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Abstract

Tricalcium phosphates incorporating small amounts of Mg show attractive biological performances in terms of enhanced bone apposition, bone

in-growth and cell-mediated degradation. A systematic investigation on Mg-stabilized b-TCP (b-tricalcium phosphate, b-Ca3(PO4)2) is presented.

Microstructure, composition and thermal behaviour were investigated by means of thermogravimetry and differential thermal analysis (TG-DTA),

induced coupled plasma-atomic emission spectroscopy (ICP-AES), Fourier transform infrared spectroscopy (FT-IR), N2 adsorption isotherms, X-

ray diffraction (XRD and HT-XRD), and scanning electron microscopy (SEM). Pure and Mg-substituted tricalcium phosphate precursors consisted

of calcium-deficient hydroxyapatite, the specific surface area being 128 m2/g and 87 m2/g, respectively. Tricalcium phosphate nanostructured

powders were obtained by thermal treatment above 800 8C. The incorporation of Mg within the calcium phosphate lattice promoted the formation

of the b-TCP phase at slightly lower temperature and resulted in the stabilization of the b-polymorph at high temperature (i.e. 1600 8C).
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1. Introduction

Synthetic tricalcium phosphate (TCP, Ca3(PO4)2) and

hydroxyapatite (HAp, Ca10(PO4)6(OH)2) are the most impor-

tant calcium phosphate-based ceramics for the production of

either dense and porous scaffolds for bone reconstruction [1]. In

particular, the b-tricalcium phosphate (b-TCP) is one of the

most attractive biomaterials for bone repair since it shows an

excellent biological compatibility, osteoconductivity, and

safety in living tissues [2–4]. Some Authors reported the

presence of magnesium in calcified living tissue, suggesting

that Mg2+ might improve the biocompatibility and bioactivity

of TCP ceramics [5]. However, although b-TCP has reached

acceptance in biomedical applications, it shows low mechanical

strength and fracture toughness [6]. Moreover, the poor

densification upon sintering below the b- to a-transformation

temperature has remarkably limited its clinical applications. It

has been shown that this transformation is accompanied by
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volume expansion and reduced shrinkage rate, preventing

further densification of TCP [7–9].

In the last years, several Authors investigated the mechanical

properties of b-TCP. Yoshida et al. suggested that the

sinterability of b-TCP is enhanced by the substitution of

mono-and divalent metal ions. It has been demonstrated that the

substitution of either Mg2+ up to 9.6 mol% or monovalent cations

effectively improved the mechanical strength of b-TCP, the

bending strength being 160 MPa for b-TCP doped with

7.6 mol% Mg2+ [10]. Toriyama et al. [11] reported that the

addition of MgO enhanced the bending strength of b-TCP up to

197 MPa. Moreover, the presence of Mg2+ ions within the TCP

lattice can inhibit grain growth during the sintering process [12].

It is well known that the low temperature form of b-TCP phase is

stabilized at higher temperature through the incorporation of

metal ions in the Ca(V) site of the b-TCP lattice [13].

To our knowledge, studies focused on the synthesis of Mg-

substituted tricalcium phosphate powders [13–20] are rarely

reported. The proposed methodologies followed either the

conventional solid-state process or precipitation routes [14].

The procedure via solid-state reaction usually involves the

addition of magnesium oxide (MgO) aimed to stabilize the
d.
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b-TCP phase up to 1500 8C and thus to enable b-TCP to sinter

without undergoing phase transformations [10,13,15–22]. Ryu

et al. showed that MgO-doped hydroxyapatite/TCP ceramics

exhibited high density and significantly enhanced mechanical

properties. However, compositional and microstructural inho-

mogeneties might arise associated to the presence of impurities

and to unreacted MgO [18].

In this context, the main significance to follow an aqueous

precipitation method relies on the availability of homogeneous

mixtures, making this route an effective process to synthesise

tricalcium phosphate powders suitable for further processing

(i.e. granules, dense or porous bodies and coatings) [23].

Generally, the preparation of b-TCP through aqueous

precipitation involves at first the precipitation of calcium-

deficient apatite (CDHAp). Further calcination in the range

700–800 8C leads to the formation of the b-TCP phase,

according to the following reaction:

Ca9HPO4ðPO4Þ5ðOHÞ ! 3Ca3ðPO4Þ2þH2O

Moreover, to our knowledge, pure and substituted tricalcium

phosphate powders obtained by precipitation route have been

rarely investigated [23]. In this framework, this study presented

a systematic and complete investigation of pure and Mg-

substituted tricalcium phosphate powders synthesised by a

precipitation methodology. The proposed paper covers the

overall ceramic process from powder synthesis to calcined

powders providing useful information for further technological

approaches.

