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bstract

his paper reports a systematic investigation on Mg-substituted hydroxyapatite (Ca10−xMgx(PO4)6(OH)2) nanopowders produced by precipitation
f Ca(NO3)2·4H2O and Mg(NO3)2. The Mg content ranged between 0.6 and 2.4 wt%. Semicrystalline Mg-substituted hydroxyapatite powders
ade up of needle-like nanoparticles were obtained, the specific surface area ranged between 87 and 142 m2/g. Pure hydroxyapatite nanopowder
ecomposed around 1000 ◦C. Mg-substituted hydroxyapatites were thermally stable up to 660 ◦C (x = 1.0), 760 ◦C (x = 0.5) and 840 ◦C (x = 0.25)
howing a distinct decreased thermal stability with respect to the pure sample.

A relevant displacement of the sintering curve at lower temperature as a function of Mg content was observed, comparing to the behaviour of a
ure HAp material, synthesized following the same procedure, and ascribed to the �-TCP formation.
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. Introduction

Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) and �-tricalcium
hosphate (�-TCP, whitlockite, �-Ca3(PO4)2) are the most
sed calcium phosphate compounds as bone grafting materi-
ls in hard tissue implants and as materials for bone–tissue
ngineering applications, due to their excellent biocompatibil-
ty, ability to promote cellular functions and expressions, and
steoconductivity.1 The HAp lattice easily incorporates a variety
f substituents in the apatite structure, inducing modifications
n powder crystallinity, particle morphology, lattice parameters
nd thermal stability. It is well known that trace quantities of
ations (i.e. Mg2+, Zn2+, Sr2+) and/or anions (i.e. SiO4

4−, F−,
O3

2−) in HAp play a pivotal role in its overall biological per-
ormances. Among substituting cations, magnesium is widely
tudied, being the fourth most abundant cation in the human
ody (0.44–1.23 wt%). Enamel, dentin and bone contain, respec-

ively, 0.44, 1.23, and 0.72 wt% of Mg.2 It is well known that

agnesium is closely associated with the mineralization of cal-
ified tissues, directly stimulating osteoblast proliferation.3,4

∗ Corresponding author. Tel.: +39 0672594482; fax: +39 0672594328.
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agnesium depletion adversely affects all stages of skele-
al metabolism, causing cessation of bone growth, decreased
steoblastic and osteoclastic activities, osteopenia and bone
ragility.5 Consequently, the incorporation of Mg ions into the
Ap lattice is of great interest for the developing of artificial
ones. It has been shown that the presence of Mg2+ within
Ap lattice sensibly affects apatite crystallization in solution

nd its thermal stability, promoting the formation of �-TCP and
hus forming biphasic calcium phosphates (BCP). Besides, the
ncorporation of Mg2+ stabilizes the �-TCP phase, increasing
ts transition temperature to �-TCP above 1125 ◦C.

These materials are considered promising substitutes for bone
eplacement due to their unique biological features.6 In addition,
he control of Mg2+ incorporation results in tailored crystallinity,
olubility and morphology of the synthesized nanocrystals.4

The objective of this work is to synthesise pure and
g-substituted hydroxyapatite nanostructured powders with

ifferent Mg contents, aimed to study their sintering behaviour.
n fact, on our knowledge, only few papers report a sys-
ematic study focused on this relevant topic. Particle size

nd morphology were studied by electron microscopy (TEM,
EM), composition was determined by induced coupled
lasma–atomic emission spectroscopy and specific surface area
y N2 adsorption isotherms. Characteristic functional groups

mailto:ilaria.cacciotti@uniroma2.it
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.038
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Table 1
Designation and nominal composition of pure and Mg-substituted hydroxyapatites.

