (1.68 1&) [1,11,27,32]. On the other
side, the lattice parameter ¢ does not significantly change [25].
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Fig. 4. (a) FT-IR spectra of as-dried HAp and F-HAp powders, (b) FT-IR
spectra of 1100 °C-calcined HAp and F-HAp powders.
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Table 3
Specific surface area (SSA) and average particle size (Dggr) of pure and F-
substituted hydroxyapatite powders.

Sample SSA (m%/g) Dggr” (nm)
As-dried® Calcined at 600 °C

HAp 77 45 25

F-HAp 118 45 16

* The average particle size (Dggr) was calculated on as-dried sample.
® Samples were preliminarily treated with EtOH in order to eliminate
absorbed water.

3.3. FT-IR analysis of pure and F-substituted
hydroxyapatites

In Fig. 4a and b the FT-IR spectra of as-dried and 1100 °C-
treated samples are reported.

The patterns of as-dried samples (Fig. 4a) show the
characteristic pattern of partially carbonated hydrated HAps as
extensively discussed elsewhere [14]. In particular, bands at
3570 and 631 cm™', corresponding to the stretching and
vibrational mode of the OH™ groups, respectively, were
evidenced for HAp. As expected, the spectrum of F-HAp did
not show these peaks [33]. The vibrational bands of phosphate
were observed in all the samples, at 602 and 566 cm ™.
Moreover, in the case of F-HAp sample, an extra peak was
recorded at 668 cm™'; associable to the “tail to tail”
configuration - - -HO:OH- - - in an OH chain of variable length
[34]. FT-IR of calcined samples (Fig. 4b) differed considerably
from as-dried materials. In details, in the case of HAp sample,
all bands associated to carbonate ions disappeared, bands
associated to combined water at 1636 and 3430 cm '
decreased, and intensity of OH™ vibration mode at
3570 cm™ ' remarkably increased. In the case of F-HAp
sample, peak ascribed to OH~ vibration mode at 3570 cm ™'
was shifted to 3540 cm ™, but this band could be associated to
OH™ bonded directly to F~ in the configuration OHF ™ [34].
Furthermore, in the case of F-HAp an extra peak at 744 cm ™'
was observed and it could be ascribed to the configuration
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Fig. 6. (a) Dilatometric curves of pure (solid line) and F-substituted (dotted
line) hydroxyapatite powders, (b) derivative curves of pure (solid line) and F-
substituted (dotted line) hydroxyapatite powders.
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A. Bianco et al./Ceramics International 36 (2010) 313-322 319

FFOHFF, in which the single OH™ group could be between two
orientations, - - -FOHF:- - - or - - -FHOF-: - - and may switch from
the one to the other with a comparatively low energy [34]. A
correlation between the gradual introduction of fluoride in HAp
and the increase of intensity of a band around 720-740 cm ™
accompanied by the decrease of intensity of the 630 cm ™' band
was described [34].

3.4. Specific surface area of pure and F-substituted
hydroxyapatites

The specific surface area (SSA) of as-dried and calcined
powders has been determined by N, absorption isotherms:
results are presented in Table 3. It resulted that F-HAp showed a
much higher SSA with respect to the corresponding pure HAp,
in good agreement with Ref. [35]. In Fig. 5a the adsorption—
desorption curves of as-dried F-HAp are shown.

In Fig. 5b the corresponding BET line is reported, the high
correlation factor (0.999) giving evidence for the accuracy of
SSA measurements. As expected, the SSA of 600 °C-calcined
nanopowders were much lower with respect to as-dried

Table 4

Density and sintering data of pure and F-substituted hydroxyapatite materials.

samples, no significant difference was evidenced among
samples. Moreover, the average particle size (Dggr), calculated
on as-dried powders, was for both samples about 20 nm.

3.5. Sintering behaviour of pure and F-substituted
hydroxyapatites

The dilatometric and derivative curves are compared in
Fig. 6a and b, up to a sintering temperature of 1250 °C. Pure
HAp showed a shrinkage onset temperature around 800 °C, the
maximum sintering rate temperature being located at about
1040 °C. The shrinkage was almost completed during the
heating step and reached a total value of about 18%. On the
contrary, F-substituted HAp was characterised by a displace-
ment of the characteristic sintering temperatures to lower
values. In fact, the onset temperature was decreased to about
600 °C and the maximum shrinkage rate temperature displaced
to about 981 °C. Also in the case of the F-HAp nanopowder, the
overall shrinkage was almost completed within the heating step,
reaching a final value of 21%. Green and fired densities
(expressed as percentage with respect to the theoretical values

Sample Linear shrinkage (%) Onset Green density Fired density Fired density
temperature (°C) (g/em?) 1250 °C/1 h (g/cm®) 1100 °C/3 h (g/cm?)