The actual composition of samples was determined by means

of induced coupled plasma-atomic emission spectroscopy (ICP-

AES), the thermal behaviour was investigated by thermogravi-

metry and differential thermal analysis (TG-DTA), the specific

surface area was measured by means of N2 adsorption isotherms

and the microstructure observed by scanning electron micro-

scopy (SEM). Characteristic functional groups were evidenced

by Fourier transform infrared spectroscopy (FT-IR). X-ray

diffraction (XRD) and high-temperature X-ray diffraction (HT-

XRD) were also recorded aimed to follow phase evolution,

calculate cell parameters and estimate cristallinity degree.

2. Materials and methods

2.1. Synthesis of pure and Mg-substituted tricalcium

phosphate precursors

Tricalcium phosphate and Mg-substituted tricalcium phos-

phate (Mg-TCP) precursors were synthesised in a double-walled

jacket reactor at 40 8C under magnetic stirring. In the case of Mg-

TCP precursor, it has been assumed that magnesium ions would
Table 1

Sample designation, nominal and actual composition of as-dried TCP and Mg-TC

Sample Formula Nominal Ca/P

(molar ratio)

A

(m

TCP Ca3(PO4)2 1.500 1

Mg-TCP Ca2.875Mg0.125(PO4)2 1.438 1
substitute for the calcium site in the apatite lattice. Sample

designation and nominal compositions of synthesised materials

are summarised in Table 1. TCP precursor was obtained by

adding drop-wise (3–4 drops/s) 250 ml of an 1.2 M aqueous

solution of calcium nitrate tetrahydrate (Ca(NO3)2�4H2O,

Aldrich 99.2%, MW 236.15) to a diammonium hydrogen

phosphate ((NH4)2HPO4, Aldrich 99.2%, MW 132.06) solution.

The pH was continuously monitored and adjusted to 7 � 0.1 by

adding either a diluted solution of NH4OH or a solution of HNO3.

In the case of the Mg-TCP precursor (Mg content�1 wt.%),

magnesium nitrate hexahydrate (Mg(NO3)2�6H2O (Carlo Erba,

101.5%, MW 256.41) was also added to the calcium nitrate

solution. According to Table 1, the nominal composition, in

terms of (Ca + Mg)/P ratio, was maintained at 1.50.

Precipitates were aged in mother liquors at room tempera-

ture for 24 h, washed with NH4OH aqueous solution, vacuum

filtered and finally dried in oven at 60 8C (as-dried samples).

In order to obtain a single-phase b-TCP powder the as-dried

calcium phosphate precursors were further thermally treated

above 800 8C.

2.2. Characterisation of pure and Mg-substituted

tricalcium phosphate precursors

Chemical analyses of precursors were performed by

inductively 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, 76 ppb at 214.914 nm for P

and 1 ppb at 279.553 for Mg.

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 70 mg, heating rate 10 8C/

min, peak temperature 1600 8C, air flow 80 cm3/min.

The microstructural features of as-dried samples and

calcined (temperature range 800–1100 8C) powders were

studied by scanning electron microscopy (SEM, CAMBRIDGE

STEREOSCAN 360 and Leo Supra 35).

Infrared spectra (Fourier transform infrared spectroscopy,

FTIR Perkin Elmer) were recorded in the region 500–4000 cm�1

using KBr pellets (1%wt/wt), spectral resolution 4 cm�1.

The specific surface area (SSA) of as-dried samples and

powders heated at 800 8C was evaluated by N2 adsorption

(Sorptomatic 1900, Carlo Erba Instruments) using Brunauer–

Emmett–Teller (BET) method. The linearized form of BET

equation is expressed by:

p

vðr0 � rÞ ¼
1

vmc
þ ðc� 1Þ

vmc

p

p0
P precursors.

ctual Ca/P

olar ratio)

Nominal (Ca + Mg)/P

(molar ratio)

Actual (Ca + Mg)/P

(molar ratio)

.508 – –

.432 1.500 1.462



Table 2

Specific surface area (SSA) and average particle size (DBET) of pure tricalcium

phosphate (TCP) and Mg-substituted tricalcium phosphate (Mg-TCP) precur-

sors as-dried and calcined at 800 8C.

