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ABSTRACT: Magnesium- and fluoride-co-substituted hydroxyapetites (CagMg(PO.)s(OH)..,F,, where 0<y<2, have
been synthesized by the hydrotherma method. The X-ray diffraction showed that al the powders were single-phased.
The sintering behavior of powders was studied by dilatometry from 25 to 1200°C, and the sintered samples were
investigated by using the XRD and scanning eectron microscopy. During heating, there was a decomposition of the
apatite due to the presence of Mg. The nature of the formed products was closaly related to the fluorine content. For the
compositions rich in fluorine, the end of the shrinkage was interrupted by the formation of a liquid phase thereby
inducing the crystallization of needle like-crystals through a dissol ution-diffusi on-repreci pitation process.
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RESUME: Des hydroxyapatites co-substituées au magnésium et au fluor (CagM g(PO4)(OH),.,F,), ou 0 <y < 2, ont é&é
synthétisées par la méthode hydrothermale. La diffraction des rayons X a montré que toutes les poudres étaient
monophasées. Le comportement au frittage des différents composés a été étudié par dilatométrie de 25 a 1200°C, et les
échantillons frittés ont éé analysés par DRX et microscopie éectronique a balayage. Pendant le chauffage, la
décomposition de I’apatite a été reliée a la présence de Mg. La nature des produits formés dépendait éroitement de la
teneur en fluor. Pour les compositions riches en fluor, la fin de retrait a éé interrompue par la formation d'une phase
liquide, induisant la cristallisation des poudres sous forme de batonnets, selon un processus de dissol ution-diffusion-
reprécipitation.

Mots-clés: Apatite; Frittage; Comportement thermique

1. INTRODUCTION

Hydroxyapatite (Cajo(PO4)s(OH)2, HA) is the main ceramic material employed in dental,
orthopedic and maxillofacial applications thanks to its chemical composition and crystallographic
gructure similar to those of mineral bones [1], which contribute largely to its bioactivity and
biocompatibility [2,3]. However, there is a significant difference between the apatite contained in
the mineral bone and the synthetic HA. Biological apatite is nonstoichiometric, poorly crystallized
and containing several trace dements like Na*, Sr**, Mg®*, F, CI", CO5%, etc. As these differences
play a dgnificant role in the physical, biological and mechanical properties of the apatite, a
particular attention has been paid in the lagt 30 years to the improvement of the hydroxyapatite
behavior in the human body.

Thus, several studies have been carried out in order to determine the subgtitution effect of
calcium, phosphorus and hydroxyl group by other species such asthose listed above. Among them,
magnesium and fluorine are known to play an important role in many biological functions[4-6].

Fluorine is consdered a powerful protective-agent against dental caries [7], it strengthens the
bone structure [8] and improves the bonds between the bone and implant [9-11]. Furthermore,
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fluorine increases the cristallinity and stability of the apatite and decreases its solubility [12-24].
Therefore, when fluorine isincorporated into bone mineral, itsresorption is reduced.

Magnesium is one of the most important mineralsin the body [25]. It is needed for more than
300 biochemical reactions. Nevertheless, approximately 50% of the total human body amount is
found in the skeleton [26,27]. A magnesum deficiency alters the calcium metabolism [28]. This
creates an imbalance in the osteoblast and osteoclast activities leading to bone fragility [29]. The
joint adminigration of Mg and F seems to have a more beneficial effect [30-32]. Unlike the
fluorine, the incorporation of Mg into the HA sructure inhibits its crystallization, increases its
dissolution and affectsits thermal stability [13,33-40].

Thus, the literature review reveals that the incorporation of Mg or F into the hydroxyapatite
was widdy investigated. Also, reports on the co-substituted hydroxyapatite with Mg and other
cations or F and other anions are found in the literature [41,42]. Nevertheless, only few articles,
recently published, were devoted to the synthesi s of Mg/F-co-substituted hydroxyapatites [32,43] or
to obtain hydroxyapatite-p-tricalcium phosphate composites with co-substituted elements such as
Mg, Na and F [44] or Mg, K, Na F and Cl [45]. However, no studies on the sintering behavior of
these materialsare availablein the literature.

The aim of this work is to invedtigate the sintering behavior of Mg/F-co-substituted
hydroxyapatite powders using dilatometry, XRD and SEM.

