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Abstract

In the domain of implantable materials, the porosity and pore size distribution of a material in contact with bone is decisive for bone ingrowth

and thus the control of the porosity is of great interest. The use of a new porogen agent, i.e. sucrose is proposed to create a porosity in biphasic

calcium phosphate blocks. The technological procedure is as follows: sucrose and mineral powder are mixed, then compressed by isostatic

compression and sintering finally eliminates sucrose. Blocks obtained were compared to a manufactured product: Triosite1 (Zimmer, Etupes,

France) which porosity is created through a naphthalene sublimation process.

Results have shown that the incorporation of sucrose allows the preparation of porous blocks with controlled porosity varying from 40 to 80%

and with macro-, meso- and microporosity characteristics depending on the percentage of sucrose added as well as on the granulometry of both

sucrose and mineral powder.
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1. Introduction

Due to their chemical composition close to the bone mineral

(biological apatite), the main bioactive ceramics used for

implants are calcium phosphate ceramics (CaP). The efficiency

of such CaP ceramics is related to their chemical nature as well

as to their porous structure. To be invaded by bone ingrowth and

to allow body fluid circulation, the CaP ceramics have to be

porous (total pore volume near 60%), i.e. they must contain

both macropores of at least 100 mm – most of them lying

between 150 and 300 mm – and micropores inferior to 5–

10 mm, this last fraction being not greater than 5–10% [1–10].

Therefore, control of porosity within the porous bioceramics is

a critical matter. Another problem for these porous structures is
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their low compression strength and modulus, which are quite

different from those exhibited by cancellous bone [10–13].

Many processes have been described for the preparation of

porous materials: use of replica sponge structures such as the

so-called polymeric sponges (reticulate ceramics) [10,14–16]

followed by heat treating, replicas of marine coral [17];

introduction of porogen substances which will create a porous

structure after calcination and which integrity is maintained

through the sintering step (naphthalene particles [18,19]),

organic polymers such as poly vinyl butyral (PVB) [7,20],

polystyrene or polymethyl methacrylate beads [6], sodium

chloride grains [21], calcium polyphosphate particles [22],

cellulosic powder or artificial polymers and binders [11], flour

[23], gas-forming (carbon dioxide, hydrogen) agent such as

ball-shaped granules of clay (foam ceramics) [14], CaCo3

[24,25], hydrogen peroxide [5] and so on. However, each

technique has its own limit: relatively low strength (polymeric

sponges, cellulosic powder or artificial polymers and binders),

pore size limited to several micrometers (CaCo3, flour), or low

permeability in foam ceramics (open and closed voids) when

compared to reticulate ceramics (interconnected voids) [14].
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We have already shown [4,26,27] that porous blocks of

biphasic calcium phosphate (BCP) with a macroporosity close

to 50% (mean pore size of 400–600 mm), a microporosity of

about 35% and a 60/40 hydroxyapatite (HA)/tricalcium

phosphate b (b-TCP) ratio have a degradation rate adapted

to bone ingrowth kinetics. The method employed to create the

porosity of these blocks is the Hubbard’s one [18], where 50%

of calibrated naphthalene particles (mean: 500 mm) were added

to 80–200 mm mixed powders of HA and b-TCP. Samples were

subjected to isostatic compression (200 MPa) and the resulting

blocks were sintered at 1100 8C, after being subjected to a slow

thermal ramp (up to 550 8C) in order to eliminate the

naphthalene particles by sublimation. However, this method

suffers from several drawbacks such as toxicity associated to

PAHs, fire setting, air pollution and difficulties of naphthalene

grinding and sieving.

The aim of the present study was to test the feasibility of

elaborating blocks with a controlled porosity using sucrose

particles with different size fractions of 565, 407.5, 257.5 and

150 mm as the porogen agent, the sucrose being associated to

the apatite powder at concentration ranging from 35 to 55% (v/

v). This compound is cheaper, safer and easier to manipulate

than naphthalene. Resulting powder mixtures were submitted to

high pressure using isostatic compression, and then sintered.

Porosity and pore size distribution were evaluated through

scanning electron microscopy (SEM) coupled to image analysis

and through mercury porosimetry. Blocks were compared with

ceramics obtained after sublimation of naphthalene as the

porogen agent [18].

