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Abstract

The presence of fluoride, lithium and carbonate group within hydroxyapatite occurring naturally within
the body provides the basis for investigating the sintering abildg-etibstitutedydroxyfluorapatites
nanopowders for use as biomateri@soxLix(PQu)s-x(COs)x(OH)F nanopowders, with x equal to 0,
0.5, 1, 1.5, 2 and 2\Were prepared using memnosynthesis anttheir extensive characterizatiavas
realized Substitution causes contractiohthe unit hexagonal cetllongthe a-axis and elongation
alongthec-axis as well as a decrease in thegree otrystallinity of the powdes, and an increase of
theamouns of unreacteatalcium and lithium carbonateSrystallite sizes and strains, determined by
the Halder& Wagner method, remain the same whateveéSpectroscopic analyses show thatyBe
carbonated apatite formed Annealing at 500°C improves the crystallinity of the apatite phase with
low percentages of calcite and lithium phosphate as secondary [pha@es ransmission electron
microscopy observations show thamtreated anctalcined powdes consist manly of spherical

nanoparticlesAs-medanosynthesize€aLi(PO4)s5(COs)(OH)F powder sintered by Spark Plasma
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Sintering,densifiesin the temperature range of 580 to 650 T@e crystallite size remains the same

than that of the untreatggbwder (about 15 nm)

Key words: Mechanosynthesis, Nanoparticles, Hydroxyfluorapatité, drid CQ? substitution,

Sintering

1. Introduction

Biomaterials are widely used in the medical field, for example to replace or repair defective hard
tissues in the human body. These biomaterials can be divided into four categories: calcium phosphate
based bioceramics, metals and alloys, polymers andialatef naturabrigin. Bioceramics contain
various species commonly found in bones such &5 €&%, Mg?*, Na", SP*, F and OH«[1] .
Apatite is a large privileged family of calcium phosphates, which has been extensively dtuitigd
the last few decades. Their general formula ig(KDa4)sY2 where M is a divalent cation, Y a
monovalent anion and X{a trivalent anion. Apatite generally crystalkzaa the P@/m space group
(hexagonal lattice?].

Apatite are used inarious applications particularly in the chemical fertilizer indugdjy in
surgery as bone substituf@$, for fluoride phosphor lamd$], in pharmacy and in chromatography
as acatalyst, for luminescend6], laser materials, fuel cell$] and conditioning matrices for nuclear
materials[8]. Hydroxyapatite and fluorapatite are thestknown compounds of this famil{9]. The
flexibility of this structureopens the door ttotal or partial substitution in the cationic and anionic
networks[10]. Cawo(PQw)sF(OH) (HFA) is a welknown biomateriainvolved in dental and bone
formation in the bodyl1]. When used aan implant, HFA does not cause an inflammatory cellular
response. It is naturally present in tooth enamel witlors replacing OHup to 50 %. HFA and

fluorapatite are also less soluble and more stable than hydroxydp2lite



Different synthesis methods have been used to prepare apatitesamlideaction at high
temperaturgl?2], precipitation in an aqueous medifib3], hydrolysis by hydrothermal proceldst],
solgel [15] and mechanosynthegdis6]. The powder obtained by each of these methods has different
crystallochemical and morphological characteristics. Mechanosynthesis is a relatively new method
for synthesizing calcium phosphate. It is suitable to prepare nanosjd/de£19]. High-energy ball
milling presentsmany advantages for industrial applications where simplicity and high productivity
are of paramount importancéhe gains undergsuccessive fracture and welding processes due to
repeated shocks during grinding. Planetary mills are powerful tools for synthesizing particles of
different sizes and morphologi¢20], [21]. Mechanosynthesis is a complex process requiring the
optimization of a number of millingarameters to obtain the desired product plaseeiioet al[22]
suggested thahe advantage of the mechasynthesis method is that the surfdmrind species are
disrupted by pressure to improve the thermodynamic and kinetic reactions between thdlselids.
resulting nanocrystalline HFAre relevant for applicationgn the biomedical and clinical fields.
Indeed, HFA nanostructures can have improved mechanical propgt8gs[24]. Significant
improvements in the resistance atehacity of pure HFA have also beeabtained through
incorporation of different types of additiveldowever, studies of the properties of lithittaped
apatite are still limitedO. Kaygili et al[25] demonstrated that lithium reduces the solubility of. HA
Li-substitution increases the thermal stability compared with other cations such as Sr, M{@hd Si
[28]. The insertion of lithium into the hydroxyfluorapatite structure also enhances toughness,
osteogenesibioactivity and strength. This increase of strength was assigned to the decrease of
porosity which results in a more compact and aesttucture. Morewer, Mayeret al[28] and Popescu
et al[29] have demonstrated that thbsorption of Li by HFA does not change the lattice structure
and that lithium causes a decrease in the solubility of carbonated hydroxyapatite which is directly

related to biocompatibility.



