
Abstract Materials used for bone substitution (i.e.

hydroxyapatite and calcium phosphate) are highly

successful, since when implanted they provide an effi-

cient scaffold that can be colonized by the patient’s

bone. However, their poor mechanical properties

impede their use for load-bearing applications. In

contrast, no material with high mechanical properties

also presents a high bioactivity. A possible way of

finding a material both strong and bioactive is to use a

composite. We propose here a composite deriving its

strength from its alumina core and its bioactivity from

a calcium phosphate surface. Ceramic scaffolds have

been produced by infiltration of polymer open-celled

foams. Several compositions of the slurries have been

tested, leading to the realization of porous pieces with

a biocompatibility gradient at a micrometric scale. The

mechanical properties of several new materials are

presented and correlated to their microstructure.

Introduction

Bone substitutes are used in every application when

natural bone is missing. This includes bone filling

after the removal of a tumor or around orthopedic

implants, tibial inserts (in the case of tibial osteoto-

my), cranio-facial reconstruction, etc. They are made

of porous ceramics that mimic as well as possible the

bone architecture and chemical composition.

Hydroxyapatite, b-tricalcium phosphate and biphasic

calcium phosphates are the most frequently used

synthetic materials for bone substitution. Their com-

positions, being very close to the mineral part of

bone, present very good osseo-conductivity. However,

their mechanical properties are very low, and they

cannot be used alone for load-bearing applications

such as tibial osteotomy (they are used in combina-

tion with metallic plates and screws that ensure the

integrity of the tibia until the bone is re-grown in the

calcium phosphate insert). Even handling of the bone

substitutes by the surgeons is difficult (surgeons often

have to cut the substitutes to the right shape, which

leads more often than not to a fracture of the sub-

stitute). No material with both good mechanical and

good biological properties exists. However, keeping in

mind that bioactivity is more a surface property and

mechanical properties are due to the bulk, it is pos-

sible to conceive a functionally graded composite

deriving its strength from a strong, bio-inert core (like

alumina or zirconia) and its bioactivity from a calcium

phosphate coating. This concept is already in use

(titanium hip stems coated with hydroxyapatite

for example), but is not often applied to porous

materials for which the use of classical methods to

obtain coating (such as plasma spray deposition) is

impossible.

Many techniques exist to produce cellular ceramics.

They can be made by gel casting, where ceramic slur-

ries suspended in a monomeric solution are gelled by
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in-situ polymerization [1, 2], addition of porogenic

agents [3], rapid prototyping with indirect fuse depo-

sition [4], foaming of aqueous slurries [5], infiltration of

open-celled polymer foams [6, 7], foaming of prece-

ramic polymers followed by ceramisation [8] or other

processes [9–12].

In this work, we chose to process cellular alumina

whose struts are coated with tri-calcium phosphate.

The ceramic scaffolds have been produced by infiltra-

tion of polymer open-celled foams. Several composi-

tions of the slurries have been tested, leading to the

realization of scaffolds with a biocompatibility gradi-

ent. The mechanical properties of several new mate-

rials were measured and correlated to their

microstructure.

Experimental procedures

Slurries

Alumina-based slurries (Ceralox HPA05, d50: 0.4 lm,

specific area 9 m2 g)1) of different compositions have

been prepared. Various amounts (1, 2, 5, 10 and

20 wt%) of sub-stoichiometric tricalcium phosphate

(b-TCP—Fluka) have been added to some of the alu-

mina slurries. This calcium-defective TCP presents a

eutectic at 1287 �C, and thus allows liquid phase sin-

tering of the alumina. A dry content up to 75 wt% in

water was achieved through the use of a dispersant

(Darvan C, 1.7 mg m)2) and 24 h ball milling with

5 mm alumina balls. The slurries exhibited a Newto-

nian behavior between 0 and 1500 s)1, with a viscosity

between 15 and 20 mPa s.

Infiltration of the polymer foam

Different polymer foams have been tested for infiltra-

tion (several types of polyurethane (100 ppi, density

ranging from 30 to 100 kg m)3) and melamine

(250 ppi, density 10 kg m)3)). Cracking of the cellular

ceramics during sintering occurred with most of the

foams. The best candidate was a melamine foam

(McMaster-Carr, USA), whose high porosity and thin,

needle-like struts allowed the avoidance of cracking

during the sintering. Pieces were cut out of 2.5 cm-thick

sheets of this foam, and a controlled amount of slurry

was poured inside them. The amount of slurry was

calculated so that the porosity of the cellular ceramic

after sintering was ~70 vol%. The infiltrated pieces

were then compressed repeatedly (~5 times depending

on the size of the piece) to 10% of their initial thick-

ness with a wooden roller, so as to achieve better

homogeneity [13].

Sintering

The thermal cycle was chosen to allow good densifi-

cation of all the samples, even those without calcium

phosphate addition. A first, slow heating (50 �C/h) was

followed by a 5 h plateau at 600 �C in order to burn the

melamine foam. A second plateau led to the final cel-

lular ceramic (2 h 30 min at 1650 �C, heating and

cooling ramps of 300 �C/h).