2. EXPERIMENTAL PROCEDURE

The Mg-containing hydroxyfluorapatites were prepared via the hydrothermal method, using
Ca(NO3),.4H,0, Mg(NOs)..6H,0, (NH,4).HPO, and NH,F as the starting reagents. Appropriate amounts of
these reactants were weighed according to the stoichiometric formula of CagMg(PO.)e(OH)..yFy, wherey =
0.0, 0.5, 1.0, 1.5, and 2, and introduced with 5 cm® of deionized water in a Teflon vessel (model 4749 Parr
Ingrument). The pH of the mixed solution, maintained under vigorous girring was adjusted to 9 by the
addition of a concentrated ammonium hydroxide solution. After that, the seded autoclave was put into an
oven and the temperature was raised to 180°C, followed by a holding time period of 6 h. Then, the oven was
naturally cooled. The precipitates were filtered, washed with deionized water and dried a 70 °C for 24 hours.

In the following sections, the sampleswithy = 0, 0.5, 1, 1.5 and 2 will be labded as MHA, MHF A,
MHF,A, MHF;sA and MFA, respectively.

The obtained powders were submitted to a chemical anayss. Calcium and magnesum were analyzed
by the atomic absorption spectroscopy. Phosphorus was estimated by the phosphovanadomolybdate method
[46] and fluoride potentiometrically with a specific ion electrode.

The phase compositions of the as-prepared powders and sintered samples were determined by the X-
ray diffraction (XRD) (Philips PW 1800 diffractometer) usng Cu-Ka radiation. Scans were run from 20 to
55° with a step sze of 0.1, and a counting time of 1 s per step. The lattice parameters of the as-prepared
powders and the phase distribution for the sintered samples were determined by the Rietveld refinement of
the XRD data using the Fullprof program [47].

The specific surface area (SSA) of the as-prepared powders was measured by the BET method using
N, as an adsorption gas (Belsorp 28 SP). The primary particle Sze, Dger, Was estimated by assuming the
primary particlesto be spherical:

DRET =2 (1)
p.S

where p and sare the theoretica dendty and the SSA of the powder, respectively.

The particle sze of the powders was also analysed by laser granulometry (Malvern insruments,
Magters zer 2000).

The dilatometry was conducted usng a Setaram TMA 92 dilatometer on the as-prepared powders.
Pellets of 10 mm in diameter and 5 mm in thickness were uniaxially pressed and used as samples. A heating
rate of 10°C/min was employed up to 1200°C.
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The microgructures of the sntered ceramics were studied using the scanning electron microscopy

(PHILIPS SEM, Model XL 30).

3. RESULTSAND DISCUSSION
3.1. Starting powders

The reaults of the chemical analysis of the as-synthesized powders are summarized in Tablel.

For all the samples, the (Ca+tMg)/P molar ratios were smilar to the theoretical value of 1.67. In
addition, as shown in Table I, the fluoride amounts were close to the nominal content.

Tablel: Chemica anadysis data of as-prepared powders
Compositions (atoms)

MHA MHFsA MHFA MHFsA  MFA
Ca 9.035 8.860 9.037 9.035 8.880
Mg 0.900 0.940 0.960 0.960 0.916
P 5.900 5.890 5.980 5.960 5.890
F - 0.510 0.980 1.500 1.920
Ca+Mg/P 1680 1.663 1.671 1.677 1.663

The XRD patterns of the powders are presented in Fig. 1. All the XRD patterns matched the
gsandard for HA (JCPDS #09-0432) or FA (JCPDS #00-071-0880), and no secondary phases were
detected for any of the different compositions. The gradual shift of the position of the peak (300)
towards the higher angles as the fluorine content increased is an evidence of the incorporation of F
into the apatite structure, and the formation of the MHFA solid solution (Fig. 1). It is well known
that the subgtitution of F for OH" induces the contraction of the a parameter while c remains

002
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207
Fig. 1: XRD patterns of as-prepared powders.

practically congtant [16]. The insertion of Mg within the HF;A lattice can be evidenced by
comparing the lattice parameters of the MHF;A sample with those of HF1A. The calculated values
of a and c are 9.386(2) A and 6.861(5) A, and 9.398(4) A and 6.873(2) A, respectively. The
decrease in the lattice parameters of MHF1A confirms the incorporation of Mg, in agreement with
its size (0.72 A) smaller than that of Ca®* (1.00 A).