The incorporation of carbonate groups in the apatite structuabso of particular importance
[30], [31]. Carbonate substitution in fluorapatite (FA) and hydroxyapatite (HA) has been studied in
depth by radiography of monocrystals, Raman and Infrared (IR) spectroscopies as well as neutron
powder diffraction[32] £34]. Carbonates eitherein the tetrahedral phosphate sitestyBe) or in
the structural channels locdten the hexagonal axis of symmetryt{foe). Each site leads to specific
IR and nuclear magnetic resonance (NMR) spectroscopic signatures. Sometimes the carbonate group:
are located in both sites {B type)[35] £37]. Despite numerous studies, detailed atesai@le models
of apatite carbonate groups are still under discussion

Classichigh-temperature sintering processeten alter the physicechemical characteristics,
notably surface reactivity and therefore the biological properties of apatite. In addition, they are
responsible for the decomposition of reteichiometric apatite&Spark plasma sintering (SPS) is aon
conventional sintering technique based on the use of pulsednt, allowing higher heating and
cooling rates, lower sintering temperatures and presethi@ggrains and nanostructurg. The
consolidation at very low temperature of nanocrystalline apatite thanks to SPS has already been
repoted and is very promising. Mechayal [9] and Droueet al [38] have indeed shawthat SPS
consolidation limitghe physicechemicalmodificationsof the initial powder and preservéée size of
thenanarystals, leading to compacts with high mechanical strength. Devaé{38] observed that
with other uniaxial pressure assisted sintering methodsphysicochemistryand secondary phases
are more affected than with SPS

In this paper, HFA caubstituted with carbonate and lithiuions have beemreparedby
mechanosynthesis followed by thermal annealing. The powuders beerfully characterized by
different structural, chemical amaorphological techniqudsefore and after annealinghe substituted

HFA with x=1 (asmedanosynthesizedyas sinteredisingSPS at 800°C.



2. Experimental procedure

A planetary ball mill (Retsch PM200) was used for the mechanosynthesis of hanopowders of
hydroxyfluorapatite. The povedt of the starting reagents and 10 mm stainless steel balls were
introduced in both 46 mm stainless steel jars. The jars were placed on a 248 mm diameter disc. The
mass of the balls is approximately 4 g. For a disc rotation sped8Gxm and a jar roteon speed
of 900 rpm the injected shock powelaisout 29W/g and the cumulative shock energwaixut 318)

[39]. The shocks between the wall of the jar, the balls and the powder increase the temperature resulting
in the formation of aggregates. Therefore, after a milling time ahi®6 a rest period of 4 min was

necessary to limit the formation ofethe aggregates. The synthesis reaction is as follows:

(10-x) CaCQ + (x/2) LizCOs + NHsF+ (6X) (NHa)2HPQy + (3x/2) (NH).CO; —>

CaoxLix(PQr)ex(CO)«(OH)F + 10 CQ+ 9 HO + (13+x) NH (with "[* )  (Eq. 1)

The asprepared powders wemalcined for 1h at 500°C under air to remove undesirable
residual species.

0.3 g ofaspreparegowder waslsosintered under vacuum by Spark Plasma SinteriRg}S
using a HPDB10 device (FCTSystem Germany) with 10 mm diameter graphite molifieating ramp
of 50°C/minwasapplied up to 800°C whilapplying a pressure of 75 MRar the dilatometric test
Pressure was maintained during the natural cooling too.

The crystalline phase contentthe asprepared and calcined powdevas determined by X
ray diffraction (XRD) using a PANalytical XPERFRO diffractometer system, operating with the Cu

UDGLDWLRQ ¢ DQG ZLWK YDU\LQJ IURP WR f ZLWI

experimental diffraction patterngere compareavith standard maps (ICDD)Y.he Match! Software
from Crystal Impact was used to determine the percentages of the various phases and the unit cell
parameters of the apatite phase. The crystalliteagidestrainavere calculated usinghe Halder&

Wagner (HW) method(Eqg. 2 [40], [41]. This method considers both the size and strain effedtsson



XRD peak broadening and is relevant in case of Gaussian and Voigt profiles. The crystallite size and
strain of the NPs are ta®ated using the BV equation:

P @@L @5 E:Rt:S (Eg. 2
where Os the parameter related to crystallite sizés theparameter linked to strailfPL >...‘a &
and @ L t < &are the reduced coordinates relying on the diffraction anglel the wavelength