Sample Formula Ca/P molar ratio (Ca + Mg)/P molar ratio

HAp Ca10(PO4)6(OH)2 1.667 –
0
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.25Mg-HAp (0.60 wt%) Ca9.75Mg0.25(PO4)6(OH)2

.5Mg-HAp (1.2 wt%) Ca9.5Mg0.5(PO4)6(OH)2

.0Mg-HAp (2.4 wt%) Ca9Mg(PO4)6(OH)2

ere evidenced by Fourier transform infrared spectroscopy (FT-
R), the thermal behaviour followed by thermal analysis (DTA),
hermal stability evaluated by X-ray diffractometry (XRD, HT-
RD). Crystallinity degree, average crystallite size and cell
arameters were also estimated. The sintering behaviour was
valuated by thermal dilatometry. Density and microstructure
f sintered ceramics are also presented and discussed.

. Experimental

.1. Synthesis of pure and Mg-substituted hydroxyapatite

Pure and Mg-substituted hydroxyapatite powders were syn-
hesised in a double-walled jacket reactor at 40 ◦C under

agnetic stirring starting from calcium nitrate and diammonium
ydrogen phosphate.

Pure hydroxyapatite powder (HAp) was prepared adding
rop-wise (3–4 drops/s) 250 ml of an 1 M aqueous solu-
ion of calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, Aldrich
9.2%, MW 236.15) to a diammonium hydrogen phosphate
(NH4)2HPO4, Aldrich 99.2%, MW 132.06) solution, by the
ollowing reaction:

0Ca(NO3)2·4H2O + 6(NH4)2HPO4 + 2NH4OH

→ Ca10(PO4)6(OH)2 + 20NH4NO3 + 46H2O

The pH was continuously monitored and adjusted to 10 ± 0.1
y adding NH4OH conc. More details have been published
lsewhere.7

Magnesium-substituted hydroxyapatite powders (Mg-
Ap) of different composition (Ca10−xMgx(PO4)6(OH)2,
.25 ≤ x ≤ 1.0) were prepared assuming that magnesium ions
ould substitute for the calcium site in the HAp lattice in order

o obtain a nominal composition in term of (Ca + Mg)/P ratio
f 1.667 (Table 1). Mg-HAp powders were synthesised, adding
agnesium nitrate hexahydrate (Mg(NO3)2·6H2O, Carlo Erba

01.5%, MW 256.41) to calcium nitrate tetrahydrate solution,
n different concentrations (i.e. 0.025, 0.05, 0.1 M). Then, the
ame procedure described above was followed. The following
eaction occurred:

(10 − x)Ca(NO3)2·4H2O + xMg(NO3)2·6H2O

+ 6(NH4)2HPO4 + 2NH4OH

→ Ca10−xMgx(PO4)6(OH)2 + 20NH4NO3
+ (6 + 4(10 − x) + 6x)H2O 0.25 ≤ x ≤ 1

All precipitates were aged in mother liquor at room tem-
erature for 24 h, washed with an aqueous NH4OH solution,

t
s

d

1.625 1.667
1.583 1.667
1.500 1.667

acuum filtered, and finally dried in oven at 60 ◦C (as-dried
amples).

Sample designation, nominal compositions and formula of
ll synthesised materials are summarised in Table 1.

.2. Characterisation techniques

Chemical analyses of precipitates were performed by Induced
oupled Plasma Atomic Emission Spectroscopy (AES-ICP,
obinYvon JV 24R). The detection limits of ICP analysis are
.2 ppb at 393.366 nm for Ca, 76 ppb at 214.914 nm for P, and
ppb at 279.553 nm for Mg.

The thermal behaviour of as-dried samples was investigated
y simultaneous thermogravimetry and differential thermal
nalysis (TG–DTA, Netzsch STA 409) in the following condi-
ions: sample weight about 150 mg, heating rate 10 ◦C/min and
eak temperature 1500 ◦C.

