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Hydroxyapatite (HA) nanopowders were synthesised following two different precipitation routes: (a) from calcium nitrate and
diammonium hydrogen phosphate solutions and (b) from calcium hydroxide suspension and phosphoric acid solution. The influ-
ence of precipitation process, concentration, and synthesis temperature on HA particle size and morphology, phase composition,
thermal stability, and sintering behaviour was investigated by means of: thermogravimetry and differential thermal analysis
(TG-DTA), induced coupled plasma—atomic emission spectroscopy (ICP-AES), Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), electron microscopy (TEM, SEM) and dilatometry.
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Introduction

The role of hydroxyapatite (Ca;o(PO4)s(OH),, HA) in
biomedical application, such as synthetic bone grafts
and scaffolds for hard tissue engineering is well
known. Various synthesis procedures [ 1-6] have been
explored to produce nano-sized HA, since they ex-
hibit improved bioactivity with respect to coarse pow-
ders [7]. In addition, HA nano-particles can be
blended into bioresorbable polymers to realise com-
posites with superior mechanical properties [8].

Literature has largely demonstrated that the syn-
thesis routes and related parameters could signifi-
cantly affect not only HA particle size and morphol-
ogy, but also phase composition, thermal stability as
well as sintering behaviour [9-18]. However, re-
cently, there has been an evident lack of publications
reporting systematic studies dealing with the effect of
synthesis parameters (reaction temperature, pH, na-
ture and concentration of the reactants) on resulting
HA powders [8]. Moreover, limited data on nano-
powders are available [1, 19-21].

Table 1 Powder designation and process parameters

In this paper, the influence of precipitation route
and main process parameters (synthesis temperature,
nature and concentration of reagents) on thermal sta-
bility and densification behaviour of nano-sized HA
powders is reported.

Experimental
Materials

Nano-sized HA powders were prepared in a dou-
ble-walled jacket reactor (to control synthesis temper-
ature) under magnetic stirring (around 400 rpm) fol-
lowing two different precipitation routes:
+ from calcium nitrate
 from calcium hydroxide

Stoichiometric volume of calcium nitrate
tetrahydrate (Ca(NOs),-4H,0, Aldrich 99.2%) aque-
ous solution was added dropwise to diammonium hy-
drogen phosphate ((NH,),HPO,, Aldrich 99.2%)
aqueous solution. As resumed in Table 1 different ex-

Powder Reactant 7/°C Precipitation pH (*final pH) [Ca*]/mol L™
HANI1 calcium nitrate 40 10.0 1.0
HAN2 calcium nitrate 70 10.0 1.0
HAN3 calcium nitrate 40 10.0 0.5
HAIl calcium hydroxide 40 9.4 1.0
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perimental conditions were considered. The follow-
ing reaction occurred:

1 0C3(NO3)2+6(NH4)2HPO4+2H20—)
Cao(PO4)s(OH),+12NH4NO;3;+8HNO;

During precipitation, the pH was continuously
monitored and adjusted at 10+0.1 by adding NH,OH
conc. Precipitates were aged in mother liquor for 24 h
at room temperature and then washed several times
with NH4OH aqueous solution (pH 10). As-precipited
products were vacuum filtered and finally dried in
oven at 60°C for a few hours.

An aqueous suspension of calcium hydroxide
(Ca(OH),, Aldrich 99.5%) was titrated with phospho-
ric acid (H3POy,, Aldrich 86.3%). The following reac-
tion occurred:

1 0C3(OH)2+6H3PO4—)C310(PO4)6(OH)2+1 8H20

The pH was finally adjusted at 9.4. As-precipi-
tated powder was aged in mother liquor for 24 h at
room temperature and washed several times with
NH;OH aqueous solution (pH 9.4). The product was
vacuum filtered and finally dried in oven at 60°C for a
few hours.

In both cases, dried powders were wet milled in a
planetary mill for 1 h in absolute ethanol, by using ag-
ate grinding media.

In order to compare synthesised powders, pre-
cipitation route and selected process parameters (cal-
cium ion concentration and precipitation temperature)
have been changed one by one.

Methods

Chemical analyses of either as-precipitated pow-
ders and mother solutions were performed by induced
coupled plasma atomic emission spectroscopy
(AES-ICP, JobinYvon JV 24R).