The particle sze and the SSA are some of the most important properties, which are necessary
to consider because the sintering as well as the mechanical properties of ceramics strongly depend
on these parameters [48]. The characterigtics of the as-synthesized powders are illustrated in Table
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1. Compared to HFA, the SSA value of MHFA is higher, respectively 47 and 59 m>.g™. Thisisin
line with the inhibitor role of Mg on the apatite crystallization in solution [33-40]. For the Mg-
substituted hydroxyfluorapatites, in agreement with the literature for the hydroxyfluorapatites
[12,14], the SSA increased as the content of F ions did, reached a maximum for x = 0.8-1.0 and
then decreased. This maximum in the SSA was related to the interaction between the fluoride and
hydroxyl ion. However, in the present case, the maximum was observed for y = 0.5. Assuming the
powder particlesto be spherical in shape, the average szes were calculated using Eq. (1) (Tablell).
The Dggr values follow the same variation as the SSA.

Tablell: the specific surface area measurements and particle size values (D) of the as-prepared powders
Compostions
MHA MHFsA MHFA MHF A MFA

SSA (m2/g) 49 638 59 54 51.7
Deer 102 (um) 39 30 32 35 36
Dso (1) 12 92 8.4 76 4.1

The particle size distribution of the powder was aso determined by using the dynamic laser
scattering method (Fig. 2). Regarding this figure, it appears that the particle size distribution of the
powders was multimodal: the first particle population had a narrow size distribution 0.1-0.4 pm
while the particles corresponding to the second population were distributed in a wider Szerange 1-
70 pum. A third population is observed for MHA (80-300 um). It isinteresting to note that for y =
0.5, the particle size digribution had a different shape from those of the other powders. The peak
corresponding to the second population is much broader. The size distribution varies from 1 to 400
pum. This change in the particle sze digtribution may presage a change in the behavior of this
composition. The mean particle sizes, Dso, of the powders are given in Table |1, too. These values
are much higher than those of Dggr, indicating that the powders were agglomerated. This could be
resulting from the agglomeration of particles with the submicrometer sizes (first population)
consecutive to the increase of attraction between them with a decreasing particle size due to Van der
Waals interaction [49-51].

According to the literature, the incorporation of Mg®* leads to the decrease of the
temperature decomposition of the hydroxyapatite [ 33-40] while with the substitution of F for OH",
the temperature onset of the thermal decomposition increases with the increase of the fluoride
content [12-24]. The ATG analysis performed on these powders confirms that Mg and F have an
opposite effect on the thermal stability of HA [43]. Compared to the HFA, MHFA decomposed at a
much lower temperature. This was related to the presence of Mg, which degtabilizes the HA
sructure [33-40]. For MHF/A, a shift in the decomposition temperature to higher values was
observed when the F content increased, in agreement with the stabilizing role of fluorine [12-24].

3.2. Sintering behavior

Fig. 2 displays the shrinkage behavior and the shrinkage rate of powder compacts versus the
temperature. For MFA, as described in the literature [52,53], the shrinkage occurred in two steps
(Fig. 2€). The first one started at about 600 °C, and achieved a maximum sintering rate at 670 °C.
The second step, corresponding to the major densification, reached a maximum rate at about 940
°C. From 1050 °C, an expansion with a low amplitude was observed. The overall linear shrinkage
was found to be 18.7 %. In contrast, for MHF1 sA and MHF; A, the shrinkage took place practically
in one step beginning at about 570 and 650 °C, respectively, and its maximum was located at 855
and 940 °C, respectively. An expanson of the samples occurred at about 1020 and 1125 °C,
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respectively. Before the expansion, the shrinkage, which was complete, reached values of 20 and
18.2 %, respectively.
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Fig. 2: Particle size distribution of as prepared powders.

Asfor MFA, the shrinkage for MHFysA and MHA occurring in two steps started at 646 and
670 °C, respectively with a maximum for the major densification at 1060 and 1044 °C (Fig. 2b, a).
However, for the latter material, the first one was minor whereas it was around 5% for MHFgsA. It
IS more important than that for MFA. Unlike materials with y> 0.5, these two materials did not
expand at the end of the densfication. The total shrinkage for both materials was approximately
18%.