HAp 18.2 1040 1.68 [53%TD] 3.07 [97%TD] -

F-HAp 20.8 981 1.60 [51%TD] 3.13 [100%TD] 3.01 [96%TD]

Fig. 7. SEM micrographs of fracture surfaces of pure and F-substituted hydroxyapatite materials sintered at 1250 °C for 1 h.
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Fig. 8. SEM micrographs of fracture surfaces of F-substituted hydroxyapatite material sintered at 1100 °C for 3 h.

(TD = theoretical density) equal to 3.16 and 3.13 g/cm® for
pure and F-substituted HAp, respectively) are collected in
Table 4. It should be pointed out that, on the basis of XRD
results, at the sintering temperature F-HAp sample was single-
phase hydroxyapatite, while pure HAp presented also a-TCP as
second phase. Thus, in the last case, fired density values,
expressed as percentage of the theoretical value, were partially
affected by the presence of a-TCP.

SEM images of the materials sintered at 1250 °C for 1 h are
compared in Fig. 7: pure HAp powder presented a relevant
grain growth and coalescence, with some residual pores located
mainly at the triple joints. On the other hand, F-substituted
ceramic showed a limited final porosity. On the basis of
previous densification tests, new sintering cycles were set-up
for F-HAp sample, which was sintered at 1100 °C for 3 h. A
lower density value was reached, due to a more relevant
residual porosity. However, the low-temperature-fired material
does not undergo grain growth and coalescence phenomena, as
shown in Fig. 8.

3.6. Mechanical properties of pure and F-substituted
sintered hydroxyapatites

Results of Vickers hardness testing are presented in Table 5.
The ISE curve for both pure HAp and F-HAp are reported in
Fig. 9. It can be observed how the incorporation of F mainly
involved a significant increase of fracture toughness of the
samples, with a consequent decrease of the brittleness index (H/
K¢).

This behaviour suggests that the addition of vicarious ions
can play a significant role in crack propagation mode and
fracture toughness of substituted HAp, likely due to a different
densification behaviour.

Table 5

Microhardness (Hy, n — Meyer ISE model), fracture toughness (Kc), brittleness
index (H/Kc) and Young modulus (E) of pure and F-substituted hydroxyapatite
materials, as measured by microindentation testing.

Sample  Hyo [GPa] n (Meyer) Kc B [pm-0, 5] E [GPa]
(Meyer) [MPa m 7]

HAp 8.64 1.827 0.92 9.39 121.46

F-HAp 8.74 1.923 1.15 7.6 128.94

Vickers Hardness - ISE curves
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Fig. 9. Indentation Size Effect (ISE) curves (Meyer model) for pure (circles)
and F-substituted (squares) hydroxyapatite samples.

Moreover, a slight increase of elastic modulus and hardness
values was observed, being measured data in good agreement
with Ref. [13].

However, the obtained ISE curves clearly showed that higher
Vickers hardness was obtained at all applied loads in the case of
F-HAp sample (Fig. 9).

The pure HAp presented a higher hardening coefficient n
(Meyer ISE model); this effect could be due to differences in
both surface roughness and grain size between pure and F-
substituted HAps. Furthermore, this result agrees with Ref.
[36], being generally lower n values associated with higher Hy
data for polycrystalline ceramics.

The measured elastic modulus and hardness values also
indicated that high density samples were obtained.

It is worth noting that the specifically developed mechanical
characterisation procedure, completely based on indentation
testing, leads to a correct and straightforward determination of
the existing correlations between process parameters and
mechanical properties of samples.

The observed reproducibility of experimental data also
confirmed that by the combined use of Vickers—Knoop
microindentation techniques, and a proper application of the
models available in literature, reliable data can be obtained on
elastic modulus, hardness and fracture toughness of samples;
indentation testing is then confirmed to be an effective micro-
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probe for the investigation of mechanical properties of dense
ceramic bodies.

4. Conclusions

The synthesis of pure and F-half substituted hydroxyapatite
nanopowders was successfully pursued starting from
Ca(NO;),-4H,0O, (NH4),HPO,, and NH4F. This process
allowed a strict control over the chemical composition of
hydroxyapatite nanopowder. Pure HAp decomposed around
1000 °C, resulting in a biphasic calcium phosphate material
(BCP). Concerning F-HAp, the presence of F within the apatite
lattice induced higher thermal stability, the decomposition
occurring above 1300 °C. Dense (>90%) sintered ceramics
were obtained by sintering at 1250 °C.

A displacement of the characteristic sintering temperatures
(i.e. the onset temperature as well as the maximum densifica-
tion rate temperature) was observed with the introduction of the
F ions in the apatite lattice. Moreover, the F-HAp powder
allows a low-temperature sintering, limiting grain growth and
coalescence phenomena.

A specifically developed procedure based on microindenta-
tion testing was applied for elastic modulus, hardness and
fracture toughness evaluation of procedure samples. Hardness
characterisation results indicated that high density samples
were obtained in both cases and that a significant increase of
fracture toughness was observed for F-half substituted HAp
compared to pure one.
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