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INTRODUCTION

Biomimetic nanocrystalline apatites (NCA) analogous to bone mineral are involved in several medical devices due to their unique biological properties. They have been shown to form at the interface between most bioactive materials and bone tissue and this process is considered as essential in the biointegration of implants [START_REF] Hench | Bioglass a short history and bibliography[END_REF][START_REF] Kokubo | Novel bioactive materials with different mechanichal properties[END_REF][START_REF] Li | In vivo calcium phosphate formation induced by sol-gel prepared silica[END_REF] . The ability of a material to nucleate a nanocrystalline apatite layer appears so important that it has become a widespread measure of the biological performance of biomaterials, promoted especially by T. Kokubo, using simulated body fluid (SBF) [START_REF] Kokubo | How useful is SBF in predicting in vivo bone bioactivity[END_REF] . Although nanocrystalline apatites are used as coatings of metallic orthopaedic prosthesis, in bioabsorbable mineral cements and in bioabsorbable mineral-polymer composites [START_REF] Knaack | Resorbable calcium phosphate bone substitute[END_REF][START_REF] Habibovic | Biomimetic hydroxyapatite coating on metal implants[END_REF][START_REF] Tampieri | Biologically inspired synthesis of bone-like composite: self-assembled collagen fibers/hydroxyapatite nanocrystals[END_REF] , they are rarely proposed as bioceramics due to their thermal instability and the lack of low temperature processing technique preserving their surface and bulk properties.

Biomimetic NCA can be prepared by many different ways. These non-stoichiometric compounds possess a high reactivity related to the presence of a metastable hydrated layer on the surface of the nanocrystals [START_REF] Jäger | A solid state NMR investigation of the structure of nanocrystalline hydroxyapatite[END_REF][START_REF] Rey | Physico-chemical properties of nanocrystalline apatites: Implications for biominerals and biomaterials[END_REF] . The processing of such unstable phases by conventional techniques, at high temperature, strongly alters their physico-chemical and biological properties. Therefore, several low temperature routes have been investigated taking advantage of the structural characteristics of these compounds. Several processes will be compared involving gel-drying, cements, pressure sintering and Spark Plasma Sintering (SPS).

MATERIALS AND METHODS

Apatite nanocrystals

NCA were prepared by precipitation in aqueous media from calcium and phosphate (and possibly carbonate) solutions at room temperature and physiological pH as described elsewhere [START_REF] Rey | Maturation of poorly crystalline apatites: chemical and structural aspects in vivo and in vitro[END_REF] .

Briefly, a calcium solution is rapidly poured in a phosphate (and in some experiments, carbonate) solution. An excess of phosphate (and carbonate) ions in solution insured pH buffering. Some preparations were aged in the mother solution for different periods of time. The samples were then filtered on Büchner funnel, washed with deionized water and lyophilized or used in the wet state.

Gel drying method

The wet, gel-like cake was agitated until it became liquid (thixotropy) and was cast (50 ml) in a polytetrafluorethylene beaker (diameter 64 mm) for solidification and drying at room temperature. The shrinkage during drying was considerable and sometimes cracks appeared. A slow drying rate was maintained (typically 3 weeks for a 50 cm 3 original volume) to avoid such problems. This method allows easy associations of the nanocrystals with organic molecules. The association with albumin and casein was made by adsorption on NCA: after filtering, the solid was re-suspended in the protein solution (15 g/1000 ml) containing 0.1 % of NaN3 to prevent any development of bacteria during the slow drying stage. Gelatin was simply dissolved in the aqueous PCA gel (2% of wet gel weight). The suspensions were filtered and washed and treated as previously described. Small blocks (a few centimeters in size) free of cracks, despite an important shrinkage, were obtained.

Consolidation at mild temperature

Two processing techniques were investigated: uniaxial pressing and spark plasma sintering (SPS).

The uni-axial pressing of powders was performed by associating a Hounsfield press (model H25K-S) with a custom-built setup. A 8-mm diameter mold was used. Heating was provided simultaneously by a custom-built low-temperature regulated oven (maximum operational temperature: 300°C), and the actual temperature was determined by a thermocouple located near the sample.