Compared to MHA, the linear shrinkage of MFA was dightly larger, and the temperature at
which the powder began to shrink and that at which the sintering rate was maximum were much
lower, indicating a higher sinterability of this material. This behavior cannot be explained only by
the SSA of the powder, which was slightly higher (Table Il), it would be related to the mobility of
F species, higher than that of OH™ ones [12, 18]. For MHFysA, athough it had the highest SSA
value (Tablell), it exhibited the lowest sinterability among all the samples. The SSA isknown to be
the driving force of the densification. Furthermore, the mobility of the fluoride ions higher than
those of the hydroxyl ones should improve the densification. With respect to MHA, the low
sinterability of MHFysA might be ascribed to the interactions between the hydroxyl and fluoride
ions, limiting thus their diffusion [12], and consequently the densfication of the material. Gross and
co-workers [18] and Senamaud and co-workers [12] studying the sintering of hydroxyfluorapatite
had observed that a large decrease in density occurred for the 60% and 50% fluorided samples,
respectively. They attributed this decrease in density to the interactions occurring between fluoride
and hydroxyl ions. Indeed, when the fluoride ion is present in the hydroxyapatite network, a
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hydrogen bond is formed between these ions and the hydroxyl ones [54], which reduces the
mobility of these species, and consequently the densification.
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Fig. 2: Shrinkage and shrinkage rate curves of the MHF,A (0<y<2) samples sintered up to 1200°C: (a) MHA, (b)
MHFqsA, () MHF, A, (d) MHF;sA and (e) MFA.

For MHFA and MHF; sA, the shrinkage curves should also include two steps as is the case
for the other materials. The observation of the shrinkage rate curves, particularly that of MHF A,
shows that they include many shoulders suggesting that the shrinkage occurred in a successon of
steps. We notice that for these materials, the interactions between F and OH™ should still exist, and
their maximum effect should be observed for the latter ssmple [12].

Fig. 3 shows the XRD patterns of the samples sintered at 1000 °C for 1 h. For MHA and
MHFys5A, besdes the apatite, the patterns contained extra peaks indexed for the 3-Mg-substituted
tricalcium phosphate (3-MTCP) on the basis of JCPDS card #070-0682. It is well known that Mg
destabilizes the hydroxyapatite and favors its thermal decomposition into B-MTCP [13,33,35,38].
For MHFA, XRD analysisrevealed in addition to MTCP the sanfieldite (CasMgs(PO4)s) (JCPDS
#11-0231), while for MHF1 5A, this latter phase was the only secondary phase detected. In the case



::“:I
] J SamiaNsar et al., J. Soc. Chim. Tunisie, 2012, 14, 191-200 197

Ll Ll Lyeaall

of MFA, the secondary phase was the wagnerite, Mg,FPO, (JCPDS #00-074-1236). Thus, during
the sintering, the apatite decomposed. However, at a given temperature, when the F content
increased up to y = 1.5, the amount of the secondary phases decreased (Table I11), indicating that
the structure became more stable. Furthermore, the nature of the decomposition products is in
connection with the fluorine content.

T = 1000°C Unmarked peaks-apatite
* Wagnerite Mg F(PO,)

~ Stanfieldite Ca Mg (PO ),
S ° p-TCMP Ca, Mg, (PO,

0.19
_o

o ho" ‘l‘M ‘ ° o o <] L/ 0
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20°

Fig. 3: XRD patterns of sinterd powders at 1000°C for 1 h.

Tablelll: Phase composition of the samples sintered at 1000°C for 1 h (XRD data)

Samples MHA MHFysA MHFA MHF A MFA
FA/HA wt% 42.67 52.23 87.06 93.6 90.99
MTCP wt% 57.33 47.77 2.23 - -
CaiM gs(PO4)4 wt% - - 10.71 6.35 -
M ngPO4 wit% - - - - 9.10

Kannan and co-workers [55] have observed that at high temperature, the hydrtoxyfluorapatite
has logt a significant amount of fluorine. The log amount remained constant whatever the
incorporated fluorine content is. Table IV shows that there was also a loss of fluorine during the
heat treatment but the amount lost, which was important, was not constant. It was closely related to
the amount initially inserted.

TablelV: Chemical analysis of Fluorine of the samples sintered at 1200°C for 1 h
samples MHA MHF;sA MHFRA MHFsA MFA
F (atom) - 0.09 0.11 0.33 0.43

SEM micrographs of the fracture surfaces of samples sintered at 1000° and 1250°C are shown
in Figs. 4 and 5, respectively. In agreement with the dilatometric curves, Fig. 4 shows that at
1000°C the sample MHFpsA was less dendfied than the other samples, athough its SSA was
larger. As indicated previoudy, this behavior could be ascribed to the interactions between F and
OH" species, which limited their mobility. From Fig. 5, two types of microstructure fully consistent
with the shrinkage curves can be distinguished. For the MHF,A, MHF; sA and MFA samples, the
microstructures suggest that there was a formation of a liquid phase during the heat treatment. As
observed, they exhibit many large pores in which there are needle-like crystals (Fig. 5¢, d, €). The
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liquid phase seems to increase with the increase of the fluorine content. Such a microstructure was
observed for the magnesium-substituted fluorapatite sintered with additives [56]. For the MHFpsA
sample, the microgtructure appears well densified, only few pores appear at the triple grain
boundaries (Fig. 4b). At 1250 ° C, The MHFysA sample seems better densified than the other
samples. This might be due to the lack of the liquid phase on the one hand, and the influence of the
temperature whose effect became much more important than that of the interactions between OH"
and F on the other hand.