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

Infrared spectra (Fourier Transform Infrared Spectroscopy,
TIR Perkin Elmer) were recorder in the region 500–4000 cm−1

sing KBr pellets (1%wt/wt), spectral resolution of 4 cm−1.
The specific surface area (SSA) of as-dried samples and

owders heated at 600 ◦C was evaluated by N2 adsorp-
ion (Sorptomatic 1900, Carlo Erba Instruments) using
runauer–Emmett–Teller (BET) method. The specific surface
rea was calculated from the volume of gas adsorbed in a
onolayer.8,9

The particle size (DBET) was also estimated by assuming the
rimary particles to be spherical

BET = 6

ρ · s
,

here ρ is the theoretical density of the sample (3.156 g/cm3 for
Ap and Mg-HAp) and s is the SSA.10

X-ray diffraction (XRD) (Philips X’Pert 1710) (Cu K� radi-
tion λ = 1.5405600 Å, 20–55◦ 2θ, step size 0.010◦, time per
tep 2 s, scan speed 0.005◦/s) analyses were performed on
oth as-dried and calcined powders at different temperatures
p to 1500 ◦C for 2 h. Phase evolution of as-dried powders was
ollowed by high temperature XRD measurements (HT-XRD)
Anton Paar HTK 1200) in the following conditions: Cu K� radi-
tion λ = 1.5405600 Å, 20–55◦ 2θ, heating rate 5 ◦C/min, peak

emperature 1100 ◦C, step size 0.010◦, time per step 2 s, scan
peed 0.005◦/s.

According to Landi et al.11 the crystallinity degree of as-
ried samples (Xc) corresponding to the fraction of crystalline
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Table 2
ICP-AES analysis of as-dried powders.

Sample Ca/P molar ratio Mg [mg/L] (Ca + Mg)/P molar ratio

HAp 1.658 – –
0.25Mg-HAp 1.683 0.48 1.686
0
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hase present in the examined volume was evaluated by the
elation:

c ≈ 1 − V112/300

I300

here I300 is the intensity of (3 0 0) reflection of HAp and
112/300 is the intensity of the hollow between (1 1 2) and (3 0 0)

eflections, which completely disappears in non-crystalline sam-
les. In agreement with Landi et al. a verification was done with
he relation:

002
3
√

Xc = K

here K is a constant found equal to 0.24 for a very large number
f different HAp powders, and B002 is the full-width at half-
aximum (in degrees) of reflection (0 0 2).
The average crystallite size D(hkl) in nm was estimated fol-

owing Debey–Scherrer equation12:

() = Kλ

β1/2 cos ϑ

here K is the shape factor equal to 0.9, λ the X-ray wavelength
equal to 1.541 Å for Cu K� radiation), θ the Bragg’s diffrac-
ion angle (in degrees), β1/2 the full-width at half-maximum
FWHM). The diffraction peak at 25.8◦ (2θ) corresponding to
0 0 2) Miller plane family of HAp (JCPDS file #09-0432) and
he diffraction peak at 32.9◦ (2θ) were chosen to calculate the
verage crystal size along to the crystallographic axis c and a,
espectively.13,14

Cell parameters of the hydroxyapatite phase were estimated

hrough the TREOR algorithm (Philips X’Pert Plus software)
or both pure and Mg-substituted powders, using XRD diffrac-
ion patterns of samples calcined at 1100 ◦C. The reference for
Ap was JCPDS #09-0432 (a = b = 9.418 Å, c = 6.884 Å, space

t
t
d
m

Fig. 1. TEM images and SAED patterns of as-dried sam
.5Mg-HAp 1.609 7.22 1.689

.0Mg-HAp 1.505 1.86 1.518

roup P63/m, theoretical density 3.156 g/cm3, Z = 1). The quan-
itative analyses in terms of volume fraction of �-TCP (Xβ) were
erformed on powders calcined at 1100 ◦C as follows15:

β = Iβ(0210)

Iβ(0210) + IH(211)
Xβ = PWβ

1 + (P − 1) Wβ

here I�(0210) and IH(211) are the XRD integrated intensity values
f (0210) �-TCP and (211) HAp reflections. The coefficient P,
epresenting the integrated intensity ratio of (211) HAp reflec-
ion to (0210) �-TCP reflection, was 2.275.16