Spark plasma sintering (SPS) experiments were performed on an SPS 2080 Sumitomo Coal Mining equipment. The temperature was measured by means of a thermocouple close to the sample. Powder samples were placed in a graphite mold (8 mm). A mechanical force of 2.5 kN was applied on the sample and the temperature was kept constant until completion of the sintering process. Fast cooling (~100°C/min) and a release of the mechanical force were then operated.

Physical-chemical characterization

The samples were characterized by X-ray diffraction (Inel CP 120, Cobalt anticathod, Kα radiation), FTIR (Nicolet 5700), chemical analyses and electron microscopy observations (SEM; LEO 435 VP and cryo-FEG-SEM; JEOL). The crystal size was determined by the Scherrer method from XRD peaks width (002 and 310 peaks). The mechanical characteristics were determined by different techniques depending on the samples: ultrasonic measurements (Young Modulus of gel dried samples), compressive tests on cylinders (uniaxial pressing) and diametral compressive tests on disks (SPS), using a Hounsfield press (H25K-S).

RESULTS

1-Gel drying at low temperature.

This process can be applied directly to precipitate samples after filtration. The gel-like cake contains about 10% of apatite nanocrystals. Drying was performed in a narrow range of temperature from 4°C to 37°C.

Characteristics of the nanocrystalline apatites

In the study presented here, the blocks were obtained using wet carbonate-containing nanocrystalline apatites aged in solution for different periods of time (maturation) and associations of these with biological macromolecules [START_REF] Sarda | Associations of low temperature apatites ceramics and proteins[END_REF] .

The chemical composition and crystal characteristics of the matured apatites and of the composites are reported in Table I. The ceramic-like materials obtained by gels exhibit a variable density related to maturation stage of the crystals (Figure 1). Aged crystals with larger dimensions gave ceramics with a high porosity comparable to the Ca-P cements whereas freshly precipitated gels give the most densified ceramics. 

)

The Young modulus appeared to vary almost linearly with the density for blocks obtained from apatites at different maturation time, without proteins (Figure 2). The incorporation of proteins in these compounds is very easy (see materials and method section) and results in an increase of the Young modulus, compared to protein-free blocks obtained from apatites at the same maturation time.

The compressive strength of such blocks (for maturation time 0) was found to be close to 56.3+7.1 MPa and reached 79.3+4.6 MPa in the presence of casein. During hardening an evolution of the nanocrystals was observed compared to the initial lyophilized precipitates. Hardening involved a decrease of the carbonate content. XRD revealed an increase of the crystal size and FTIR spectra indicated an increase of the OH -and HPO 4 2-contents for the hardened samples.

2-Blocks obtained by uniaxial compression at mild temperatures

These experiments were made with lyophilized non-carbonated nanocrystalline apatites. The lyophilized powders exhibited the characteristics reported in Table II. After several trials the samples were produced according to the conditions reported in Figure 3. The temperature was first raised to 80 (+5)°C at a rate of 3°C per minute. This temperature was maintained for 20 minutes. At the end of this period a pressure of 75 MPa was applied. Then the temperature was raised to 150 (+5)°C at a rate of 3.5 °C per minute, under pressure. The temperature and pressure were maintained for 30 minutes. The mold was then cooled at a rate 0.5°C per minute and the sample was withdrawn from the mold at room temperature.

Fully dense ceramics could not be obtained by this method and apparent densification rates around 65% were measured. Nevertheless, the compacts obtained using non matured apatites, exhibited a high compressive strength in the range 100-150 MPa and a Young modulus of ca. 10 GPa. Very interestingly, despite a poor densification, the values of compressive strength compare well with those obtained after sintering of stoichiometric HA at much higher temperatures (1100-1250°C).

SEM examination of the fractured samples showed a continuous matrix with crystalline inclusions identified as anhydrous dicalcium phosphate (DCPA or monetite) (Figure 4). XRD analyses confirmed the presence of well crystallized DCPA and nanocrystalline apatite with larger crystal dimensions (22.4 nm length and 5.5 nm width-thickness) (Figure 5). No specific orientations of the nanocrystals were observed. FTIR spectra showed a chemical evolution of the samples with an increase of the amount of OH -ions in the apatite lattice (Figure 6). These findings suggest an alteration of the nanocrystals and a partial decomposition involving the hydrated surface layer of the nanocrystals and the apatite core. The process involved here leads to a loss of most of the water molecules associated with the nanocrystals. SPS with its fast heating rates appeared then as an interesting technique prone to preserve the hydrated surface layer and the associated mobility of the surface ions.