. The HW plots are obtained by pIottingL'}AJ @8 versus (P : @:8 The crystalline size, D, is

obtained from the slopgorrectedby a factor 4/3)of the fit and the microstrain from the intercept
(corrected by 2/5)18]. The degree of crystallinity of the synthesized samples was determined using
(Eq. 3)[42]:

: 0~VTM§¢”-L-§%;UHUU@EQ. 3)

where FWHM is the full width half maximum value for (002) peak in the XRD pattetimeof
apatite phase

Chemical bonding identification was performed in thepaepared and calcined powders using
Infrared and Raman spectroscopi® spectra in thamid-infrared region (406 4000 cm') were
obtainedusing a Spectrum Two 104462 IR spectrophotometer with a diamond ATR Betugach
measuremenf mg of sample was deposited on a reflective solid (Tienta SpectREv)an spectra
weremeasured using adRishawinVia setup and a 532 nm laser.

Quantitative elemental analysis was carried outElmgrgyDispersive Xray spectroscopy
(EDX) with a JEOL JSM6400F device after deposition on a cadoated silicon substrate by
evaporating a diluted aqueous suspmmsFive zones were investigated for each powder and the
average is presented in the following.

The powders were observed Bsansmission Electron Microscopy (TENM) order to estimate
the crystal size and compare it with the crystallite size determined by XRDirm&dj#s were obtained

using a JEOL JEM2100F (at an accelerating voltage of 200 kV) after dropping a dilute suspension on

carbon coated copper grids.



The termal stability of the powders was studied before sinterifggrmoGravimetric
Analyses (TGA) of the powders were performedh a TA Instruments Discovery apparatus ureter
airflow rate of 25 mL/minn a temperature range from 25 °C to 800 °C and atteaaf 5 °C/minZeta
S RW H Qpméniial) and Dynamic Light Scattering (DLS) measurements were obtained with a

Malvern Nano ZS instrument (DTS Nano V7.02) at 25 °C. DLS measurements were realized at pH=7.

3. Results and discussions

3.1Mechanosynthesizecdbowders
3.1.1. Structural analysis

The X-ray diffractograms of HFA csubstituted with carbonate and lithium with the chemical
formula CaoxLix(PQs)sx(COs)x(OH)F (with x ranging from 0 to 2.5) are shown king. 1. The
diffractograms reveal the presence ofta# characteristic peaks of the HFA phase (ICDBD0&

2 IRU [ " $GGLWksRygedd®urtddded CaGO(ICDD 00-066-0867) and LbCOs
(ICDD 04-010-7186 are also detectedhe intensity of the apatite peatitecreases with increasing
substitution ratesThepeaks of apatite are more intense aadower forx<1.5. At x=2.5, we notice
the totd absence of HFA peaks and theesence of unreacted calcite angd0s peaks Fig. 1). For
x=2.5, the diffractogram shows the preseatan amorphous phase,addition to the calcite phase

which could be the apatite phase.

The apatite cell parameters and teiative amounbdf the apatite, CaC£and LbCOs phases
crystallite size, crysthnity and lattice strainare shown infable 1 Increasinghe substitution rate
results in a decrease of tagarameter and an increase of tiarameterThe lengths of the carben
oxygen bonds (1.8) are shorter than those of the phosphanaggenbonds (1.5 A) and the tiadius
(r (Li*) = 0.76 A when 6 coordinated) is smaller than th& Gae (r(C&") =1 A when 6 coordinated).

Consequently, the decrease of théattice constant can result from the substitution of phosphate



(PQO) groups and Caions by smaller C& and Li* ions respectively43]. However,Mayer et al
[28] observed that amallLi* incorporationdid not modifythe lattice prameters anthat smallLi*
incorporation increased with the carbonate substitution rate. The increase ofpénameter is
consecutive to tha axis contraction due to the accommodation of the apatite stractoraintainc/a
constan{44]. At least, the lattice arameter evolution demonstrates thats€©®ns are incorporated
into the crystal lattice of HFAIn HA, the substitution of P£&Y by CQs? groups results in a decrease
of thea parameter-0.4%) and a slight increase of tb@arameter (+0.06%), in the case of -dyBe
substitution only{45], [46]. Given the evolution othe cell parameters, it is reasonable to think that
the substitution in our HFA i®f B-type. The contraction alonthe a-axis increases with the

substitution rate.

The crystallinity of thepatitephase gradally decreased from 49 to 11% with increasitigum
and carbonate conterki@.1andTable ), which is in agreement witbrevious workg15], [44]. The
apatite is nosstoichiometric.The lattice straimemains the same, whatever the substitution and is

around 0.4Qvhich is inagreement with Badraet al[15].