.3. Sintering behaviour of pure and Mg-substituted
ydroxyapatite

On the grounds of TG–DTA and XRD analyses, powders
ere pre-treated at 600 ◦C for 1 h (heating and cooling rate of
0 ◦C/min) to prevent relevant weight losses during the densi-
cation process. Bars were cold uniaxially pressed at 400 MPa
nd dilatometric analyses (Netzsch 402E) were performed in

he following conditions: peak temperature 1250 ◦C, soaking
ime 1 h, heating and cooling rate 10 ◦C/min. Green and final
ensities were evaluated by geometrical and mass measure-
ents. Final microstructures were observed on fracture surfaces

ples of pure and Mg-substituted hydroxyapatite.



2 ean Ceramic Society 29 (2009) 2969–2978

b
S

3

3
p

T
p
(
o
m
p
l
w

m
(
p
n
p
p

b
t

F
H

o
b

h
s
a

F
H

972 I. Cacciotti et al. / Journal of the Europ

y the mean of a scanning electron microscope (SEM, Hitachi
2300).

. Results and discussion

.1. Microstructure and thermogravimetry of as-dried
recipitates

ICP-AES results on as-dried powders are reported in Table 2.
he synthesis allowed a good control over the chemical com-
osition of both HAp and Mg-HAp powders, the Ca/P and
Ca + Mg)/P atomic ratios being close to the stoichiometric value
f 1.667. Only in the case of sample 1.0Mg-HAp the (Ca + Mg)/P
olar ratio showed a strong deviation from the nominal com-

osition, the value being 1.518. Thus, the increased Mg content
ed to a calcium-deficient phase whose (Ca + Mg)/P molar ratio
as very close to that of TCP (Ca/P 1.500).
Particle size and morphology of as-dried powders were deter-

ined by TEM observations. In Fig. 1 TEM images and SAED
selected area electron diffraction) patterns of all samples are
resented. It resulted that samples are composed of needle-like
anoparticles of length 50–100 nm and width 10–20 nm. SAED
atterns exhibit spotted sharp and continuous rings that evidence

olycrystalline grains.

TG curves of all as-dried precipitates showed weight losses
etween 3% and 5% in the range 150–600 ◦C, associated to
he loss of combined water and carbonates, based on previ-

i
e
4
r

ig. 3. (a) HT-XRD spectra of sample HAp recorded between 30 and 1100 ◦C. (b) H
T-XRD spectra of sample 0.5Mg-HAp recorded between 30 and 1100 ◦C. (d) HT-X
ig. 2. XRD patterns of as-dried HAp, 0.25Mg-HAp, 0.5Mg-HAp and 1.0Mg-
Ap nanopowders.

us experimental data7 and as also stated by the FTIR analyses
elow.

XRD patterns of as-dried pure and magnesium substituted
ydroxyapatite powders are compared in Fig. 2. All XRD spectra
howed reflections associated to either HAp [JCPDS #09-0432]
nd amorphous calcium phosphate (ACP).1 The broad band typ-
cal of ACP were more evident in the case of Mg-HAp samples,

specially in the 2θ range between 28◦ and 32◦ and between
5◦ and 55◦.1,17–19 These observations were supported by the
esults on the crystallinity degree. In fact, the estimated value

T-XRD spectra of sample 0.25Mg-HAp recorded between 30 and 1100 ◦C. (c)
RD spectra of sample 1.0Mg-HAp recorded between 30 and 1100 ◦C.
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Table 3b
Diffraction angles (2θ) and d-spacings derived from experimental XRD patterns
of HAp and Mg-HAps samples calcined at 1100 ◦C and comparison with selected
JCPDS.

Sample (0 2 1 0) Plane

d-spacing (Å) 2θ

HAp 2.8778 31.051
0.25Mg-HAp 2.8529 31.329
0.5Mg-HAp 2.8548 31.308
1.0Mg-HAp 2.8483 31.381
J
J
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Moreover, thermal analyses (DTA) were also performed in
order to further investigate this point.