3-Blocks obtained by SPS

These experiments were also performed with lyophilized non-carbonated nanocrystalline apatites, matured for 24 hours. The characteristics of these samples are reported in Table III. The sintering conditions are schematized in figure 7. The total duration of an experiment is 13 minutes. The sintering temperature was: 150°C, and the pressure: 100MPa. . The spontaneous densification of the powder began at 100°C and ended at 150-190°C (Figure 8). The samples described in this report correspond to the best conditions investigated: T°=150°C; pressure=100MPa. Due to the small size of the cylinders obtained, the mechanical testing could not be made by classical compression. The tests were carried out using diametral compression (Brazilian test). The tensile strengths thus measured were in the range 18 to 25 MPa. Interestingly, these values are close to those obtained with stoichiometric HA despite extremely short heating times.

XRD analyses showed that the nanocrystals were preserved in the process and no other crystalline phase was detected. Depending on the processing conditions a texturation of the samples was noticed corresponding to a common orientation of the c axis of the hexagonal unit-cell perpendicular to the applied force (Figure 9). Comparison with the pattern of the initial powder indicated an increase of the degree of crystallinity after processing. No formation of monetite was observed by SPS for dwell temperatures under 200°C. Above this temperature however DCPA and calcium pyrophosphate were observed FTIR analysis showed a partial loss of water and the increase of the OH -bands (Figure 10). The FEG-SEM micrograph (Figure 11) shows the nanocrystals, no inclusion of foreign phase was observed unlike for low temperature regular pressure sintering. Biomimetic nanocrystalline apatites are characterized by the existence on the surface of the crystals of an hydrated layer containing mainly, but not exclusively, bivalent ions (calcium, HPO 4 2-and CO 3 2-) as schematized in Figure 11 [START_REF] Rey | Physico-chemical properties of nanocrystalline apatites: Implications for biominerals and biomaterials[END_REF][START_REF] Eichert | Specific characteristics of wet nanocrystalline apatites. Consequences on biomaterials and bone tissue[END_REF] .

It has been shown that this hydrated layer progressively decreases on ageing in solution as the more stable apatite domains slowly grow. Analyses of wet samples by spectroscopic techniques (FTIR and solid-state NMR) have demonstrated that this hydrated layer is structured [START_REF] Eichert | Formation and evolution of hydrated surface layers of apatites[END_REF] . On drying however the loosely bound water molecules are removed and the surface structure is lost leaving the surface mineral ions in amorphous-like environments. However even after lyophilization an important amount of water molecules still remains (10 to 15 weight %) which might enhance the surface mobility of the mineral ions. An important point concerning apatite nanocrystals is the wide range of compositions and properties exhibited [START_REF] Eichert | Biomaterials Research Advances[END_REF] . All nanocrystalline apatites used in the different studies reported in this paper can be qualified as biomimetic due to their conditions of formation at low temperature and physiologic pH and their general physical-chemical characteristics (non-stoichiometry, crystal size and presence of non-apatitic species). However for the simplicity and understanding of apatite modifications, low temperature sintering (uniaxial mild temperature-pressing and SPS) were performed with noncarbonated samples. Undoubtedly, carbonate ions could considerably modify the behavior of these apatites in the different processing methods investigated here, but they would also have added more complexity to the system.

The chemical composition of biomimetic apatites is generally approximated by the chemical formulae describing non-stoichiometric apatites [START_REF] Eichert | Biomaterials Research Advances[END_REF][START_REF] Elliott | Structure and Chemistry of the Apatites and Other calcium Orthophosphates[END_REF] : Ca 10-x (PO 4 ) 6-x (HPO 4 ; CO 3 ) is compensated for by the combined loss of a bivalent cation Ca 2+ and a monovalent anion OH -. Thus at short maturation times in solution the apatite nanocrystals contain a very high amount of HPO 4 2-close to the maximum whereas at long maturation times the amount of HPO 4