The thermal behaviour of as-precipitated sam-
ples  was  investigated by  simultaneous
thermogravimetry and differential thermal analysis
(TG-DTA, Netzsch STA 409; sample mass: about
60 mg; heating rate: 10°C min"'; maximum tempera-
ture: 1250°C; air flow: 80 cm® min™"). On the grounds
of these observations, a thermal pre-treatment of
as-precipitated powders before sintering was stated. It
must be noted that the sintering behaviour of HA is
strongly affected by calcination [10, 17].

Microstructural features of as-precipitated pow-
ders were studied by transmission electron
microscopy (TEM, Philips CM120; bright field
mode; accelerating voltage:100 kV).

Infrared spectra (Fourier transform infrared
spectroscopy, FT-IR 16 F PC Perkin Elmer) were re-

238

corder between 500 and 4000 cm ™' using KBr pellets
(1 mass/mass%), the spectral resolution being 4 cm™".

Phase evolution with temperature was followed
by X-ray diffraction (XRD, Philips 1710; CuK,, radia-
tion, investigated range: 20-55° 20) on powdered
samples calcined at different temperatures in the
range 600-1400°C for 1 h.

The crystallinity degree (X;), corresponding to
the fraction of crystalline phase present in the exam-
ined volume, was evaluated as follows:

X=1=(Vi12300/1300)

where /39 is the intensity of (300) reflection of HA
and V2300 1s the intensity of the hollow between
(112) and (300) reflections, which completely disap-
pears in non-crystalline samples. In agreement with
Landi et al. [13] a verification was done as follows:

By, 3ﬂ/)(ic=K

where K is a constant found equal to 0.24 for a very
large number of different HA powders, and By, is
the full width at half maximum (in degrees) of reflec-
tion (002).

Before sintering, as-precipited powders were
calcinated at 600°C for 1. The particle size distribu-
tion of aggregates was determined by means of a laser
diffraction particle analyzer (Fritsch, Analysette 22
Compact). For this purpose, samples were suspended
in ethanol and then sonicated.

Sintering was performed on bars obtained by
uniaxially pressing (400 MPa) HA powders
pre-treated at 600°C for 1 h. The sintering behaviour
was followed by dilatometry (Netzsch 402E, heating
and cooling rate: 10°C min '; maximum temperature:
1250°C; soaking time at the maximum temperature:
1 h; static air). On the grounds of the derivative
curves, the maximum densification temperature was
determined. Futher, HA green bodies, obtained by
uniaxially pressing the nanopowders at 400 MPa,
were sintered up to the chosen temperature in a pro-
grammed furnace.

Density was evaluated by geometrical and mass
measurements. Powders pre-treated at 600°C and
fracture surfaces of sintered bodies were observed by
scanning electron microscopy (SEM, Hitachi S2300).

Results and discussion

ICP-AES results on as-precipitated powders and
mother solutions are reported in Tables 2 and 3 re-
spectively.

The synthesis from Ca(NO;),-4H,0O allowed a
very strict control of the precipitate composition. In
fact, the Ca/P molar ratio of HAN powders is very

J. Therm. Anal. Cal., 88, 2007
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Table 2 ICP-AES analysis of as-precipitated powders

Powder Ca/P _ Mg Sr
molar ratio mol% vs. Ca mol% vs. Ca
HAN1 1.6585 0.076 0.008576
HAN2 1.6694 0.083 0.008597
HAN3 1.6652 0.120 0.009440
HAI1 1.7034 0.778 0.020100
Table 3 ICP-AES analysis of mother solutions

Mother solutions Ca/mmol L™ P/mmol L'
HANI 0.490 <10
HAN2 0.125 <107
HAN3 1.297 1.215
HAII 0.051 4.610

close to the stoichiometric value 1.667. In the final
powders, tiny amounts of Sr and Mg, both diadochic
of Ca?" in the HA lattice, present as impurities in the
reactants, were detected [22, 23]. In all cases only
slight amounts of un-reacted Ca and P were detected
by ICP-AES in mother solutions, reaction yields be-
ing thus nearly quantitative. Moreover, the trend is in
very good agreement with Ca/P molar ratio of HA
powders.

In the case of the synthesis from Ca(OH), a
strong deviation (about 2.2%) from the ideal Ca/P
molar ratio was observed, clearly due to a more rele-
vant loss of P in the mother solution. Contamination
from Mg and Sr is also higher due to the lower purity
of raw materials. The effect of deviation from
stoichiometry and impurity content on thermal stabil-
ity of HAI product will be described in the following
paragraphs.