Sample As-drieda (m2/g) Calcined (m2/g) DBET
b (nm)

TCP 128 14 15

Mg-TCP 87 4 22

a Samples were preliminarily treated with EtOH in order to eliminate

absorbed water.
b The average particle size (DBET) referred to the as-dried precursors.
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where p/p0 is the relative vapour pressure of the adsorbate, v is

the volume of gas adsorbed, vm is the volume of gas adsorbed in

a monolayer and c is a constant related to the energy of

adsorption. A linear regression of the left side of the BET

equation and p/p0 yields a slope and intercept from which c and

vm are obtained. The specific surface area is then calculated

from vm [24].

The particle size (DBET) was also calculated by assuming the

primary particles to be spherical:

DBET ¼
6

rs

where r is the theoretical density of the sample (3.156 g/cm3

for as-dried precursors) and s is the SSA [25].

X-ray diffraction (XRD) (Philips X’Pert 1710) (Cu Ka

radiation l = 1.5405600 Å, 2u 20–558, step size 0.0108, time

per step 2 s, scan speed 0.0058/s) analyses were performed on

both as-dried and calcined powders at different temperatures up

to 1600 8C. 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

l = 1.5405600 Å, 2u 20–558, heating rate 5 8C/min, peak

temperature 1100 8C, step size 0.0108, time per step 2 s, scan

speed 0.0058/s.

According to Landi et al. [26], the crystallinity degree of as-

dried samples (Xc), corresponding to the fraction of crystalline

phase present in the examined volume, was evaluated by the

relation:

Xc � 1�
V112=300

I300

where I300 is the intensity of (3 0 0) reflection of apatite

structure and V112/300 is the difference between the intensity

of the (1 1 2) and (3 0 0) reflections.

The average crystallite size D(hkl) in nm was estimated

following Debey–Scherrer equation [27]:

DðhklÞ ¼
Kl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
$2 �$2

0

p
cos#

where K is the shape factor equal to 0.9, l is the X-rays

wavelength (equal to 1.541 Å for Cu Ka radiation), Q is the

Bragg’s diffraction angle (in degrees) and v is the full width at

half maximum (FWHM). The diffraction peak at 25.88 (2Q)

corresponding to (0 0 2) Miller plane family of apatite lattice

(JCPDS file #09-0432), and the diffraction peak at 32.98 (2Q)

corresponding to (3 0 0) Miller plane family, were chosen to

calculate the average crystal size along to the crystallographic

axis c and a, respectively, v0 corresponds to the instrumental

width (0.087) [28]. The length of coherent domains D(2010) in

TCP crystallites was also calculated using the line broadening

of the (2 0 1 0) peak (diffraction angle 2Q (31.08)) [20],

applying the Scherrer’s equation to XRD spectra of samples

calcined at 800 8C.

Cell parameters of the tricalcium phosphate phase were

estimated through the algorithm TREOR (Philips X’Pert Plus

software), using XRD diffraction patterns of samples calcined
at 1100 8C, the reference for tricalcium phosphate being JCPDS

#09-0169 (a = 10.432(3) Å, b = 10.432(3) Å, c = 37.39 Å,

space group R3c (167), theoretical density 3.072 g/cm3,

V = 3520.91 Å3, Z = 21).

3. Results and discussion

3.1. Composition of TCP and Mg-TCP precursors

In Table 1 the actual and nominal compositions of the as-dried

samples are compared. The actual composition of TCP and Mg-

TCP precursors in terms of Ca/P molar ratio was very close to the

expected stoichiometric value. These results suggest that the

proposed methodology allows a strict control over the sample

composition. However, in the case of Mg-TCP precursor, the loss

of magnesium resulted in a lower (Ca + Mg)/P molar ratio with

respect to the nominal value, the actual Mg content being reduced

from 2.50 mol% (0.99 wt.%) to 1.47 mol% (0.58 wt.%).

3.2. Microstructure and specific surface area of as-dried

and calcined TCP and Mg-TCP precursors

The morphology of pure and Mg-substituted as-dried and

calcined (at 800 8C and 1100 8C) samples was determined by

SEM observations, in order to evidence the influence of Mg

incorporation and the calcination temperature on particles

morphology and size (Fig. 1a–f).