2-decreases and the amount of OH -increases. Another equivalent description, from the point of view of the chemical composition, considers, as proposed by W. Brown, that non-stoichiometric apatites result of the interlayering of Octacalcium phosphate (OCP) and stoichiometric hydroxyapatite (sHA):

(1-α) Ca 10 (PO 4 ) 6 (OH) 2 sHA (II) α Ca 8 (PO 4 ) 4 (HPO 4 ) 2 (H 2 O) 5 OCP (III)

where α represents the molar fraction of OCP. These representations of non-stoichiometric apatites lead to the same results (with x=α/2). However they do not describe correctly the wide range of compositions observed for nanocrystalline apatites. Also, the presence of a hydrated layer, with a still undetermined composition, cannot be neglected. A common evolution has been observed in the different processing techniques used (wet or dry) corresponding to an increase of the OH -content and crystal dimensions during the ceramization processes. As the mineral content does not change, this phenomenon can be associated with a hydrolysis of the PO 4 3-ions by residual water molecules:

H 2 O + PO 4 3-→ HPO 4 2-+ OH -( reaction 1) 
This reaction has been described by Heughebaert 18 in the hydrolysis of amorphous calcium phosphate into apatite and is believed to occur also in OCP [START_REF] Mathew | Crystal structure of octacalcium bis-(hydrogenphosphate)tetrakis(phosphate)-pentahydrate, Ca 8 (HPO 4 ) 2 (PO 4 ) 4 , 5 H 2 O[END_REF] . As suggested by Heughebaert the formation of monovalent anions could favor the structuration and growth of apatite domains and could be associated with the increase of the apatite domains size. It shall be noticed that the evolution of nanocrystalline apatites on ageing in solution or in the different processes studied here are quite similar indicating a common stabilization mechanism except for the change of the Ca/P ratio, increasing during maturation and necessarily constant in the different processing methods. Similarly a decrease of the amount of non-apatitic environments of the mineral ions has been observed, especially in the case of gel-drying, which supports the assumption that, at these low temperatures, the growth of the apatite domains involves essentially the mobilization of the mineral ions of the hydrated layer.

These reactions located within a nanocrystal illustrate their high reactivity; however they do not explain the consolidation process.

Unlike mineral cement setting reactions due to recrystallization in an aqueous media, and crystals interdigitation, the evolution of crystal size is negligible in these processes, and recrystallization has been excluded [START_REF] Rey | Physico-chemical properties of nanocrystalline apatites: Implications for biominerals and biomaterials[END_REF] . Thus the formation of a solid body is essentially related to intercrystal interactions. Such interactions may be favored by different mechanisms depending on the processing technique.

In the case of gel drying, the evaporation of water and the shrinkage of the gel could bring the crystals in close proximity, favoring their surface interaction possibly related to hydrogen bonding of adsorbed water molecules. However as drying goes on, the gel becomes more rigid and strains accumulate leading sometimes to cracks in the solid body. The higher density achieved by the less matured apatites suggests that their nanocrystals (due to their small sizes and developed hydrated surface layer) can establish multiple interactions and possibly re-orient themselves. As the apatite nanocrystals mature however, the crystals dimensions increase and reorientations are more difficult. In addition, the surface reactivity is partly lost and intercrystalline interactions are weaker. These phenomena result in less dense ceramics with lower Young's modulus. The presence of proteins seems to change the drying mode and the interactions between crystals. For immature crystals, albumin and gelatin produce an increase of Young's modulus, probably by filling the gaps between crystals, thus increasing the rigidity of the associations, the blocks appear then translucent. In the case of casein which interacts very strongly with apatite, however, the density is much lower indicating that crystals are farther apart. The reasons for this behavior may be found in the complex association of casein micelles and apatite crystals [START_REF] Holt | An equilibrium thermodynamic model of the sequestration of calcium phosphate by casein micelles and its application to the calculation of partition salt in milk[END_REF] and/or in possible changes of surface properties of the crystals (surface tension, zeta potential, ...). In every case involving organic-mineral composites, however, the alterations due to maturation are weaker than those observed for the blocks obtained without proteins. The decrease of density with maturation is faint or even not observed when proteins are present and the hardening process seems altered. Despite the increase in crystal dimensions, the porosity does not seem to increase when proteins are present. Proteins prevented Young's modulus variations related to maturation and maintained its values in a narrow range depending on the nature of the proteins. Globally the gel-drying process does not give however ceramics with very high compressive strength because of the important shrinkage and resulting strains in the solid body.