2. Experimental procedures

2.1. Materials

The synthesis of the calcium deficient apatite (CDA) was

completed by alkaline hydrolysis of dicalcium phosphate

dehydrated (DCPD, Merck, France) [28]. Crystalline sucrose

(Beghin Say, France), used as the porogen compound, was

previously mechanically sieved (503 502 Sieve, Fristch

Laborgerätebau, Germany) on 630, 500, 315, 200 and

100 mm sievers for 20 min to collect 565, 407.5, 257.5 and

150 mm grains. CDA granules were obtained as follows: The

CDA powder was introduced in an elastomer mold under

vacuum, then the mold was transferred into a high-pressure

chamber containing water and subjected to isostatic compres-

sion under 200 MPa during 2 min according to a protocol

previously described [29]. Briefly, the pressure was increased to

200 MPa (3.4 MPa s�1) for 2 min, then slowly decreased

(1.2 MPa s�1) to the atmospheric pressure using an hyperbar

equipment (Alstom, Nantes, France).

The resulting compressed blocks of CDA were sintered in a

controlled-temperature Vecstar furnace (Vecstar, Eurotherm,

Suisse) according to the following process. The temperature

was first raised to 180 8C (2 8C min�1) for 240 min, then to

560 8C for 300 min in order to eliminate sugar particles, and

finally to 1050 8C (3 8C min�1) for 300 min. Then the blocks

were cooled down to 25 8C (3 8C min�1), crushed in a grooved
roller breaker (TG2S, Erweka Apparatebau GmbH, Germany)

and mechanically sieved for 20 min to collect 565, 407.5, 257.5

and 150 mm granules.

2.2. Block formulation

Two experimental studies were performed in parallel. In the

first one, different percentages of sucrose: 35, 45 and 55% (v/v) of

each granulometry (565, 407.5, 257.5 and 150 mm) were added to

65, 55 and 45% (v/v) of the synthetic CDA powder (samples 1–

12), respectively. In the second one, 45% (v/v) of sucrose granules

were added to 55% of CDA granules, each having the same

granulometry (565, 407.5, 257.5 or 150 mm) (samples 13–16).

The mixing (weight: around 80 g) were elaborated using a

Turbula1 (T2C, WAB, Suisse) for 3� 5 min. Each mixing was

conditioned in an elastomer mold under vacuum. The mold was

then isostatically compressed in a hyperbar equipment. The

resulting compressed blocks of CDA and porogen were sintered

in a controlled-temperature Vecstar furnace (Vecstar, Eurotherm,

Switzerland). These two last operations were conducted

according to the aforementioned process (see Section 2.1).

Smaller blocks were then sectioned in the central region of the

compressed blocks in 5 mm � 5 mm � 5 mm blocks with a

diamond saw (Dremel Moto-Flex 732-T1, USA).

2.3. Physicochemical characterization

CDA purity was checked by Fourier transformed Infrared

spectroscopy (Nicolet Magnat II 550 FTIR spectrometer, Paris,

France) and X-ray diffraction (PW 1730 Diffractometer,

Philips, France) [30,31] after sintering at 1050 8C for 5 h in

the Vecstar furnace.

2.4. Morphological aspect of porous block

The blocks were embedded in a methylmetacrylate resin

using the following protocol: a dehydration step (1 day in ethanol

80% (v/v), 1 day in ethanol 95% (v/v), then 1 day in absolute

ethanol) was followed by an impregnation one (1 day in a mixture

of absolute ethanol/methylmetacrylate: 1/1, 2 days in destabi-

lised methylmetacrylate and 2 days in methylmetacrylate) and

finally a drying step (1 week in an oven at a progressively

increasing temperature: 30–80 8C). The impregnated samples

were then transversally sectioned in two parts, with a diamond

disc (Isomet, type 111180, low speed saw, Buehler, USA).

Internal surfaces were polished with a diamond paste to achieve

less than 1 mm of roughness. The two surfaces of each sample

were then metallised by cathodic pulverisation (Emscope, AEI

230, Ashford, UK) with a gold–palladium complex under a

15 kV voltage (15 min), before SEM analysis (JSM-6300, Jeol,

Tokyo, Japan). In those conditions, porous areas appeared in

black whereas biomaterial areas varied from white to grey.