In Fig. 1a and b SEM micrographs of as-dried pure and Mg-

substituted samples are reported. In good agreement with the

literature [15,29–31], as-dried samples consisted of submicro-

metric flake-like agglomerates. Calcination of as-dried samples

at 800 8C produced nanoparticles of uniform size (Fig. 1c and d).

As shown in Fig. 1e and f, further thermal treatment at 1100 8C
induced remarkable grain coarsening and micro-sized particles

were obtained [32,33]. Besides, in the case of Mg-TCP, extensive

sintering was also observed (Fig. 1f). In agreement with Ref.

[10], the presence of divalent substitution cations induces the

enhancement of tricalcium phosphate sinterability.

Results of SSA are reported in Table 2. It resulted that as-

dried TCP precursor showed a remarkable higher SSA with

respect to the Mg-substituted one, the value being 128 m2/g and

87 m2/g, respectively.

As expected, the SSA of samples calcined at 800 8C (14 m2/g

and 4 m2/g for pure and Mg-substituted powders, respectively)

was significantly reduced with respect to as-dried ones, due to

diffusion controlled smoothening of the particles surfaces [20].
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Fig. 1. SEM micrographs of as-dried precursors (a and b), TCP and Mg-TCP powders calcined at 800 8C (c and d), and TCP and Mg-TCP powders calcined at

1100 8C (e and f).
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The average particle size (DBET) of as-dried samples was

calculated as about 15 nm and 22 nm for the TCP and the Mg-

TCP precursors, respectively. These results were in good

agreement with SEM observations reported in Fig. 1a and b.

3.3. Phase analysis, crystallinity, and crystallite size of as-

dried TCP and Mg-TCP precursors

XRD spectra of TCP and Mg-TCP precursors are compared

in Fig. 2. Both samples showed the typical diffraction pattern of

the calcium-deficient hydroxyapatite (CDHAp) [1,14]; the

crystallinity degree was around 20% for both samples, in good

agreement with the Literature [34–36].

Moreover, according to [14,34,37], the XRD spectrum of the

Mg-TCP precursor clearly evidenced merged reflections in the

2u ranges 28–328 and 45–558. This feature suggested that Mg

incorporation within apatite lattice induced increased reticular

defects.

Moreover, the mean crystallite size was also evaluated. In

the case of the TCP precursor it was about 17 nm along the c

axis and 8 nm along the a axis. For Mg-TCP precursor, the
mean crystallite size was about 14 nm along c axis and 4 nm

along the a axis [38].

3.4. Thermal stability of TCP and Mg-TCP precursors

Phase evolution was followed and the thermal decomposi-

tion temperature accurately defined by HT-XRD (Fig. 3a and

b). The b-TCP (b-tricalcium phosphate, b-Ca3(PO4)2, JCPDS

#09-0169) diffraction peaks appeared at about 680 8C and

620 8C for the TCP and Mg-TCP precursors, respectively,

together with the progressive decreasing of the broad

reflections associated to the calcium-deficient hydroxyapatite

(CDHAp). The transformation of precursors in the beta

tricalcium phosphate (b-TCP) phase was completed around

800 8C and 740 8C for pure and Mg-substituted samples,

respectively. According to [23,35], the presence of Mg2+ thus

promoted the formation of the b-TCP phase. In more details,

the presence of magnesium within the calcium phosphate

lattice induced the CDHAp! TCP transformation to occur at

slightly lower temperatures, the mechanism being more

efficient with increasing the Mg content [15,39]. This effect
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Fig. 2. XRD patterns of as-dried TCP and Mg-TCP precursors.

[(Fig._3)TD$FIG]

Fig. 3. (a) HT-XRD spectra of the TCP precursor, temperature range 30–1100 8C. (b) HT-XRD spectra of the Mg-TCP precursor, temperature range 30–1100 8C.
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was attributed to the destabilizing effect of Mg imputable to the

small ionic radius of Mg2+ (0.65 Å) with respect to Ca2+

(0.99 Å) [40].