As previously assessed, pure HAp sample showed only one
peak around 1490 ◦C associated to the allotropic transformation
I. Cacciotti et al. / Journal of the Europ

as about 60% for the pure HAp, and 48%, 40% and 30%, for
.25Mg-HAp, 0.5Mg-HAp, and 1.0Mg-HAp, respectively. Thus
n good agreement with the literature,4,20,21 the crystallinity
egree progressively decreased with increasing the Mg content.

The mean crystallite size of as-dried HAp sample was about
4 nm and about 11 nm, along c and a axis, respectively. In the
ase of Mg-HAps it was 31, 23, and 30 nm along c axis and 10,
1, and 12 nm along the a axis, for 0.25Mg-HAp, 0.5Mg-HAp,
nd 1.0Mg-HAp, respectively.

.2. Thermal stability and thermal behaviour of pure and
g-substituted hydroxyapatites

In order to follow the phase evolution of the powders and to
ccurately define the thermal decomposition temperature, HT-
RD analyses were performed and the patterns of samples HAp

nd Mg-HAps are collected in Fig. 3a–d.
It has been evidenced that pure HAp decomposed above

60 ◦C. The thermal stability of Mg-substituted hydroxyapatites
howed a distinct decreasing trend with increasing the Mg con-
ent. In particular, 0.25Mg-HAp was thermally stable up to
40 ◦C, 0.5Mg-HAp up to 760 ◦C and 1.0Mg-HAp up to 660 ◦C.

According to the literature,22 the incorporation of Mg2+ led
o a gradual transformation of HAp in whitlockite between 300
nd 1000 ◦C, depending on the actual magnesium content. The
emperature onset of the thermal decomposition decreased while
ncreasing the Mg content.4 The destabilizing effect of Mg is
mputable to the smaller ionic radius of Mg2+ (0.65 Å) with
espect to Ca2+ (0.99 Å).22

Calculated cell parameters and volume fraction of �-TCP
Xβ) are presented in Table 3a, obtained on the spectra of pure
nd substituted HAps after calcination at 1100 ◦C. In good agree-
ent with the literature,17,20,21,23,24 a slight contraction of lattice

arameters was detected, due to the smaller ionic radius of
g2+. Only in the case of 1.0Mg-HAp, an increment of lattice

arameter a was detected.
In Table 3b, 2θ and d-spacing values of (0 2 1 0) plane relative

o the above �-TCP phase are compared with data reported in
he JCPDS cards of �-TCP (JCPDS #09-0169) and of 1.50 wt%

g-substituted TCP (Ca2.81Mg0.19(PO4)2, (JCPDS #70-0682).
It can be observed that in the case of HAp sample the 2θ and

-spacing values were very close to those reported in JCPDS
09-0169 for �-TCP. On the other side, the values derived from
he XRD patterns of Mg-HAp samples showed a considerable

hift with respect to JCPDS #09-0169, resulting much closer to
hose of JCPDS #70-0682. These results were in good agreement
ith the literature data and further support the stabilisation of
-TCP by Mg substitution.22

able 3a
alculated cell parameters of pure and Mg-substituted hydroxyapatite powders.

ample a [Å] b [Å] c [Å] V [106 pm3] Xβ (%v)

Ap 9.422(3) 9.422(3) 6.881(3) 528.519 8
.25Mg-HAp 9.416(2) 9.416(2) 6.879(1) 528.209 12
.5Mg-HAp 9.419(6) 9.419(6) 6.879(4) 528.500 21
.0Mg-HAp 9.44(1) 9.44(1) 6.866(7) 529.630 80 F

o

CPDS #09-0169 (�-Ca3(PO4)2) 2.8800 31.026
CPDS # 70-0682 (Ca2.81Mg0.19(PO4)2) 2.8549 31.306

According to Ryu et al.25 these results suggest that Mg is pref-
rentially incorporated into the �-TCP phase, the replacement
f Ca by Mg inducing a lattice contraction and the respective
isplacement toward higher 2θ angles of the �-TCP reflections.
he effect of the Mg incorporation becomes more and more
vident as the Mg content increases.4,25,26