2.5. Porosity evaluation

Two methods were performed to evaluate the block porosity.

In the first one, SEM was coupled to a semi-automatic image
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analyser (Quantimet 500, Leica, Cambridge, UK) which

allowed to evaluate the percentage of macroporosity (Ma)

(>80 mm) in term of surface. The total surface of the sample

was analysed and the macroporosity percentage was calculated

as (porous surface/sample surface) � 100. Results were

expressed as the mean percentage of 3 blocks (n = 6 surfaces).

For the reference (Triosite1), 10 samples were similarly

analysed (n = 20 surfaces). In the second method, i.e. Hg

porosimetry (Autopore III 9400, Micromeritics, Creil, France),

it was possible to evaluate the total porosity of the blocks (30 Å

to 330 mm) expressed in term of porous volume/total volume.

Classes of pores were sorted in: macroporosity (100–330 mm),

mesoporosity (Me) (10–100 mm) and microporosity (Mi) (30 Å

to 10 mm). Porosity percentages were evaluated in volume, by

intrusion of mercury in the porous canalicules of the blocks.

Results were expressed as the mean percentage of 3 blocks

(n = 3 volumes) in each class of size. Three blocks of the

commercialised product (Triosite1) were used as the control

and analysed in the same conditions. Porosity results were

graphically expressed in terms of total porosity, Ma, Me and Mi

porosity.

3. Results

3.1. Physicochemical characterization

The IR spectra showed the typical absorptions of BCP

whereas no valence vibrations could be associated neither to

carbonate nor to pyrophosphate. XRD profiles of BCP powders
Fig. 1. SEM photographies (15�), after mixing of CDA powder with 55% of
showed peaks corresponding to BCP, allowing the two phases

namely hydroxyapatite (HA) and beta tricalcium phosphate (b-

TCP) to be clearly identified. The HA/b-TCP ratio was 27/73,

corresponding to a Ca/P ratio of 1.62.

3.2. Morphological aspect of porous block

Morphological aspect of the porous blocks elaborated by

CDA powder/sucrose granules mixing is shown in Fig. 1. When

150 and 257.5 mm granules of sucrose were added, the mixing

was not homogeneous when compared with the use of 407.5

and 565 mm granules of sucrose. Morphological aspect of the

porous blocks elaborated by CDA granules/sucrose granules

mixing is shown in Fig. 2. Whatever the granulometry of both

CDA and sucrose, the repartition of the porosity in the blocks

was homogeneous.

3.3. Porosity evaluated by mercury porosimetry

3.3.1. Total porosity percentages (Fig. 3)

The total porosity percentage obtained for the reference was

68.81 � 5.30%. When CDA powder (P) was mixed to sucrose

granules (G): (P/G: 1–12), all samples presented a total porosity

percentage superior to 52% [from 52.31 � 3.11 (sample 7) to

81.18 � 6.84% (sample 6)]. When CDA granules were mixed

to 45% of sucrose granules (G/G: 13–16), the porosity

percentages varied from 38.09 � 3.14% (sample 13) to

55.34 � 4.02% (sample 16) and were always inferior to those

obtained when 45% of sucrose granules were mixed to CDA
sucrose grains: (a) 150 mm, (b) 257.5 mm, (c) 407.5 mm and (d) 565 mm.



Fig. 2. SEM photographies (15�), after mixing of CDA grains with 45% of sucrose grains: (a) 150 mm, (b) 257.5 mm, (c) 407.5 mm and (d) 565 mm.

A.-M. Le Ray et al. / Ceramics International 36 (2010) 93–10196
powder. Four samples exhibited a porosity close to or above the

reference one: 3 (69.97 � 7.73%), 6 (81.18 � 6.84%), 9

(65.34 � 4.88%) and 12 (67.61 � 4.06%). The production of

sample 6 was not constant since a lot of samples were broken

and could not be analysed.