The amountof the apatite phase are divided by 2 as the substitution rate increases from x=0 to
2. The crystallite size is of the order of 18 nm, independently of the substitutioDegtmieret al.
[47] have demonstrated by modelling how the carbonate content controlled the apatite crystal growth
and favored nanometric apatite crystallit€sey obtained a rapid drop off at low carbonate content

then followed by a plateaplateau observed in our case



Unmarked peaks-apatite + CaCo, ¢ Li2CO3

—+

Fig. 1. X-ray diffractograms of GaxLix(PQy)ex(COs)x 2+ ) SRZGHUV ZLWK "[”

Table 1. Relative amountof apatite, calciteand Li>COz. Hexagonal cell parameters for the

CawoxLix(PQs)sx(CO3)x(OH)F powderscrystallite sizeand strain®f the apatite phase obtainedthyg

Halder & Wagner methqg@ndcrystallinity (%).

Substitution a(h) c(h) Apatite | Calcite | Li2CO3 Dxrp Lattice %Crystallinity

rate (X) (wt. %) | (wt. %) | (wt. %) +2nm strain

+01% | +£01% | £0.1%

x=0 9.372 (2) 6.893(2) 99.6 0.4 - 19 0.36

49




x=0.5 9.356 (4) | 6.901(3) | 94.9 5.1 - 18 0.40 48
x=1 9.353(5) | 6.907 (1) | 89.9 75 1.6 17 0.42 30
x=1.5 9.347 (1) | 6.910(7) | 843 11.4 43 19 0.36 10
x=2 9.336(3) | 6.914(5) | 51.8 42.3 5.9 17 0.42 11

The IR spectra of the ggepared samples are showrFig. 2. Thebroadabsorption bands
the2500-3700 cm' range are assigned theO-H stretching vibrationi15], [16]. The IR spectra show
all the bands associated to the phosphate group®*(R®the apatite environment: asymmetric
VWUHWFKLQJ # ORFDWHG DURWPEWULD Y& UHWFRLGJ #
VI\PPHWULF EHQ @t Gelweeh 600 B8 B60 émDQG DV\PPHWULF EHQGLQJ
473cm1[13]. The appearance of a néow intensityband at about 745 chis assignedo FOH
vibration[16], [20]. Vibration bands of the carbonate groups appear around 84armirare assigned
totheof SODQH EHQGLQJ PRGH # LQ VLQJOHW IRUP DQG WKH W
doublet form)areobserved araud 1390 crit and 1415 cm [36], [37]. The increase in the substitution
rate leads to an increase in the intensities of the@Bsorption bands while those of the phosphate
groups decrease and become poorly defined. B¢ absorption bands are observed in X+@
powder too. The CQ% groups resultfrom either the presence of impurities (Caf@r CQ?*
substitution in the apatite structur€orefio et al [22] have showed that HA obtained by
mechanosynthesis ugj CaCQ as precursor of calcium cannot be considerechasrsubstituted HA
Spectraof the substituted sampldsk U Ekhow also the appearance of new absorption band around
426 cm'® attributed to the vibration mode of the-Qi bond Fig. 2b). This is in accordance with
Brookeret al.[48] who observedhe vibration banadf the L-O bond at about 428 chin a carbonate

of lithium.
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Fig. 2. IR spectra of CaxLix(PQw)ex(CO3)x 2+ ) SRZGHUV ZL® R spgdctra in the

38002000 cmt region, ) IR spectra in the 206800 cm' region

Fig. 3a shows the Raman spectra of the powders obtained after mechanosyrithesis.

observed bands match those reported by Baelrah [15], Antonakoset al.[49], and Rehmaset al
[50]. The most intense band is assigned to the symmetric stretching of tHeFPR G H DW DUR
962 cm'. The peaks located at 429 a4l ct DUH DVVLJQHG WR WKH V\PPHWULI
at1072cmt WR WKH DV\PPHWULF VWU H 808 &nt‘Qoladyran@trit/ beRoingl D W

[16]. The very low intensity peaks observed around 38% conrespond to the elongation mode
ofthe Ca2+ E R Q (351], [52]. Fig. 3aalso shows the appearance of peaks attributed to carbonate
groups around 1070 ¢hn F K D U D F RO grbypsuithsEtuRdn and around 282 énv14 cmt
and 1080 cm, typical of calcitg53]. Increasing the substitution rate in the apatite structure leads to a
decrease ithe intensity of the phosphate vibration bands with respect to those of the carbonate groups
[50] $ GLVSODFHPHQW RI WKH FK D43 greupsHdldwévave rsirbe is alsoR | W
detected for x > 1.5g. 3b). Penelet al[52] observed that the substitution of POons by carbonate
ions induces a slight shift towards the lawduencies in the case ofd&rbonate apatite (961 cin
compared to pureydroxyfluorapatiteHFA (964 cm?t). This shift is unchanged whatever the carbonate

substitution rateThey showed also an increase betwidths of all carbonated apatite peaks as the