Characterization

X-ray diffraction (Siemens D5000 diffractometer)

allowed identification of the different phases. These

chemical analyses were confirmed by scanning electron

microscopy observations (ISI DS-130C operating at

15 kV coupled with an EDAX spectrometer for con-

ventional SEM, and Hitachi 4300 FE/N coupled with a

Noran EDS analyser for low-vacuum SEM). Due to

the difficulty of obtaining a continuous conductive

coating on such a highly porous material as our cellular

ceramics, low-vacuum SEM appeared to be the ideal

tool for the microstructural observations.

The mechanical characterization was made using an

Instron testing machine in a compression configuration

on 8 · 8 · 8 mm3 cubes (this geometry was preferred

because of the difficulty to obtain nicely shaped cyl-

inders). These dimensions were chosen to avoid any

size effect (the biggest microstructural feature, which is

the macropores diameter, is ~200 lm) while allowing

easy machining. The porous ceramics were embedded

in paraffin prior to machining, in order to strengthen

them and to avoid pollution by the cutting fluids.

Paraffin was removed prior to mechanical testing by

heating the samples in boiling water, followed by a

thermal treatment in air (400 �C, 2 h). Approximately

20 samples of each composition were tested.

Results

Microstructure

Pure alumina foams were elaborated first. The effect of

the dry content of the alumina slurry on the structure

of the cellular ceramic was examined (Fig. 1). Too low

dry contents lead to highly porous and microcracked

material, and the initial structure of the polymer foam

is almost lost. The pieces offer no mechanical resis-

tance. At first sight, the alumina content in the slurries

should be no smaller than 60 wt% to obtain good

samples. The thermal treatment described above pro-

duced almost fully dense walls between the cells
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(Fig. 1(a)). However large defects remain, which are

due to the elimination of the polymer: when burning,

the polymer foam leaves voids that cannot be filled by

the ceramic during sintering (Fig. 2).

The major interest of the melamine foam is that it is

composed of small-diameter polymer struts (around

5 lm) as compared to the polyurethane foams (diam-

eter above 50 lm, Fig. 3). Thus the voids formed in the

ceramic walls are much smaller, and then susceptible to

be filled during liquid phase sintering. Such a sintering

can be achieved by adding a sintering aid, namely sub-

stoichiometric b-tricalcium phosphate.

Thus b-TCP/alumina bulk samples have been elab-

orated by slip casting in plaster molds, and subjected to

the same thermal treatment as the pure alumina. They

were then polished with a 1 lm diamond paste, and

thermally treated for 30 min at 1550 �C. Patches of

TCP a few micrometers thick can be seen on the sur-

face of all the samples (Fig. 4). The calcium phosphate

surface coverage was determined by image analyses on

10 images per composition, with the software Image-

Tool from the University of Texas San Antonio [14]. It

increases with the b-TCP content up to 5 wt%, and

then seems to decrease slightly (Fig. 5). The micro-

structure is highly porous for high TCP contents. The

presence of a-TCP in some of the composites is

noticeable (Fig. 6).

The same coating can be observed on the cellular

ceramics (Fig. 7). Only the coating is much thinner

(less than 1 lm), and more TCP is needed to achieve

the same coverage. Indeed, no TCP coating could be

observed for TCP contents smaller than 20 wt%. As in

the case of the bulk samples, the densification of the

TCP-doped ceramics is not complete, in spite of the

high sintering temperature.

Mechanical properties

The strengths of the different materials were evaluated

in compression. The evolution of rf with the TCP

content shows two parts (Fig. 8(a)): first a decrease of

the strength with increasing TCP content until 10 wt%,

where the strength is very low (average around

4 MPa). This is followed by an increase of the fracture

stress, which reaches an average of 12 MPa for 20%

TCP. However these values should be considered very

Fig. 1 Cellular alumina from
(a) 75 wt% and (b) ~45 wt%
Al2O3 slurries

Fig. 2 ‘‘Memory’’ of the
polymer, resulting (a) in
~2 lm wide defects in the
cellular ceramic obtained
from the melamine foam, or
(b) in ~20 lm wide defects in
the ceramic obtained from
polyurethane foam
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carefully, since the variability is very high (the best

samples have strength greater than 30 MPa). The

strengths measured on our materials are in good

agreement with the literature for cellular alumina with

comparable porosities (higher than 70%), especially

the samples with the lowest TCP content (0 and 5%).

Discussion

Microstructure

The influence of the amount of powder in the slurry is

tremendous. A low solid content is very detrimental for

the formation of the cellular ceramic. The problems

arise during the first stages of the preparation of the

foams, i.e. during the infiltration of the polymer foam.