3.3.2. Macroporosity (Fig. 4)

The macroporosity percentage obtained for the reference was

8.77 � 2.09%. When CDA powder was mixed to sucrose

granules (P/G), macroporosity percentages varied from

3.40 � 0.25 (sample 11) to 28.92 � 1.84% (sample 3). When

CDA granules were mixed to 45% of sucrose granules (G/G), the

macroporosity percentages varied from 16.95 � 6.51% (sample

16) to 27.94 � 5.27% (sample 14) and were always superior to

those obtained when 45% of sucrose granules were mixed to

CDA powder. Ten samples showed a porosity close or superior to

the reference: 1 (9.31 � 2.67%), 2 (11.92 � 3.94%), 3

(28.92� 1.84%), 6 (13.42� 3.81%), 8 (8.68 � 5.91%), 9

(14.50� 3.00%) and the fourth G/G: 13 (21.12� 2.75%), 14

(27.94� 5.27%), 15 (26.32� 0.21%) and 16 (16.95 � 6.51%).

3.3.3. Mesoporosity (Fig. 5)

The mesoporosity percentage obtained for the reference was

9.75 � 4.97%. When CDA powder was mixed to sucrose

granules (P/G), mesoporosity percentages varied from

19.73 � 1.12 (sample 10) to 51.31 � 2.43% (sample 6) and

were always superior to the reference. When CDA granules

were mixed to 45% of sucrose granules (G/G), mesoporosity

percentages varied from 2.49 � 0.59% (sample 13) to

25.3 � 3.94% (sample 16). Three samples had a mesoporosity
inferior to the reference (samples 13–15) and all mesoporosity

percentages were always inferior to those obtained when 45%

of sucrose granules were mixed to CDA powder.

3.3.4. Microporosity (Fig. 6)

The microporosity percentage obtained for the reference was

50.58 � 5.53%. When CDA powder was mixed to sucrose

granules (P/G), microporosity percentages varied from

12.07 � 1.62 (sample 12) to 33.33 � 2.15% (sample 10).

When CDA granules were mixed to 45% of sucrose granules

(G/G), the microporosity percentages varied from

12.33 � 2.50% sample 16) to 14.61 � 1.27% (sample 13)

and were always inferior to those obtained when 45% of

sucrose granules were mixed to CDA powder. Microporosity

percentages were always inferior to the reference in both cases

(CDA powder/sucrose granules mixing and CDA granules

mixed to sucrose granules).

3.4. Macroporosity evaluated by SEM (Fig. 7)

The macroporosity percentage obtained for the reference

was 48.03 � 0.76%. When CDA powder was mixed to

sucrose granules (P/G), macroporosity percentages varied

from 35.08 � 3.32% (sample 1) to 60.39% (sample 9). When

CDA granules were mixed to 45% of sucrose granules (G/G),

the macroporosity percentages varied from 51.25 � 3.31%

(sample 14) to 57.40 � 2.06% (sample 16). Macroporosity

percentages were superior to those obtained when 45% of

sucrose granules were mixed to CDA powder for samples 13,

15 and 16. Macroporosity percentages were superior to the



Fig. 3. Illustration of total porosity percentages obtained by Hg porosimetry for blocks 1–12 (powder/grains) and 13–16 (grains/grains).
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reference for 6 samples: 3, 5, 6, 8, 9 and 12 in the case of

CDA powder/sucrose granules mixing and for all samples:

13–16 in the case of CDA granules mixed to sucrose

granules.
Fig. 4. Illustration of macroporosity obtained by Hg porosimetry
4. Discussion

The main objective of this work was to study the possibility

of controlling the porosity of CaP ceramics. Different mixing of
for blocks 1–12 (powder/grains) and 13–16 (grains/grains).



Fig. 5. Illustration of mesoporosity obtained by Hg porosimetry for blocks 1–12 (powder/grains) and 13–6 (grains/grains).
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CDA and sucrose were prepared, shaped by isostatic

compression, then sintered at 1050 8C. The effect of

granulometry, percentage and state (powder or granule) of

porogen and CDA on the porosity percentages were studied.

The porosity was evaluated using two analytical methods,

i.e. scanning electron microscopy (SEM) and Hg porosimetry.
Fig. 6. Illustration of macroporosity obtained by Hg porosimetr
On one hand, SEM is mainly adapted to a surface evaluation of

the macroporosity (>80 mm) but is time-consuming. On the

other hand Hg porosimetry is well adapted to the evaluation of

the total porosity as a volume; macroporosity, mesoporosity and

microporosity thus could be calculated. Samples were directly

introduced in the porosimeter without any preparation, leading
y for blocks 1–12 (powder/grains) and 13–6 (grains/grains).