XRD patterns of the four as-dried powders are
collected in Fig. 1. In all samples, only HA reflections
were detected. The crystallinity degree ranged be-
tween 20 and 25% for HAN1 and HAN3 synthesised
at 40°C, whereas it is augmented up to about 45% for
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Fig. 1 XRD patterns of as-precipited powders: a — HAN1;
b - HAN2; ¢ — HAN3; d — HAIl
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Fig. 2 TEM images (175.000x) of as-precipited powders:
a— HANI1; b-HAN2

HAN?2 prepared at 70°C. The increase of crystalliza-
tion degree by increasing precipitation temperature is
a well known phenomenon in the wet syntheses of
HA and many other oxides [13, 24, 25]. A similar pat-
tern was also recorded for HAIl, whose crystalliza-
tion degree is about 25%.

TEM observations (Figs 2a and b) revealed that
all the precipitated powders are made of nano-sized,
needle-like particles of about 10-20 nm in width and
50-200 nm in length. The shape factor (about 3—5) of
materials synthesised at lower temperature was
smaller, independently from the other synthesis pa-
rameters (Fig. 2a). In the case of sample HAN2 pre-
pared at 70°C, it increases up to about 10 (Fig. 2b).
This effect of synthesis temperature on powders mor-
phological features is in agreement with the studies of
Pang et al. [26] and Bouyere et al. [27].

TG curves of the four powders are reported in
Fig. 3. In order to avoid the large effect due to the
evaporation of adsorbed water, the temperature range
150-1000°C was considered. For all samples, the
mass loss between 150 and 600°C ranges within 3 and
5%. According to other authors [26, 28], it is probably
associated to the elimination of carbonates and com-
bined water. DTA curves show a broad and weak
peak, associated to this mass loss. Above 600°C no
other losses were detected. On the grounds of thermal
analyses and previous literature statements
[10, 12, 13, 17], as-precipitated powders were pre-
treated at 600°C for 1 h prior sintering.

The thermal stability of HA nanopowders was
investigated by FTIR and XRD analyses performed

Am/%
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Fig. 3 TG curves of as-precipited powders from 150 to
1000°C: a— HAN1; b — HAN2; ¢ — HAN3; d —- HAII
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Fig. 4 FTIR spectra of HAN2: I — as-precipited; I — after cal-
cination at 1100°C

either on as-precipitated powders and on powders cal-
cined at different temperatures.

FTIR spectra of the four powders are quite simi-
lar. As an example, the spectrum of HAN2 either
as-precipited and calcined (1100°C, 2 h) are com-
pared in Fig. 4.

As-precipited samples show the characteristic
pattern  of  hydrated  partially carbonated
hydroxyapatlte [26-29]: Von, (3570 cm™) and Sy
(633 cm); v 100, (962 cm™), Vipo, (broad band
1040-1090 cm™ ) and Vv, (565 and 603 cm- )
Voo, (875 cm " and Vico, (1420 and 1457 cm ™).
The broad band at 2500-3700 cm ' and the sharp peak
at 1637 cm ™' have to be associated to the presence of
either absorbed and combined water. The lack of the
characteristic v, ., , peak at 1550 cm', suggests that
only B-type carbonated hydroxyapatite is formed.

Besides, the shoulder at about 1490 ¢m' has
also to be considered. It is reported that this band can
be assigned either to a carbonate ion in a second un-
specified location [30], to a second B-type carbonate
[31], or to a carbonate ion in an amorphous carbon-
ated hydroxyapatite phase [32, 33]. According to lit-
erature, the presence of carbonate ion within the
as-precipited apatite phase inhibits significantly the
conversion of the amorphous to the crystalline phase
[32, 34], being thus responsible for the low
crystallinity of as-precipited samples as evidenced by
XRD results. In all cases the characteristic peaks
(540530, 855, 1130 and 1210 cm™") of HPO, were
not detected [28]. Moreover, the lack of bands in the
range 700-750 cm™' indicates the absence of calcium
carbonates, i.e. calcite (712 cm™'), aragonite (713 and
700 cm ") and valerite (745 cm™"). Finally, the absorp-
tion band at 1385 cm ™' ascribed to nitrate is also ab-
sent, suggesting that washings were efficient. In con-
clusion, FTIR analysis shows that as-precipited pow-
ders consist of hydrated partially carbonated
hydroxyapatite, the carbonate groups substituting the
phosphate groups in the HA lattice and within the
amorphous phase.
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FTIR spectra of calcined samples differ consid-
erably from those of as-precipited materials. In de-
tails, all CO; bands disappear, the intensity of peaks
associated to H,O is remarkably decreased, the inten-
sities of OH vibration modes increase remarkably.
The persistence of OH groups suggests that, up to
1100°C, the dehydroxylation of hydroxyapatite did
not occur. In conclusion, according to these results,
the thermal treatment of as-precipited powders in-
duces elimination of carbonates and combined water,
without any detectable further decomposition.