It is important to underline that TCP cannot be synthesized

directly in aqueous solution by wet method. The precipitate is

an apatitic tricalcium phosphate (Ca9(HPO4)(PO4)5(OH)),

consisting of calcium-deficient hydroxyapatite (CDHAp),

Ca10(PO4)6(OH)2 where HPO4
2� ion partially substitutes the

PO4
3� groups. The crystallization of anhydrous b-TCP requires

further calcination of the apatitic compound at temperatures

over 750 8C [15]. Non-stoichiometric apatites Ca10�x(HPO4)x

(PO4)6�x(OH)2�x with 0 � x � 1 can be precipitated, the value

of x depending on the synthesis conditions. The most important

parameters to control are the pH and the temperature. Though

the values reported in the Literature are scattered, the pH value

is rather maintained at a value close to the neutrality, slightly

acid, and low temperatures are generally used. The kinetics of

formation of the precipitates is still misunderstood [15,41].

A specific difficulty linked with non-stoichiometric apatite

synthesis is the high variability of the powder composition after

calcination even for very low variations of the Ca/P molar ratio

of the initial precipitate [15]. Some Authors observed that pure

TCP is usually formed by calcination of a powder with Ca/P

equal to 1.500, while for Ca/P values higher than 1.500 HAp is

formed as a second phase. In the case of powders with Ca/P

values lower than 1.500 calcium pyrophosphate (CPP,

Ca2P2O7) might appear as second phase. According to

Destainville et al. [15], the evolution of the chemical

composition of precipitates with Ca/P <1.500 can support

two hypotheses. On the basis of the first one, it can be supposed

that for powders with Ca/P molar ratio <1.5, the precipitation

begins from dicalcium phosphate dihydrate (DCPD, CaH-

PO4�2H2O) formation, followed by its slow and partial

hydrolysis into apatitic tricalcium phosphate, the final mixture

containing dicalcium phosphate anhydrous (DCPA, CaHPO4)

as a second phase after drying [14,42]. The second hypothesis

is concerned with the precipitation process of a single-phase

non-stoichiometric apatite [43]. The first step is the precipita-[(Fig._4)TD$FIG]
Fig. 4. XRD spectra of the TCP precursor calcined at 1100 8C and 1300 8C and o
tion of an amorphous compound (Ca9(PO4)6, nH2O), its

stoichiometry being very close to that of TCP. This step is

followed by the hydrolysis of phosphate groups (PO4
3�) into

hydrogenophosphate (HPO4
2�) and hydroxide ions (OH�).

Finally, these reactions lead to a non-stoichiometric compound

of apatite structure (Ca9(HPO4)x(PO4)6�x(OH)x).

Furthermore, in the case of TCP, the formation of the a-TCP

(a-Ca3(PO4)2, JCPDS #09-0348) polymorph was observed at

about 1200 8C (Fig. 4), accordingly with the phase diagram. In

fact, on the basis of the phase diagram, the b-polymorph of TCP

is usually the stable phase up to 1125 8C, at higher temperature

the transition to the a-polymorph occurs, being the stable phase

up to 1430 8C [14,44]. It has been demonstrated that this phase

transition temperature can be influenced either by synthesis

parameters or by the presence of substituting ions, including

Mg2+ [14]. The role of Mg in stabilizing the b-TCP phase can

be represented by the following reaction [23]:

Ca9MgxðHPO4ÞðPO4Þ5ðOHÞ! 3ðCa3�ðx=3ÞMgx=3ÞðPO4Þ2þH2O

where x is the content of Mg.

In good conformity with these considerations, in the case of

the Mg-TCP sample, the incorporation of Mg within the apatite

lattice resulted in the stabilization of the b-TCP polymorph at

higher temperatures, i.e. up to 1600 8C (Fig. 4). This result was

supported by Literature data, the transition temperature of Mg-

substituted TCP (8 mol%) increasing up to 1540 8C [13,23,45].

In addition, it resulted that the incorporation of Mg2+ into the

TCP lattice produced a shift of diffraction peaks toward higher

2Q values due to the contraction of lattice parameters,

associated again to the different size of the two cations (Tables

3 and 4).

In Table 3, 2Q and d-spacing values relative to the maximum

intensity plane (0 2 1 0) of b-TCP of both samples are reported,

in good agreement with Literature data [20] and with the values

reported in the JCPDS files (JCPDS # 09-0169 for TCP and

JCPDS #70-0681 for Mg-substituted TCP (Ca2.86Mg0.14

(PO4)2), Mg 1.1 wt.%).
f the Mg-TCP precursor calcined at 1100 8C, 1300 8C, 1400 8C and 1600 8C.