11



crystallites become smaller and more distorted when the carbonate amount increased. Thanks to the
changes observed in both peak width and peak frequency of the phosphate and carbonate vibration
modes, wecanreasonably suppose that the substitution istgp@. A new peak around000cn?
DSSHDUV IRgU3d)sThis band can be assigned to the HP@oupor attributed to the lithium
carbonate vibration modd8]. Unfortunately, the presence BPQs? group cannot be confirmed for

sure because tHR bands oHPQ? groupcan be masked by the carbonate band at 87barthe
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Fig. 3.(a) Raman spectra of @alLix(PQ)sx(COs)x 2+ ) SRZGHUV Z L e s\ftimetric
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3.1.2. Thermal analysis

Thermogravimetric analyses of the-agthesized powders are presentedrion 4. They were
performedto study the thermal stability of the samples prepared with different substitution rates. The
overall losses are 10.6% (x=0), 15.5% (x=0.5), 17% (x=1) and 16% (x=1.5). All the thermograms (for
x>0) have at least four mass losses. Their magnitudes depeth@ substitution raté?hysisorbed

water was eliminated below 100°The first mass loss observed at ZD°C corresponds to the

12



departure othemisorbedvaterand is aboub% (x=0), 6% (x=0.5)4% (x=1) and3% (x=1.5). The
secondoss of the order o#% (x=0),5.5% (x=0.5),8% (x=1) and7% (x=1.5) located around 200
500°Cis attributed to the departure of lattice water, residual™idd HPQ? specieg54] £56]. Most

of the lattice water is related to carbonate if5@g. The third mass lossbserved around 56060°C
depending on x ief the order of 1.6% (x=0%% (x=0.5), 5.0% (x=1) and 5% (x=1.5) It is tentatively
assignedo the departure of carbonates #émerelease of C@[57], [58]. Given that the decomposition
temperaturesf calciteand lithium carbonatéoresent as secondary phase in the samplegbove
625°C[59] and 730°C respectivelyhe release of C{at a lower temperature correspond to the apatite
decarbonation. Substitution of fluoride ions in A sitesdoswthe temperature of decarbonation of B

type apatite down to 500°[B0], [61]. The decarbonation temperature is strongly dependent on the
chemical composition. Zymaet al [61] suggested that the removal of carbonate from the apatite
structure occrs at temperatures between 550 ab@ 7C depending on the carbonation rate. The mass
lossis theoretically about 3.1% (x=0.5), 6.4% (x=1) and 9.9% (x=1.5). Considering the mass loss
differences between experiment and theory, the decarbonation process can be considered partial for
the two hghest substitution rates or the substitution rate is not as high as expected in the as
mechanosynthesized powders. Above, the mass loss can be explained by the partial decomposition of

HAF apatite and/osecondary phas¢82], [63].
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Fig. 4. TGA and DTG curves ofawoxLix(PQ)sx(COs)x 2+ ) SRZGHUV ZLWK "[”

3.2.Calcined powders

Since substituted HAF starto decompose at temperatures close to 500°C, we have chosen to

limit the duration of calcination to 1h at 500f&improve thecrystallinity of the powder.

3.2.1. Structural analysis

The XRD diffractograms of the powders calcined at 500°C in air for 1 hour are shéwn sand

the results of the structural analyses are presentédule 2. The apatite lines are more intense and
thinner than irFFig. 1. The diffractograms also show the appearance of additional peaks for substitution
rateslargerthanl. Calcium carbonatd@DD card n©0-066-0867) is observed fox <1 whereas it was
present irall the asmechanosynthesized powders. Its proportion is also diminished (6% against 42%
for x=2). The amount of calcite increases drastically for x=Rithium phosphate (LPQy) (ICDD

card n° 08025-1030 appears from x=1.5, in proportions close to ¢hokthe lithiumbased compound
(LioCOg) detected in the amechanosynthesized powderhisis probablyrelated to the saturation of
WKH VROLG V R[[BX AbwBVE, tHe drastic decrease of the lithium carboasieunttends

to prove that a large part has been incorporated in the apatite striibemghe substitutegphosphate

groups react with L{ to form LisPQs. For x=1, the disappearance of lithium carate and the absence

14



of lithium phosphate tend to prove that hias been incorporated in the apatite structure after the

annealing at 500°C.