Fig. 7. Illustration of macroporosity obtained by SEM for blocks 1–12 (powder/grains) and 13–16 (grains/grains).
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to pore size measurements in the 30 Å to 330 mm range. Each

method gave its own informations regarding surfaces, volumes

and analytical ranges. So, as formerly discussed [19], it seemed

interesting to investigate them both in order to complete our

analysis of the porosity.

The elaboration of the material was made according to

carefully chosen experimental conditions. Indeed, the mixing

time of the porogen and the mineral powder in a turbula for 3�
5 min is classical in pharmaceutical technology and allows to

obtain a good powder homogeneity. The granulometry of

sucrose and apatite is related to the calibrated siever: 565,

407.5, 257.5 and 150 mm. The densification of the CDA powder

using the cold isostatic compression was preferred to the

uniaxial pressure, since whenever the pressure is equal in all

directions, maximal densification of the powders is reached

leading to the obtained blocks exhibiting an homogeneous

resistance [5,19]. The pressure of 200 MPa used for the isostatic

compression to elaborate phosphocalcic ceramics was also

validated in previous publications [29,32]. However others

authors work with pressures inferior to 200 MPa [12,13,24,32],

for Hubbard a pressure above 150 MPa does not give any better

mechanical properties [18], while others work at pressures

higher than 300 MPa [19,23].

The choice of our thermal treatment protocol was based on

different criteria chosen as follows. The first criterion is the

thermic degradation of the porogen [4,6,7,14,20,24,25] since

its elimination creates the macroporosity. The temperature of

180 8C corresponds to the fusion of the sucrose. The porogen

liquefaction induced a significant decrease of the pressure

exerced onto the ceramic. The liquid can diffuse in all minerals

during this first step (240 min) to create canalicules (vessels) in
the whole network. The second step (5608 C for 300 min) is

necessary to get rid of the calcination residues of the sucrose

particles or other volatil compounds. The temperature must be

slowly increased to allow the polymer beads to melt and

vaporize, then resulting in interconnected pores [6]. In order to

minimize the potential for cracking due to the gas pressure

build up and to ensure complete combustion of all polymers, a

minimal hold-time of 2 h is generally chosen [24,25]. The

second criterion was the physicochemical properties of the

obtained ceramic. An adapted high sintering temperature was

chosen in order to obtain the consolidation of the ceramic

network, the densification of the macropores walls [19], the

best mechanical characteristics [3] and the microporosity

corresponding to the BCP interparticular spaces. Depending

on the nature of calcic minerals, different temperatures

[4,6,19,23], and sintering times [7,20] were described in the

literature. A third step (1050 8C, 300 min) was then chosen to

densify the ceramic powder. This thermal treatment protocol

permitted to create porous ceramics without altering their

properties.

SEM imaging clearly revealed that samples prepared by the

mixing of grains/grains sharing the same granulometry, have

the better porosity repartition and thus the best homogeneity

compared to samples prepared by mixing of CDA powder with,

respectively, sucrose grains of 565, 407.5, 257.5 and 150 mm

diameters.

As far as the porosity results are concerned, the reference

used in this work (Triosite1) presents a high total porosity of

69% (Hg) with the following repartition: 9% of macroporosity,

10% of mesoporosity and 51% of microporosity if referred to

Hg results and 48% of macroporosity by SEM. When CDAwas
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added to sucrose at the powder state, it was demonstrated that

the total porosity percentages obtained by Hg porosimetry

increased (from 52 to 81%) with the volume percentage of

porogen. This was already confirmed by other teams who

determined that the total porosity depend on several

parameters such as the amount of (more precisely the space

occupied by) the added pore-creating medium, the temperature

of sintering and the powder size [23,25]. Compared to the

different percentages of total porosity described in the

literature, values around 50% were often evocated [6,19]

with a maximum of 62% claimed by Arita et al. [25]. When

45% of sucrose granules were added to CDA granules, the

porosity percentages were inferior as they were comprised

between 38 (sample 13, 565 mm) and 55% (sample 16,

150 mm). The best percentage of macroporosity (Hg) was

obtained for sample 3 (29%) elaborated with the higher

percentage (55%) of the greater sucrose granules (565 mm).