Table 4

Calculated cell parameters of b-tricalcium phosphate (b-TCP) and b-Mg-

substituted tricalcium phosphate substituted (b-Mg-TCP) calcined at 800 8C.

Sample a (Å) b (Å) c (Å) V (106 pm3)

b-TCP 10.443(5) 10.443(5) 37.393(8) 3531.432

b-Mg-TCP 10.425(8) 10.425(8) 37.40(2) 3519.370

Table 3

Diffraction angles (2u) and d-spacing values derived from experimental XRD

patterns of TCP and Mg-TCP precursors calcined at 800 8C (b-TCP and b-Mg-

TCP).

Sample (0 2 1 0)

d-Spacing (Å) 2Q

b-TCP 2.8791 31.037

b-Mg-TCP 2.8741 31.092

I. Cacciotti, A. Bianco / Ceramics International 37 (2011) 127–137 133
These results showed that the 2Q and d-spacing of Mg-TCP

were shifted with respect to TCP, thus confirming once more the

stabilization of the b-TCP phase induced by the presence of Mg.

Calculated cell parameters are reported in Table 4. In good

agreement with the Literature [34,36,37,46,47], a reduction of a

and b was detected and it can be associated to the contraction of

the unit cell. Once again this is the result of different ionic

radius between Mg2+ (0.65 Å) and Ca2+ (0.99 Å) [23].

Finally, the mean crystallite size of TCP and Mg-TCP

precursors calcined at 1100 8C (i.e. beta tricalcium phosphate

and Mg-substituted beta tricalcium phosphate) was estimated

as about 11.5 nm and 6 nm, respectively [38].
[(Fig._5)TD$FIG]
Fig. 5. TG-DTA patterns of as-dried
3.5. Thermal behaviour of TCP and Mg-TCP precursors

Aimed to further evidence the influence of magnesium

substitution on the phase transformation, simultaneous thermo-

gravimetry and differential thermal analyses were performed.

In details, TG curves of as-dried TCP and Mg-TCP

precursors showed two weight distinct losses [48] (Fig. 5). The

first occurred in the range 20–700 8C, the loss was about

37 wt.% and 17 wt.% for TCP and Mg-TCP precursors,

respectively. This first step has been ascribed to the loss of

adsorbed water accompanied by the dehydration of HPO4
2�

ions into pyrophosphate ions, according to the mechanism

proposed by Mortier et al. [15,49,50] for calcium-deficient

hydroxyapatite (CDHAp):

Ca10�xðHPO4Þ2xðPO4Þ6�2xðOHÞ2
! Ca10�xðP2O7Þx�zðPO4Þ6�2xþ2zðOHÞ2ð1�zÞ þ ðxþ zÞH2O

The second loss of about 0.5–0.7% occurred between 700 8C
and 800 8C and might be attributed to the reaction between OH

ions of apatite and the pyrophosphate ions formed at lower

temperature with consequent loss of water, as reported in the

following equation:

P2O7
4� þOH� ! 2PO4

3� þH2O

This process led to the decomposition of the apatitic phase

into b-TCP [15,32,50], as demonstrated by the presence of an

endothermic peak around 750–800 8C in the DTA patterns

(Fig. 5). The overall removal of water around 750 8C coincides

with the beginning of an endothermic transformation corre-
TCP and Mg-TCP precursors.
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sponding to the crystallisation of b-Ca3(PO4)2 from the

amorphous state [50].

Moreover, the endothermic peak in the DTA patterns

associated to the decomposition of the apatitic phase into b-

TCP was shifted to lower temperatures for Mg-substituted

sample (i.e. from 773 8C to 742 8C) (Fig. 5) [15,32], supporting

the XRD results (Fig. 3a and b). In fact, the CDHAp! TCP

transformation is a multi step process, the first exothermic

reaction being immediately followed by an endothermic step

corresponding to the dehydroxylation of CDHAp that finally

leads to the b-TCP phase. This transformation occurred at

temperatures between 700 8C and 800 8C for both powders,

although the presence of magnesium in the calcium phosphate

lattice altered the transformation from CDHAp to TCP to

slightly lower temperatures. Indeed, also the exothermic peak

resulted shifted from 771 8C for TCP precursor to 720 8C for

the Mg-TCP one, in the DTA patterns (Fig. 5). These findings

were in good agreement with Marchi et al. [20].