In order to investigate the effect of the presence of magnesium
n the � → �-TCP phase transition, Mg-HAp samples were cal-
ined in the range 1300–1500 ◦C for 2 h and XRD analysis was
erformed (Fig. 4). According to the literature,1 in pure HAp the
→ �-TCP transition usually occurred above 1100 ◦C. In the

ase of Mg-HAp samples, the �-TCP phase appeared only above
300 ◦C, due to the stabilization of the �-TCP polymorph asso-
iated with magnesium incorporation,6 improving the HT-XRD
esults previously discussed.

Concluding, it resulted that Mg-substituted HAps synthesised
y wet methods were less thermally stable than the pure HAp, the
resence of Mg2+ ions increasing the stability of the ACP phase
gainst the conversion into apatite.2 The literature statements
ere confirmed since Mg-substituted ACP converted into HAp

nd/or whitlockite, depending on composition. The incorpora-
ion of Mg in the apatite lattice resulted in a further stabilization
f the �-TCP polymorph.
ig. 4. XRD spectra of 0.25Mg-HAp, 0.5Mg-HAp powders calcined at 1300 ◦C
r 1400 ◦C, and 1.0Mg-HAp powder calcined at 1300 ◦C, 1400 ◦C or 1500 ◦C.
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2−
Fig. 5. DTA curves of pure and 0.5Mg-HAp powders.

-TCP → �′-TCP.9 In the case of Mg-HAps, all DTA pat-
erns presented similar features: one peak was detected around
380 ◦C, due to the �-TCP → �-TCP allotropic transformation,
nd another one around 1470 ◦C, related to the high temper-
ture transformation �-TCP → �′-TCP27 (Fig. 5). Usually, the

-polymorph of TCP is the stable phase up to 1125 ◦C, at higher

emperature the transition to the �-polymorph occurs.1 In the
ase of the Mg-HAps, the incorporation of Mg in the apatite lat-

ig. 6. (a) FT-IR spectra of HAp and 1.0Mg-HAp as-dried powders. (b) FT-IR
pectra of 0.25Mg-HAp, 0.5Mg-HAp and 1.0Mg-HAp calcined at 1100 ◦C.
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ice result in a stabilization of the �-TCP polymorph at higher
emperatures.2,6

.3. FT-IR study of pure and Mg-substituted
ydroxyapatites

The FT-IR spectra of as-dried samples are reported in
ig. 6a, patterns of samples calcined at 1100 ◦C are compared

n Fig. 6b. The FT-IR spectra of as-dried samples present the
haracteristic pattern of partially carbonated hydrated hydrox-
apatites, as extensively discussed elsewhere7: strong bands
n the range 1460–1410 cm−1 indicating that carbonate groups
ubstitute PO4

3− in the hydroxyapatite lattice13,28 and further,
ands at 3570 and 631 cm−1, corresponding to the stretch-
ng and vibrational mode of the OH− groups, respectively
Fig. 6a). Moreover, according to the literature, Mg-HAps
howed a decreased intensity of OH− vibration modes at 630
nd 3570 cm−1, as well as a broadening of PO4

3− bands with
espect to HAp sample (Fig. 6a), the effect increased with the Mg
ontent.4,20 These effects are typical for Mg-substituted hydrox-
he increased lattice disorder due to HPO4 substitutions, the
atter usually increased with the Mg content.2,4,17,26

able 4
pecific surface area (SSA) and average particle size (DBET) of pure and Mg-
ubstituted hydroxyapatite powders.

ample As-drieda (m2/g) Calcined at
600 ◦C (m2/g)

DBET
b (nm)

Ap 77 45 25
.25Mg-HAp 51 32 37
.5Mg-HAp 142 68 13
.0Mg-HAp 87 27 22

a Samples were preliminarily treated with EtOH in order to eliminate absorbed
ater.
b The average particle size (DBET) was calculated on as-dried sample.