Fig. 4. SEM micrographs of fracture surfaces of the samples sintered a 1000°C for 1h: (&) MHA, (b) MHFgsA, (c)
MHFA and (d) MHFsA.

Fig. 5: SEM micrographs of fracture surfaces of the samples sintered a 1250°C for 1h: () MHA, (b) MHFsA, (c)
MHF;A, (d) MHF_sA and () MFA.

A review of the literature revealed that the pure HA [38] and FA [57] as well as the HFA
shrink in one step [24]. Therefore, in the present case, the observed shrinkage in two steps would be
related to the presence of Mg. Indeed, the dilatometric curves in two steps, obtained by Hidouri
[53], and Cacciotti [38] for MFA and MHA, respectively, corroborate this assumption. Also, a
sntering behavior in two steps is observed for many other sysems. For the sntering of the
monazite-brabantite solid solution, the first step isrelated to the grain coal escence [58] while in the
case of the sintering of aluminum nitride in the presence of Y ,03, the first step is attributed to the
particle rearrangement [59].

In our case, the first step would be attributed to the rearrangement of particles. Indeed, it is
well known that the incorporation of Mg into the hydroxyapatite structure inhibitsits crystallization
in solution and lowers its thermal sability [33,38]. In contragt, the subgtitution of F for OH"
improves the crystallization and the thermal stability of the hydroxyapatite [12,24]. Yet, it seems
that the effect of Mg is more pronounced than that of F since all the samples decomposed during the
sintering in contrast with the hydroxyfluorapatite solid solutions; the decomposition of the material s
could also be responsible for the first stage. Neverthe ess, with the increase of the fluorine content,
the decomposition product amounts decreased, and the temperature of the onset shrinkage and that
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at which the shrinkage was maximum shifted to the low values. This can explain the better
dengfication of they = 1.5 sample.

At the end of the sintering, the observed expansion was due to the formation of a liquid phase
resulting from an eutectic between the M g-substituted hydroxyfluorapatite and impurities present in
the starting powders such as CaF, [53,60]. This latter was not detected by XRD because, probably,
of itslow amount. The formation of the liquid phase was also promoted by the presence of Mg.

In the absence of the liquid phase for al the materials, the densfication mechanisms during
sintering can occur by lattice and/or grain boundary diffusion, while after the formation of the liquid
phase, the densification would be governed by the dissolution-diffusion-reprecipitation process
leading to the formation of the needle like-crysals.

3. CONCLUSION

Mg-substituted hydroxyfluorapatites powders with the chemical formula CagMg(PO4)s(OH)2yF,
with 0<y<2 were prepared usng the hydrothermal method. The characterization results can be
summarized asfollows:

1. Theformed solid solution is continuous between the HA and FA limiting phases. No other
phosphate compounds were detected in the as-prepared powders.

2. The evolution of SSA with the fluoridation degree is similar to the one reported in the
literature for the HFA solid solution. The SSA increased as a function of the fluorine up to
y = 0.5, and then decreased.

3. The dilatometric study showed that the shrinkage occurred in two stages for MHA,
MHFosA and MFA, while for MHFA and MHF; 5A, it took place in one stage. For the
compositions rich in fluorine, the shrinkage was interrupted by an expansion, which was
attributed to the formation of a liquid phase leading to the crystallization of needle like-
crystal's according a dissolution-diffus on-repreci pitation process.

4. Among all the samples, MHFsA exhibited the lowest sinterability although its SSA was
the highest. This is related to the interaction between the fluoride and the hydroxyl ions.
However at 1250°C, compared to other samples, it appeared better densified. The effect of
the temperature became much more important than that of the interactions between OH"
and F ions.

5. During the heat treatment, compared to HA, the Mg lowered the decompostion
temperature of MHA while the fluorine increased it. The nature and the amount of the
decomposition products were tightly related to the fluorine content inserted in the apatite
Sructure.
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