Besides, DTA analyses (Fig. 5) evidenced the peaks

associated to the b-TCP! a-TCP phase transition and to

the high-temperature a-TCP! a0-TCP transformation. The

DTA curve of the TCP precursor showed a first endothermic

peak at around 1234 8C, associable with the transformation

b! a. A shift of about 50 8C of the b! a transformation

temperature (i.e. from 1180 8C to 1230 8C) with respect to the

phase diagram was also reported in Ref. [20]. Moreover, a

second endothermic peak around 1465 8C assigned to the

a! a0 allotropic transformation was detected, in agreement

with the phase diagram [14,15].

Finally, the DTA curve of the Mg-TCP precursor showed

several endothermic peaks in the range 1300–1460 8C (Fig. 5).

According to Malysheva et al., the presence of several

endothermic effects is evidence of the multistage dehydration

and of the coordination bond between water and the Ca2+ ion,

since otherwise water would be removed in a single step. The first

removed water molecules are those bonded in the crystal lattice

with the PO4
3� anion by weak hydrogen bonds or with the Ca2+

cation by coordination bonds. Next, H2O molecules incorporated

in the first coordination sphere of calcium are removed [50].

The peak observed at a temperature of about 1300 8C,

associated with a much stronger endothermic effect than the

allotropic transformations, could be related to the formation of

an eutectic melt (liquid phase) between a-Ca2P2O7 and

Ca3(PO4)2, according to the phase diagram CaO–P2O5

proposed by Kreidler and Hummel [15,51]:

a-Ca3ðPO4Þ2þa-Ca2P2O7

! a-Ca3ðPO4Þ2þ liquidð1280�1290 �CÞ

According to Destainville et al. [15], this peak can be

detected in calcium phosphate powders containing more than

0.5 wt.% Ca2P2O7, suggesting that the obtained b-TCP powder

might contain Ca2P2O7 as second phase. It is possible that this

phase, together with the magnesium addition, alters the b! a

phase transformation temperature.

Therefore, DTA is very efficient for the detection of very low

amounts of CPP [15], being very difficult to identify this phase
by XRD analysis. In fact, the main diffraction peak of b-

Ca2P2O7 at 2u 29.551 is superposed with the diffraction peak of

the b-TCP phase corresponding to (3 0 0) Miller plane family

(JCPDS #09-0169).

Besides, the DTA curve presented two further sharp peaks at

1374 8C and 1460 8C. The first peak might be attributed to the

melting of pyrophosphate (Ca2P2O7, JCPDS #09-0345), result-

ing from the condensation reaction of the residual CaHPO4, and

the latter to the decomposition of unreacted HAp [52].

3.6. FT-IR analysis of as-dried and calcined TCP and Mg-

TCP precursors

In Fig. 6a and b FT-IR spectra of as-dried TCP and Mg-TCP

precursors are reported. Both as-dried sample presented the

characteristic pattern of calcium-deficient hydroxyapatite

[53,54]: n OH (3568 cm�1) and d OH (633 cm�1); n1 PO4

(962 cm�1), n3 PO4 (broad band 1020–1120 cm�1) and n4 PO4

(562 cm�1 and 602 cm�1); n2 CO3 (875 cm�1). The weak

absorption peak at 875 cm�1 could be ascribed to the P–O–H

vibration in the HPO4
2� group typical of non-stoichiometric

HAps [40]. The broad band at 2500–3700 cm�1 and the sharp

peak at 1636 cm�1 were associated to the presence of either

combined or absorbed water. Moreover, the lack of bands in the

range 700–750 cm�1 indicated the absence of calcium

carbonates, i.e. calcite (712 cm�1), aragonite (713 cm�1 and

700 cm�1) and valerite (745 cm�1). Finally, the absorption

band at 1385 cm�1 ascribed to nitrates was absent, indicating

that washings were efficient. Furthermore, the Mg-TCP

precursor showed a decreased intensity of OH�1 vibration

modes at 633 cm�1 (Fig. 6a) and 3568 cm�1 (Fig. 6b), as well

as a considerable broadening of the 700–1700 cm�1 PO4
3�

bands [35,36,55]. These effects are typical for Mg-substituted

calcium phosphates synthesized by wet methods and have to be

associated with the increased lattice disorder due to HPO4
2�

substitution [35,37,56].