In the case of pressure sintering and SPS, the increase of the pressure favors the intercrystalline interactions, however pressure alone does not seem sufficient to consolidate the pellets. Temperature plays a key role in mineral ions mobility in the partly hydrated surface layer. Simultaneously the removal of water facilitates direct ionic interaction but reduces considerably the ion mobility. The rapidity of SPS sintering appears then as a considerable advantage.

An interesting phenomenon is the decomposition of the nanocrystals in pressure sintering. This reaction does not occur when the nanocrystals are heated without pressure. The decomposition of the nanocrystals resembles that of octacalcium phosphate as described by Brown [Brown 1957, 1962] [START_REF] Brown | Octacalcium phosphate and hydroxyapatite: Crystallographic and chemical relations between octacalcium phosphate and hydroxyapatite[END_REF] . This author has shown that OCP decomposes into hydroxyapatite and dicalcium phosphate dihydrate (DCPD) or dicalcium phosphate anhydrous depending on the heating conditions: The reaction implies a hydrolysis of PO 4 3-ions analogous to reaction I observed in our samples, however several differences appear. For OCP this reaction occurs without pressure; in addition, it has been shown that the nanocrystals simply heated (without pressure) show also an increase of the OH - content with an increase of apatite crystal size but no formation of DCPA was observed. This observation suggests that the hydrolysis reaction and the formation of DCPA are not related. Moreover, the amount of DCPA observed is always very low (a few percent) and does not correspond to a possible decomposition of the non-stoichiometric apatite domains, which would have given more DCPA considering the initial HPO 4 2-content of the samples and the concomitant hydrolysis reaction of phosphate ions. A plausible hypothesis is that under the conjunction of pressure and temperature, the mobile ions of the hydrated layer, mainly bivalent, could be excluded of the intercrystalline space and migrate then crystallizing separately into DCPA. In the case of SPS the sintering process seems too fast to allow this process to take place under 200°C.

The advantage and disadvantages of different consolidation processes of apatite nanocrystals are summarized in table IV. Fast Increase * The compressive strength is not available for these samples the tensile strength is 18-25 MPa. The expected compressive strength should probably be better than that obtained by pressure sintering, considering the lower porosity of the samples.

CONCLUSION

The low temperature consolidation processes described here, preserve the original mineral structure with nanometric crystal dimensions and the non-stoichiometry of the apatite phase. The gel drying process seems to preserve best the original characteristics of the nanocrystals but does not give solid bodies with interesting mechanical properties. The processes involving pressure sintering and SPS at heating temperatures between 150 and 200°C give samples with potentially better mechanical properties. Future developments will include the formation of porous bodies and tough composite materials.
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 1 Figure 1: Apparent density of blocks obtained by gel drying as a function of the maturation time.

Figure 2 :

 2 Figure 2: Variation of Young modulus of blocks obtained by gel drying as a function of overall porosity for nanocrystalline apatites at different maturation stages (blue diamond) and with different molecules (albumin: red squares; gelatin: green squares; and casein : brown triangles).
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 3 Figure 3: Sintering cycle for lyophilized apatite nanocrystals.
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 4 Figure 4: Micrograph of a fractured sample showing the DCPA inclusions
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 5 Figure 5 : XRD diagram of a pellet obtained by pressure sintering

Figure 6 :

 6 Figure 6: FTIR spectrum of a sintered sample (pressure sintering)

Figure 7 :

 7 Figure 7: Sintering conditions of the apatite nanocrystals (SPS). The spontaneous densification of the powder began at 100°C and ended at 150-190°C (Figure8). The samples described in this report correspond to the best conditions investigated: T°=150°C; pressure=100MPa. Due to the small size of the cylinders obtained, the mechanical testing could not be made by classical compression. The tests were carried out using diametral compression (Brazilian test). The tensile strengths thus measured were in the range 18 to 25 MPa. Interestingly, these values are close to those obtained with stoichiometric HA despite extremely short heating times.XRD analyses showed that the nanocrystals were preserved in the process and no other crystalline phase was detected. Depending on the processing conditions a texturation of the samples was noticed corresponding to a common orientation of the c axis of the hexagonal unit-cell perpendicular to the applied force (Figure9). Comparison with the pattern of the initial powder indicated an increase of the degree of crystallinity after processing. No formation of monetite was observed by SPS for dwell temperatures under 200°C. Above this temperature however DCPA and calcium pyrophosphate were observed