Fig. 5. X-ray diffractograms of GaxLix(PQy)ex(COs)x 2+ ) SRZGHUV ZLWK "[” FDO|

500°C under air

Table 2 indicates the variation of the cell parameters as a function of the substitution rate. The decrease
of aand the increase ofas a function of x, as observed for untreated samples, isatimepwith the
preservatiorof the carbonated-type apatite However, the new cell parameter values (higherafor

and lower forc than for untreated samplespnfirm that decarbonation has occurred during the
annealing at 500 °Q.he crystallite size determindy the Halder& Wagnemethod (Xrp) for each
composition was betwe&1 and48 nm. The crystallite size of the calcined powders is one and a half

to two and a half times greater than that of thenashanosynthesized ond$ie crystallite size is
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around 45 nm foall the carbonated apatitand of about 30 nm for x=0. For the highest substitution
rates, the enhanced diffusion ensured bystoichiometry is annihilated by the decarbonation which
starts earlier After calcination, the crystallinity of the powders is improved. The value ef th
crystallinity is between8and 2 % for x varying from 0 to 2For x greater than 0, the strain value
remains almost unchanged (around 6012ZD). With the increase of the substitution ratditbium and
carbonatesin both anionic and cationic sites, the variation of lattice deformation is low. This can be
explained by the fact that the sizes of lithium and carbonate are smaller than the calcium and phosphate

groups, so theattice strain varies slightly.

Table 2 Relative amount of apatite, calcite andsPQs. Hexagonal cell parameters for the

CawoxLix(POs)sx(CO3)x(OH)F powders calcined 1h at 500°C undey @aiystallite sizeand strainsof

the apatite phase obtainedHglder & Wagner methqdndcrystallinity (%).

Substitution | a (A) c (A Apatite CaCO; LisPO4 Dxro | Lattice %
rate (x) (wt. %) (wt. %) (wt. %) +2nm strain | Crystallinity
+0.1% +0.1% +0.1%
x=0 9.393 (1) 6.882(7)| 100.0 0.0 0.0 31 0.27 84
x=0.5 9.392 (2)| 6.883 (8) 100.0 0.0 0.0 44 0.07 72
x=1 9.391 (3)| 6.889 (2) 95.4 4.6 0.0 48 0.11 79
x=1.5 9.376 (1)| 6.889 (9) 91.4 5.4 3.2 42 0.18 51
x=2 9.368 (1)| 6.894 (6) 89.9 6.0 4.1 47 0.14 42
x=2.5 9.371 (1)| 6.895 (2) 59.1 31.8 9.1 46 0.18 31

The infrared absorption (IR) spectra of the calcined powders are sh&ign@nln comparison

with untreated powderdFig. 2), the broad bands between 2500 and 3700, attributed to water

molecules adsorbed on surfaces, disappear. After calcinaidh, WKUHH EDQGV RI SKRVSI

# DQG WKH WZR EDQGV RI FDUERQDWH -F bddd3 (cated aldundZ H O (
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745cmt have decreased in width. The frequency values of the carbonate group bands (in the doublet

form) indicate thathe carbonation is stitf B-type [64].

Fig. 6.IR spectra of CaxLix(PQw)sx(CO3)x 2+ ) SRZGHU ZL \6aKinetkdr onehour at

500°C under air

The Raman spectra fRig. 7 show almost the same characteristic bands observE).ir8
before annealing. The band atound 1000cm? assigned to HPG4and/or a lithium carbonate
vibration modéhas disappearethdeed HPO# reacts with CQ? in B-sitesabove400°C[52] and the
XRD results have showtie absencef lithium carbonaten the calcined powderdhe band of the
SKRVSKDWH JURXS # LV PRUH LTD&\veiafie ktddsgies wWikKd p@3phatel UR |
and carbonate groups (at 960 tand 1070 cm respectively) have evolved, suggesting that a partial

decarbonatin has occurrefl5], [44]. The relative intensities of the phosphate and carbonate groups
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(at 960 cm' and 1085 cm respectively) reverse from x=1.5, in good agreement with the decrease of

calcite amount in the sampgle

Fig. 7. The Raman spectra of all aLix(PQs)sx(COs)x(OH)F samplesalcinedlh at 500°C under

air

3.2.2. Chemical and morphological study

A chemical analysis was performed for the x=0 and x=1 sa&amjgedetermine the
calcium/phosphorus atomic ratio and the lithium and carbonate substitutions. Elemental analysis by
EDX reveals the presence of calcium, phosphorus, oxygen and fluorine for substituted and
unsubstituted apatiteléble 3). It should be notéthat the steel jars and balls used for grinding are
sources of iron contamination of the powder. A low contamination (between 0.3 and 0.4% of Fe)
resulting from the shocks between the jar wall, the powder and the balls was déiglctBetection
of lithium and carbon by EDX is of course difficult. A very goadgreement between the atomic

percentage of the different elements determined from these spectra and those intiadheeditial
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powders was observed (s€able S1). The calcium to phosphorus ratio (Ca/P) increases with the
substitutionof pairs (Ca", PQ:*) by (Li*, CO:?), as expectedrhis increase is compatible with over
stoichiometric Btype carbonated HFf65]. However, br the untreated sample with x=0, it can be
assumed that at the beginning of the reaction an amorphous calcium phosphate is formed, with a Ca/P

ratio close to 1.566].