XRD patterns of the four powders calcined at
different temperatures within the range 600-1400°C
(soaking time 1 h) are collected in Figs Sa—d.

At 600°C a poorly crystallized HA is present in
all investigated materials. The deviation of Ca/P mo-
lar ratio in HAI1 does not affect phase stability. On
the contrary, this powder retains the HA phase up to
1400°C, whereas the three HAN powders present
firstly the appearance of B-TCP, above 800°C, and
then variable amounts of o-TCP, starting from
1200°C.

Dehydroxylation of HA was observed starting
from 1400°C just in the case of HAI1, as revealed by
the peaks shifted by about 0.1°0f 20 (see the insert in
Fig. 5d), indicating that the HA lattice had contracted
due to OH loss [35].

The morphology of powders calcined at 600°C
was investigated by SEM (Figs 6a and b), particle size
distributions being compared in Fig. 7. HAN1 and
HAN3 presented a very similar, monomodal particle
size distribution centred around a mean value of about
3.5 microns, according to SEM images (Fig. 6a). Pow-
ders HAI1 showed a slightly broader distribution with
amean size of about 5 microns. Finally, powder HAN2
is characterised by an almost bimodal distribution and
by the presence of large agglomerates, as confirmed by
SEM observations (Fig. 6b). Therefore, the powder
HAN?2 synthesized at higher temperature (70°C) is
more agglomerated, in excellent agreement with the
agglomeration behaviour of HA precipitated from cal-
cium hydroxide at 35 and 70°C, respectively [13].

The dilatometric behaviour of the four powder
compacts up to 1250°C is reported in Fig. 8. The start-
ing and final densities (referred to the theoretical
value of pure HA, 3.08 g cm ), the total linear shrink-
age and the inflection point (temperature of the peak
on the derivative curve corresponding to the maxi-
mum densification rate) are collected in Table 4.

All the powders presented an inflection point at
about 1030£20°C, in good agreement with the maxi-
mum densification temperature of nanosized HA
powders [19, 36] and of powders pre-treated prior
sintering at low temperatures [10]. The highest
shrinkage was recorded for HAN3. However, the

J. Therm. Anal. Cal., 88, 2007



THERMAL STABILITY AND SINTERING BEHAVIOUR OF HYDROXYAPATITE NANOPOWDERS

Intensity/a. u.
n 1 1
=
- R

20 25 30 35 40
20/degree
i [¢
o
E v
. o
= v
<
2
RZ I
&
2
k=
- o
111
B i i
4 11
-M 1
T T T T T T T T
20 25 30 35 40
20/degree

b
a
- \%
_WMJU\MJ\
s v
s
2
E7)
=
2
kS
_W
_ 11
B DL ge
- 11
M 1
T T T T T T 7 T
20 25 30 35 40
20/degree
A
I
i M\“\k \“‘\
-— ’\_, . l\\ ¥~9;' ) ¥ iw/ ‘“’/’\‘\“’~V
A
o
[
‘H I
\““\ N ‘H\\ M |
-l | - M WANSVAR |1/
25 30 35
— \ d
-‘MJ__AJ\‘EJ\UM
a A%
:i — v
=
2
R
IS
e
E A

11

T T T T

20 25 30 35 40
20/degree

Fig. 5 XRD patterns of powders calcined at different temperatures for 1 h: I — at 600; I — at 1100; III — at 1200; IV — at 1300;
V —at 1400°C; a— HAN1; b — HAN2; c — HAN3; d — HAI1 (in the insert, detail of the peaks shift)

most relevant difference in shrinkage and final den-
sity was observed in sample HAN2, the latter achiev-
ing a slightly lower final density. This result has to be
attributed to the difference in green density induced
by the presence of larger agglomerates and subse-
quent lower packing efficiency.