Figure 8 :

 8 Figure 8: Shrinkage of the nanocrystalline apatite samples (SPS).

Figure 9 :Figure 10 :

 910 Figure 9: Comparison of the XRD diagrams of the lyophilized powder (bottom, black) and the sintered pellet (top, red). The relative intensity of 002 and 004 peaks has considerably decreased indicating a texturation of the nanocrystalline material.

Figure 11 :

 11 Figure 11: FEG-SEM micrograph of SPS pellets obtained from apatite nanocrystals.

Figure 11 :

 11 Figure 11: Schema of the surface hydrated layer on apatite nanocrystals. The structured hydrated layer constitutes a pool of loosely bound ions which can facilitate intercrystalline interactions. These ions nourish the growth of the more stable apatite domains.(Pr: proteins) (reproduced with permission from ref. 9).
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 2 ) x (OH) 2-x (I) in which the loss of a negative charge due to the replacement of a trivalent PO 4 3-anion by a

Table I :

 I Chemical Composition and Crystal Size of the Nanocrystals (after lyophilisation)

	Sample Maturation	Ca/P	Ca/(P+C)	C/P	OM	L 002	L 310
		time	(atomic)	(atomic)	(atomic)	(% weight)	(nm)	(nm)
		(days)	(+ 0.02)	(+ 0.03)	(+ 0.01)	(+ 0.5)	(+ 0.3)	(+ 0.3)
		0	1.42	1.35	0.05		14.6	3.9
	without	3	1.52	1.39	0.10		16.1	4.1
	proteins	10	1.57	1.40	0.12		17.3	4.5
		30	1.60	1.40	0.14		20.3	5.2
	alb	0	1.50	1.42	0.06	34.6	15.1	3.5
		3	1.51	1.37	0.11	32.0	18.0	4.2
	gel	0	1.52	1.43	0.06	24.5	13.4	3.5
		3	1.53	1.41	0.08	21.1	17.6	4.0
	cas	0	1.53	1.46	0.05	35.9	14.6	3.1
		3	1.52	1.39	0.08	38.5	16.5	3.5
	C: carbonate; OM: organic matter, L002: apatite crystal length (002 peak); L310 apatite width-
	thickness (310 peak)						

Table II :

 II Characteristics of nanocrystalline apatites used in pressure sintering

	Maturation time Atomic Ca/P	HPO 4 content	L 002	L 310
		ratio (+ 0.02)	(% of P; + 0.5)	(nm ; + 0.3)	(nm ; + 0.3)
	0	1.38	29.0	16.6	4.8

Table III :

 III Characteristics of nanocrystalline apatites used in pressure sintering

	Maturation time Atomic Ca/P	HPO 4 content	L 002	L 310
		ratio (+ 0.02)	(% of P; + 0.5)	(nm ; + 0.3)	(nm ; + 0.3)
	1 day	1.43	18.9	23.6	6.5

2

  Ca 8 (PO 4 ) 4 (HPO 4 ) 2 , 5H 2 O → 6 CaHPO 4 + Ca 10 (PO 4 ) 6 (OH) 2 + 8H 2 O

Table IV :

 IV Summary of the Different Characteristics of Low Temperature Processing of Nanocrystalline Apatites

		Associations	Porosity Compressive	Decomposition	OH -formation
	Method	with proteins		Strength (MPa)		and
						crystal dimensions
	Cements	+/-	≈ 50%	12-80	No	Slow
						No change
						(after hardening)
	Gel-drying	+	35-55 %	40-70	No	Slow
						Small increase, or
						no change
	Pressure sintering	-	40-50%	90-120	DCPA	Fast
					impurities	Increase
	SPS	-	30-40 %	*	DCPA	
					impurities	
					(above 200°C)