ig. 7. BET lines of as-dried samples of pure and Mg-substituted hydroxyap-
tites.
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However, it is generally difficult to distinguish between
PO4

2− and CO3
2− groups due to the overlapping of the

haracteristic peaks around 870 cm−1.2 FT-IR of calcined sam-
les differ considerably from as-dried materials (Fig. 6b). In
etails, all bands associated to carbonate ions disappeared,

ands associated to combined water at 1636 and 3430 cm−1

ecreased sensibly, only for HAp sample the intensity of OH
ibration modes at 632 and 3572 cm−1 increased sensibly.
or all Mg-HAps, it was evidenced that the intensity of these

9
T
a
a

ig. 8. (a) Dilatometric curves of pure HAp, 0.25Mg-HAp, 0.5Mg-HAp and 1.0M
.0Mg-HAp.
eramic Society 29 (2009) 2969–2978 2975

eaks decreased with increasing the Mg content (Fig. 6b).
oreover, as the Mg content increased, a slight shift of the
H− peak at 3572 cm−1 and a considerable broadening of the
00–1700 cm−1 phosphate bands were observed.29

In detail, in the case of 1.0Mg-HAp sample, extra peaks at

42, 948, 962, 972, 9861, 1044, 1090, 1120 cm−1 were detected.
hese bands can be ascribed to the PO4

3− vibration modes char-
cteristic of tricalcium phosphate, in good agreement with Pena
nd Vallet-Regi30 (Fig. 6b). In fact a high content of �-TCP

g-HAp. (b) Derivative curves of pure HAp, 0.25Mg-HAp, 0.5Mg-HAp and
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Table 5
Density and sintering data of pure and Mg-substituted hydroxyapatite materials.

Sample Green density (g/cm3) [%]a Fired density (g/cm3) [%] 1250 ◦Ca Linear shrinkage (%) Inflection temperature (◦C)

HAp 1.68 [53] 2.90 [92] 18 1040
0.25Mg-HAp 1.49 [47] 2.69 [85] 21 861–1161
0.5Mg-HAp 1.44 [46] 2.68 [85] 23 798–1221
1.0Mg-HAp 1.43 [45] 2.68 [85] 22 736–1161

a Theoretical value of pure HAp, dth = 3.156 g/cm3.

Fig. 9. SEM micrographs of fracture surfaces of pure and Mg-substituted hydroxyapatites.
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s present as second phase in 1.0Mg-HAp powder calcined at
100 ◦C (Table 3a), as shown in high temperature X-ray diffrac-
ion pattern (Fig. 3d).

.4. Specific surface area of pure and Mg-substituted
ydroxyapatites

The average particle size (DBET) of as-dried nanopowders as
ell as the specific surface area (SSA) of as-dried and 600 ◦C-

alcined powders are presented in Table 4. In Fig. 7 the BET
lots of all as-dried samples are reported. Sample 0.5Mg-HAp
howed the highest SSA, and, as expected, calcination induced
lowering of SSA values, particularly for the 1.0Mg-HAp. The
alculated DBET ranged between 13 and 37 nm. The results were
n agreement with TEM observations (Fig. 1) and the mean
rystallite size as determined by XRD.

It can be observed that in the case of 0.25Mg-HAp and 0.5Mg-
Ap nanopowders, the particle size decreased with Mg content,

n good agreement with Zyman et al.29 As reported in Table 2,
oth as-dried samples showed a (Ca + Mg)/P ratio close to the
toichiometric value of HAp (i.e. 1.667) and presented a low
olume fraction of �-TCP (Table 3a). On the other side, sample
.0Mg-HAp was characterized by a (Ca + Mg)/P ratio close to
hat of TCP (i.e. 1.500) and contained a much higher volume
raction of �-TCP (Table 3a). As a consequence, the average
article size of this sample did not follow the expected trend.29

.5. Sintering behaviour of pure and Mg-substituted
ydroxyapatites

The dilatometric curves and the linear shrinkage rate of the
ifferent samples are compared in Fig. 8a and b, up to 1250 ◦C.