Table 3. Atomic percentages of the chemical elements present in untreatedleimeédat 500°C of

CauoxLix(PO1)ex(COs)x(OH)F powderdor x=0 and 1 determined by EDX

Untreated sample Calcined sample at 500°C
Substitution rate x=0 x=1.0 x=0 x=1.0
Oxygen 57.1(5) 64.2(3) 61.6(4) 61.6(1)
Fluorine 3.5(2) 2.4(4) 2.9(2) 2.6(4)
Phosphorus 14.5(2) 119 (2) 12.9(2) 12.3(3)
Calcium 22.3(4) 21.8(4) 22.1(3) 21.7(1)
Ca/P 1.54 1.83 1.71 1.76

Recent work has shown that apatite compounds with appropriate morphological characteristics
have better performance in biomedical applications. To better understand the effect of
mechanochemical processes on the morphology of the synthesized nanopowtienal¥ses were
conductedFig. 8a shows the TEM and HRTEM images of the sample x=thadanosynthesized

andFig. 8b shows the TEM and HRTEM micrographs of sample x=1 calcined at 500°C.
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(@)

(b)

Fig. 8. TEM and HRTEM images of unsubstituted HFA)(x=0 untreated(b) x=1, calcined at

500°C for 1 hour

All the microstructures consist of micromessale aggregates made of nanocrystalline
crystallites. Similar morphologies and sizes are observed for subdtand unsubstituted powders,

both untreated and calcined. The TEM images indicate that the particles are nanometric in size and
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almost spherical. During the milling process, particles have a strong tendency to aggregate as
demonstrated by DLS analygiable S2). Recent work has reported that when two adjacent primary
particles collide, coalescence can occur if the two particles have the same crystallographic orientation.
Since the secondary patrticles are very small, it is reasonable to assume ticantimese to collide

and coalesce, which lead to aggregaff, [65]. High-resolution TEM Fig. 8aand8b) show that

grains are in fact an assembly of namgstallites, in accordance with XRD resuli@ble 1andTable

2). These imges also show the very good crystallinity of shenplesMean crystallite size observed

by TEM, around 50 nm for the sample x=1 treated, is in agreement with XRD results. Nevertheless,
some particle diameters are higfieig. 8b), proving a relativéarge crystallite size distribution, which

is typical of mechanosynthesized powfl&3].

Fig. S1.shows the zeta potential versus pH curves for HFA sarfgrles 0 and 0.5yntreated and
calcined. Since synthesized samples dissociate atgpthe measurements took place&t « - &R
substituted HFA patrticles have a surface charge that can vary depending on the pH or other adsorbed
species in an aqueous mediumdeed, the wface of hydroxyfluorapatitedisplays amphoteric
properties due to specific adsorption of &hd OH, leading to different species safirface such as
CaOH/CaOH;" or PO/POH [67]. The higher the zeta potential of the particles, the greheer
tendency of the particles to repel each other, which promotes dispfgiofi68]. All the curves
clearly indicate that the zeta potential values are negative f#6 @iHd become larger in absolute
value when pH increaseghis is in agreement with previous measurements on hydroxyajéjte
Thedifferencesn absolute valuehetween the sampled a given pHmay come from adsorption or
desorption of thelifferent ions present in the structure and so at the surface: phosphate, calcium,

lithium and carbonate iorj68].

The hydrodynamic diameters determined thanks to DLS measurementfo(Cthe powders
untreated andalcined at 500°C show that the synthesized powders are aggregated as indicated in

Table S2 It is in agreement with TEM observatioisd. 8). Indeed, the values are in the micrometric
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range while crystallites are in the nanometric rangagPTable 1 andFig. 8). It seems that an
increase of x for the untreated samples leads to larger aggregates as sfA@bte i62 But for
calcinedpowders the value of ibseems to decrease with the increase of x. The heat treatment seems

to decompose some aggregates, leadirggtaller polycrystalline grains size.