In the case HAN samples, it has to be considered
that an under-estimation of the final density values as

J. Therm. Anal. Cal., 88, 2007

a percentage of dy, is expected since sintered materials
contain a certain amount of o.-TCP whose theoretical
density (2.81 g cm) is lower with respect to the theo-
retical density value of HA (3.08 g cm*). On the con-
trary, sintered HAI1 samples display only the HA
phase, so that the reference to the theoretical density
value of HA (3.08 g cm™) is consistent for sintered
bodies.
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Fig. 6 SEM images (5000x) of powders pre—treated at 600°C
for 1 h: a— HANI; b — HAN2
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Fig. 7 Particle size distribution of the powders pre—treated at
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Fig. 8 Dilatometric curves of the four HA powders: — HAN1;
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In order to investigate the influence of the upper
sintering temperature on density and final micro-
structure, pellets were sintered at 1050°C for 3 h,
fired densities are reported in Table 4. It has to be
pointed out that all sintered HAN materials showed
B-TCP (theoretical density 3.12 g cm™) as second
phase.

Table 4 Sintering data of the four HA powders

The final density of HAI1 samples sintered at
1050°C was not significantly different from that re-
corded for samples sintered at higher temperature. In
the case of HAN materials, a more or less evident de-
crease in densification was observed.

The microstructure of materials sintered at 1050
or at 1250°C are compared in Fig. 9.

After sintering at 1250°C a relevant grain growth
and coalescence are observed, mostly in the case of
HANT1 and HAI1, whose microstructures appear as a
continuous media with residual porosities mainly at
the triple joints (Fig. 9a). Grain coalescence is less ev-
ident in the case of HAN2 and HAN3, even if grain
growth is still relevant (Fig. 9b). After densification at
1050°C, HAI1 presented a fine and homogeneous
microstructure, made of both nanometric grains and
pores (Fig. 9¢). On the contrary, the three HAN mate-
rials presented a more significant grain growth and
dishomogeneous microstructure, more evident in the
case of HAN2 (Fig. 9d). This difference in micro-
structure could be attributed to the strength of ag-
glomerates. Precipitation from Ca hydroxide pro-
duces probably softer agglomerates that are almost
completely crushed under the uniaxial pressure ap-
plied to prepare green bodies. On the contrary, it
seems that the precipitation route starting from Ca ni-
trate yields harder agglomerates (just different in
mean size, as a function of the precipitation tempera-

2 a

= 18 =

Fig. 9 SEM images of fracture surfaces of: a — HANI sintered
at 1250°C for 1 h; b — HANS3 sintered at 1250°C for
1 h; ¢ — HAII sintered at 1050°C for 3 h; d — HAN2
sintered at 1050°C for 3 h

Sample Green gensit / Fif}ced density/ . Linear shrinkage/ Inflection Fif}(ed density/ .
gcem ™ (%) gem ™ (%) 1250°C % temperature/°C gcm ™ (%) 1050°C
HANI1 1.68 (54) 2.90 (94) 18.2 1040 2.66 (86)
HAN2 1.54 (50) 2.75(89) 17.7 1030 2.69 (87)
HAN3 1.58 (51) 2.86 (93) 19.5 1010 2.78 (90)
HAI1 1.62 (52) 2.80 (91) 18.3 1050 2.82(92)

“referred to theoretical value of pure HA, d"=3.08 g cm™, and to materials sintered at two different maximum sintering temperature
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ture). These phenomena led to microstructural
dishomogeneities characterised by more or less dense
regions surrounded by large pores.

Conclusions

From the above systematic study the following con-
clusions can be drawn out:

The pivotal role of the type of the preparation pro-
cess on the thermal stability of HA powders as well
as on their sintering behaviour and final fired
microstructure has been clearly pointed out;
Synthesis temperature affects crystallite size, shape
factor, and crystallinity degree. No relevant effect
of reactant concentration was evidenced. In any
case, the type of precipitation route seems to be the
most relevant parameter in determining HA
nano-features;

HAII1, despite of its Ca/P molar ratio slightly higher
than the stoichiometric one, presents phase stability
up to 1300°C, whereas all the HAN materials above
800°C yield TCP as second phase. Mg and Sr con-
tamination does not seem to affect HA stability;
Sintering HAIl at 1050°C yields dense and
nanostructured bodies, whereas at the same temper-
ature all HAN powders lead to dishomogeneous
microstructure, entrapping large pores probably in-
duced by hard agglomeration.

The production of HA nano-powders from Ca ni-

trate route, thermally-stable up to high temperature,
will allow the overall comparison between the above
synthesis routes.
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