As expected, FT-IR spectra of TCP and Mg-TCP precursors

calcined at 800 8C and 1100 8C differed considerably from

those recorded for the as-dried materials (Fig. 6c and d). In

details, the intensity of peaks associated to H2O was

remarkably decreased, and, with increasing the calcination

temperatures, the PO4
3� vibration peaks at 603 cm�1 and

568 cm�1 gradually merged [32].

In particular, the Mg-TCP precursor calcined at 800 8C
showed the typical FT-IR spectrum of the tricalcium phosphate:

the peaks at about 756 cm�1 and 1212 cm�1 might be ascribed

to the symmetrical stretching vibration of the P–O–P group of

the pyrophosphates (Fig. 6d). These bands were not detected in

the spectrum of the TCP precursor calcined at 800 8C,

suggesting that the investigated sample did not contain this

compound (Fig. 6c).

In fact, according to Raynaud et al. [17], in the case of

apatites with Ca/P ratio <1.50, bands ascribable to pyropho-

sphates at 720–725 cm�1, 920 cm�1 and 1200 cm�1 might be

detected [57]. On the other side, in calcium phosphates with Ca/

P ratio equal to 1.50, the bands associated to pyrophosphates

are absent. This phenomenon agrees with the condensation of
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Fig. 6. FT-IR spectra of: (a) as-dried TCP and Mg-TCP precursors betweeen 500 cm�1 and 1000 cm�1; (b) as-dried TCP and Mg-TCP precursors betweeen

2500 cm�1 and 4000 cm�1; (c) TCP precursor calcined at 800 8C and 1100 8C; (d) Mg-TCP precursor calcined at 800 8C and 1100 8C.
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hydrogenophosphate groups in calcium-deficient apatite. It

could be ascribed to the conversion of CaHPO4 into b-Ca2P2O7,

that occurs in the range 450–850 8C, according to the

mechanism proposed by Mortier et al. [49]. This reaction

was followed by the dehydroxylation of apatitic TCP into b-

Ca3(PO4)2 above 700 8C [17,50]:

2CaHPO4 �!
450 �C

dCa2P2O7 þ H2O

dCa2P2O7 �!
850 �C

b-Ca2P2O7

This corresponds with the decomposition of calcium-

deficient HAp that occurs around 750 8C, according to the

overall reaction:

Ca10�xðHPO4ÞxðPO4Þ6�xðOHÞ2�x

! ð1� xÞCa10ðPO4Þ6ðOHÞ2þ 3xCa3ðPO4Þ2þ xH2O

The pyrophosphates characteristic bands disappear in the case

of sample thermally treated at temperature higher than 1000 8C,

as observed in the case of Mg-TCP precursor calcined at 1100 8C
(Fig. 6d). Moreover, the TCP precursor heated at 1100 8C
showed the characteristic peaks of b-TCP (Fig. 6c) [15,32], in

good agreement with the previous discussed results. In details,

the peaks associated to the PO4
3� were detected at 944 cm�1,

968 cm�1, 1044 cm�1, 1094 cm�1, 1120 cm�1 [58] accompa-
nied by the disappearance of vibrations related to the P–O–P

group and of the bands of the hydroxyl group. This behaviour

could be ascribed to the reaction occurring between the P2O7
2�

and OH�, which usually takes place in the temperature range

500–680 8C [50]:

P2O7
2� þ 2OH� ! 2PO4

3� þH2O

4. Conclusions

The synthesis of pure and Mg-substituted b-TCP powders

was successfully pursued via a precipitation route, starting from

Ca(NO3)2�4H2O and (NH4)2HPO4, followed by a thermal

treatment above 800 8C. In the case of Mg-substituted powder,

Mg(NO3)2�6H2O was added as magnesium source. TCP and Mg-

TCP precursors consisted of submicrometric flake-like agglom-

erates. The specific surface area was 128 m2/g and 87 m2/g for

the TCP and Mg-substitute TCP as-dried precursors, respec-

tively. Calcination of as-dried samples at 800 8C produced

nanoparticles of uniform size with a significantly reduced

specific surface area (4–14 m2/g). Further thermal treatment at

1100 8C induced remarkable grain coarsening and micro-sized

particles were obtained. Moreover, in the case of Mg-TCP,

extensive sintering was also observed. On the basis of a

widespread characterisation, nanosized single-phase b-TCP
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powders were obtained by thermal treatment at 800 8C. The

incorporation of Mg promoted the formation of the b-TCP phase

and resulted in the stabilization of the b-polymorph up to

1600 8C.
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