3.3.Sintering of a composition of interest

Based on the microstructural characterizations, the substituted samples with x =0.5 and x=1 have
morethan 90% of apatite. For this reason, pegformed a dilatometric test dhne sample with x=1.
Fig. 9 shows the temperatugepemlent shrinkage evolution of treated HFA powder (x=1) during
sintering in @ SPS apparatus. The first shrinkage of the order ofmdnbat room temperature is the
result of cold compaction under 75 MPa. The second shrinkage of Ogcours when heating up to
about 216°Gandcorresponds to the departure of water molecules adsorbed on the apatite surface. The
third shrinkage of the ordef 1 mm occurs in a single step from 580°C and continues until about
650°C. It corresponds to the sintering of the powder. DensificatidhA is governed by the diffusion
of hydroxide ions. The partial substitution of hydroxide ions by fluoride ionsce=dthe mobility of
these latter in HFA. Of all the HFA, apatite with a OH:F ratio of 1:1 has the poorest sintef&0jlity
Conversely, the substitution of phosphate groups by carbonate groups in HA promotésatiensif
Lithium seems to have the same effect on sintering. Its insertion in HA activates sif@@}ibgensity
measurements could have not been performed to confirm the high densificatiorindeet, the
sample was broken in small pieces due to its very low thickness (ordyod Bowder) However, the

dilatometric tesshowed that densification of such powder could be achieved below 650°C.
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Fig. 9. Sintering curve as a function of temperature oasmedanosynthesized

Ca1oxLix(PO4)6-x(CO3)x(OH)F powder (x=1)

Fig. 10shows the XRD diffractograms of thel sample untreated, calcined at 500°C and sintered at
800°C. After sintering, thsample containgpatiteand calcite, as after calcinatioHowever, the
amount of calcite ikigher in the sintered sampl&able 4), uggesing that theapatitedecarbonation

is more pronouncedThis decarbonation process is corroborated by ¢kelution of the cell
parametersHowever,the application of an appropriate pressure during the SPS cycle can reduce
decarbonation significantly’0].

After SPS sintering of the esubstituted hydroxyfluorapatite powder, the crystallite size rentaens
same than that of the untreaeolwder sintered (about 15 nifijig. S2) No grain growth isioticed,
contrary to after a calcination (Tablg this can be explained by the pressure applied during this fast

sintering After the sintering of the powder, thatice strains rate remain also the same
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Fig. 10. XRD diffractograms of substituted HFA (x=1), untreated, calcinedat 500°C and

sintered at 800°C

Table 4. Percentages of phases presestiostituted HFAowders (x=1) untreated, calcined at 500°C
and sintered at 800°C, hexagonal @atameterslatticestrainand crystallite siz€D) of the apatite

phase obtainedith theHalder & Wagnemethodand crystallinity rate.

x=1 untreated | x=1 calcined at500°C | x=1 sintered at 800°C
Apatite (Wt. %) + 0.1 % 89.9 95.4 84.1
Calcite (wt. %) £ 0.1 % 7.5 4.6 15.9
% Crystallinity 30 79 33
a (A) 9.353(5) 9.391 (3) 9.403 (7)
c (A) 6.907 (1) 6.889 (2) 6.892 (4)
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D (+ 2nm) 17 48 13

Lattice strain 0.42 0.11 043

4, Conclusion

In the present study, mechanosynthesis was used to syeth#sum-substitutedcarbonate
hydroxyfluorapatite nanopowders under optimal conditid@tsuctural and spectroscopic analyses
confirm the incorporation of lithium and carbonate into the apatite strufdune<2. The results
suggest that the structural features of the obtiaga@nples were influenced notably by the degree of
carbonate substitution in the HFA lattice. Substitution causes contractionara#iee and elongation
of thec-axis as well as a decrease in the crystallinity of the powder. Spectroscopic analysdmshow t
carbonated Bype apatite was obtained. Thamountof apatite decreased drastically from 99.6 to
51.8% when the carbonatententincreased fronx=0 to x=2, whereas the percentage of unreacted
calcite and lithium carbonate increaskswas shownthat the removal of carbonate present in the
apatite framework occurred at temperatures between 500 and 630 f&at treatment at 500°C
allowed to decreas the ®condary phases from 48 to 10%, crystallite size and crystallinity were
increasedThe inceased incorporation of lithium into carbonate apatite observed in this studysnduce
a disorder in the carbonate HFA network and alldw ions to enter the apatite network without
altering the crystal structure. Accordibtg the results obtained for xeater than 1, the substitution
causes a saration of the solid solutio.EM observations show that untreated and calcined powders
consist mainly of almost spherical aggregated nanopartihesSPS sintering a&mperature below
650°Cof the asmechanognthesized substituted sampléh x=1 allowedto maintain the nanometric

size of the crystallites amteserveahe apatite structure.
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