When 45% of sucrose granules were added to CDA

granules, two samples presented interesting macroporosity

percentages (Hg): sample 14 (28%) and 15 (26%). These

percentages were largely superior to the reference (9%). When

the macroporosity was evaluated by SEM, the values were

incomparably higher (from 35 to 60%) almost reaching the

theoretical values of the introduced porogen (35, 45 and 55%).

Apart from one sample where 35% of sucrose were added to the

apatite, the other ones exhibited closed or higher macro-

porosity percentages than the reference (48%). This result was

very promising as it confirmed the fact that the porogen was

responsible for the created macroporosity. It also pointed to the

SEM technique as the best way to evaluate the macroporosity

in spite the fact that connected and non-interconnected pores

were not distinguished. Anyway, if it may be considered that a

phenomenon of dissolution in physiological osseous recon-

struction would lead to the invasion of these pores. In the case

of powder/grains mixtures, three samples (1–3) prepared with

sucrose with the higher granulometry (565 mm) had a

mesoporosity c.a. 30%. For the others, mesoporosity increased

(20–51%) as the percentage of porogen increased. The lower

percentage of mesoporosity (c.a. 20%) was observed with

sample 10. In the case of grains/grains mixture, the

mesoporosity became high as the granulometry of sucrose

granules decreased (from 2 to 25% for sample 13–16) with

mesoporosity percentages inferior to 10% for samples 13–15.

Mixing powder with sucrose grains resulted in inferior

microporosities (12–30%) while mixing apatite grains with

sucrose grains gave small values (12–15%). This phenomenon

can be easily explained by the fact that the microporosity is

created by the interparticular spaces between the apatite

particles. In the case of G/G mixing, the apatite was compacted

then sintered before its granulation, so the interparticular

spaces decreased significantly. When considering that a

microporosity of 10% is sufficient to permit the diffusion of

the environmental liquid in the total network for the dissolution

and precipitation of the material, the best conditions were

obtained for samples 3, 9, 12 for P/G mixing on the one hand

and for all samples being prepared with the association of G/G

(13–16) on the other hand.
5. Conclusion

The goal of the present work which consisted in a control of

the porosity repartition in a Ca/P biomaterial was thus achieved.

Depending on individual aforementionned factors (porogen,

mineral, sintering,. . .), any material may exhibit perfect

porosity properties. We suggest the use of Ca/P materials with

total Hg porosity superior to the reference (samples 3 and 6),

with higher Hg macroporosity (samples 1–3, 6, 9, 13–16),

lower Hg mesoporosity (13–15) and lower Hg microporosity

(all samples). Concerning the SEM macroporosity, 10 samples

have a higher macroporosity than the reference (3, 5, 6, 8, 9,

12–16). Total porosity analysed by Hg porosimetry being under

evaluated, as a consequence of the limit of macropores

detection (300 mm), and SEM analyses showing macroporosity

of, respectively, 52, 51 and 55% for samples 13–15, it could be

deduced that their total porosity was actually higher. The results

of the study dealing with a mixing of apatite granules (obtained

by crushing and sieving sintered compressed blocks of CDA)

with sucrose granules, which favours the best mixing

homogeneity and the best repartition of macroporosity,

mesoporosity and microporosity is very promising. Further

explorations with percentages of sucrose higher than 45% will

be necessary to define the limit of sucrose incorporation

percentage. Porous structures must be evaluated in terms of

resistance to pressure as it is a critical problem that limits

clinical applications. The double sintering of CDA in the study

consisting in mixing apatite granules to sucrose granules let us

think that the obtained blocks will be more resistant. Another

study about macroporous interconnections has also been

investigated by our team [33]. Preliminary results have shown

that interconnections are characterized by permeability and

tortuosity and that there is no systematic correlation between

the porosity level and the permeability or tortuosity degree.

Therefore, a porous ceramic is not necessarily interconnected.

Finally, to fully evaluate the effectiveness of the proposed

biomaterials, further studies, including in vivo experiments,

will be required. In this matter, implantations in rabbits have

already shown some interesting results [34].
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