Pure HAp showed an onset shrinkage temperature around
40 ◦C, the maximum sintering rate temperature being located at
bout 1050 ◦C. The shrinkage was completely recovered during
he heating step and reached a total value of about 18%.

On the other side, Mg-substituted HAps presented an onset
emperature at approximately 680 ◦C for the lower magnesium
ubstituted powders, while at 630 ◦C in the case of 1.0Mg-HAp;
he related shrinkage can be reasonably associated to the begin-
ing of the phase decomposition,17 which then overlapped to the
tarting densification. This phenomenon also implies the appear-
nce of the first peak on the derivative curves, centred at 861,
98 and 736 ◦C for x = 0.25, 0.5 and 1.0, respectively. In the case
f samples 0.25Mg-HAp and 0.5Mg-HAp, these results were
n good agreement with HT-XRD analyses. On the other side,
or sample 1.0Mg-HAp, containing an higher Mg amount, the
ecomposition temperature determined by means of HT-XRD
easurements was lower, e.g. 660 ◦C.
Furthermore, the maximum sintering rate temperatures of

g-HAp materials are displaced to higher values with respect
o pure HAp, and a higher total shrinkage was recovered,
robably associated to the incorporation of the smaller Mg2+
ons on Ca(V) sites in the TCP lattice with a consequent �-
tabilization.14 In fact, the maximum shrinkage rate temperature,
rom the second peak on the derivative curves, was placed
t 1161 ◦C for 0.25Mg-HAp and 1.0Mg-HAp and at 1221 ◦C

R
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or 0.5Mg-HAp, the total shrinkage being 21%, 23% and 22%
or 0.25Mg-HAp, 0.5Mg-HAp and 1.0Mg-HAp, respectively.

part of this shrinkage was recovered during the isothermal
tep, so that dilatometric analyses at lower temperatures were
ot performed.

Green and fired densities are collected in Table 5. The com-
ent to these data is difficult to be performed since all the
aterials presented variable amounts of second phases, precisely
-TCP and �-TCP for pure and Mg-HAps, respectively, having
different theoretical density than pure HAp. A more precise

omparison on the final densification achieved by the different
aterials can be performed exploiting the SEM micrographs of

he materials sintered at 1250 ◦C for 1 h (Fig. 9).
The final densities of Mg-substituted HAps are lower than

Ap one, in good agreement with literature data31; this is due to a
ore relevant residual porosity, whose amount seems to increase
ith the Mg content. The pores, having a diameter of about
.8–1.0 �m, are surrounded by a ceramic matrix characterized
y a relevant grain coalescence, as in the case of the pure HAp.

. Conclusions

High specific surface area Mg-substituted hydroxyapatite
anopowders (Ca10−xMgx(PO4)6(OH)2, x = 0.25,0.5 and 1.0)
ere successfully pursued by precipitation, starting from
a(NO3)2·4H2O, (NH4)2HPO4 and Mg(NO3)2. Up to x = 0.5,

he process allowed a good control of the chemical composi-
ion of Mg-substituted hydroxyapatite nanocrystals. The further
ncrease of Mg content induced the formation of a calcium
eficient phase. The crystallinity degree of as-dried precipitates
ecreased with increasing the Mg content. A slight decrement
f the lattice parameters was observed up to x = 0.5. The volu-
ic fraction of TCP increased with Mg content accompanied

y decreased thermal decomposition temperature. The incor-
oration of Mg promoted the formation of the �-TCP phase
nd resulted in the stabilization of the �-polymorph up to
300–1400 ◦C.

All materials showed good sinterability, the maximum sin-
ering rate temperatures of Mg-HAp materials were displaced to
igher values with respect to pure HAp. The Mg incorporation
nduced an increased residual porosity (i.e. average pore size
bout 1 �m).
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