To explain what happens, one can calculate the volume

occupied by the slurry inside the melamine foam versus

the solid loading of the slurry. Considering 20% linear

shrinkage during sintering (measured by comparing the

dimensions before and after sintering) and neglecting

the volume occupied by the melamine struts, it is given

by this expression (1):

VS

Vf
¼ dap 1� sð Þ3 1þ 1� w

w

qAl2O3

qH2O

� �
ð1Þ

Where Vs is the volume of slurry necessary to obtain

the desired density after sintering, Vf the volume of

polymer foam to infiltrate, s is the linear shrinkage

during sintering (thus Vf � 1� sð Þ3 is the volume of

cellular ceramic after sintering), dap the apparent

density of the cellular ceramic after sintering, qAl2O3

the density of alumina, and w the dry content of the

slurry (in weight). The result is plotted with typical

values in Fig. 9. This figure shows that a solid loading

of the slurry higher than 43 wt% (vertical line) is

absolutely necessary (lower solid loadings would lead

to a volume of slurry higher than the volume of poly-

mer foam, which is practically impossible). Close to

43%, all the volume inside the melamine foam is

occupied by the slurry (Vs/Vf ~ 1). During drying,

many ceramic particles are too far from the polymer

struts to reach it and coat it. Thus clusters of ceramic

particles form inside the pores of the polymer foam,

and the structure of the polymer sponge is lost. If the

solid loading is higher than ~65%, the slurry occupies

less than 50% of the volume of the melamine foam

(Vs/Vf < 0.5). Then, the slurry is mainly supported by

the polymer struts or forms bi-dimensional films be-

tween the struts, and the center of the porosities is free

of slurry. Thus, during drying, a coating of the struts by

green ceramic and the formation of dry films occur, but

no cluster can form inside the pores. This presents

several advantages: the structure of the melamine foam

is conserved, implying better mechanical properties

since a fully percolating scaffold can be achieved, and

the green density of the alumina walls is higher, easing

the densification during sintering.

Further densification was achieved through the use

of a sintering aid. Indeed, when the melamine foam

burns during the sintering cycle, it leaves holes inside

the ceramic struts. The melamine foam being formed

of very narrow struts (around 5 lm) these holes can be

filled by a liquid phase. The sub-stoichiometric b-TCP

(calcium deficient) was chosen as a sintering aid

because it shows a eutectic at 1287 �C, and because it is

biocompatible, and even an osseo-conductor. The fill-

ing of the struts was observed. However, severe

microcracking occurred in the composites with a high

TCP content (from 5 to 10 wt %), due to the difference

of thermal expansion coefficients on the one hand

(~9.10–6 for alumina, ~15.10)6 for TCP [15]), and to the

extremely low toughness of the b-TCP (less than

1 Mpa.m1/2) on the other hand. This explains the

evolution of the mechanical behavior: there is a

competition between the filling of the big pores inside

Fig. 3 (a) Melamine foam,
with very thin struts (~5 lm
diameter); (b), multiuse
polyurethane foam, with
struts diameter greater than
50 lm
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the struts, and the microcracking. For the lowest TCP

contents, the microcracking is predominant, leading to

a decrease in strength with increasing TCP content.

Above 10 wt%, the filling of the big pores begins to

dominate, leading to an increase in strength.

The most interesting feature of these materials is

without doubt their ability to cover themselves with a

TCP layer. This is very clear on the surfaces of the bulk

materials, where almost continuous TCP coating can

be observed. This is less obvious in the cellular mate-

rials, where the coating was much more difficult to

observe. Nevertheless, on the 20 wt% TCP-alumina,

the presence of a non-continuous coating is clear.

These different behaviors between the bulk samples

and the cellular ceramic may be due to the difference

in the specific areas. The bulk samples have a

Fig. 4 Surface of the bulk alumina-TCP samples (0, 1, 2 and
10 wt% b-TCP from (a) to (d)), polished and annealed at
1550 �C for 0.5 h. (e) Cross section of the 10% sample, showing a

~6 lm thick TCP layer (bottom). (f) Cross section of the same
sample, showing the highly porous microstructure
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comparatively very small surface, thus all the liquid

phase expelled from the alumina core is located on this

small surface, leading to thick, almost continuous

coatings. For the same volume of material, the surface

of the cellular ceramic is several orders of magnitude

higher, thus the liquid phase has to spread much more,

leading to thin and discontinuous coatings. However,

due once more to the difference of the thermal

expansion coefficients of the TCP and alumina and to

the low toughness of the TCP, cracking of the coating

on the bulk samples is obvious. Indeed, considering

that the alumina is infinitely rigid compared with the

coating (which is most probable, since the alumina

piece is several millimeters thick, versus a few

micrometers for the coating, and since the Young

modulus of alumina is much higher than the modulus

of TCP (400 vs. ~100 GPa resp. [16–18])), the coating is

submitted to a strain e ¼ DaDT ¼ 0:76%, if one con-

siders that DT is the difference in temperature between

the eutectic temperature of the TCP and room tem-

perature. This corresponds to a stress around 700 MPa,

much higher than any strength measured for TCP, and

consequently explains the microcracking of the TCP

layer. Even in the cellular materials, where the alumina

core cannot be considered as infinitely rigid, a cracking

of the coating is detected.

Samples similar to ours have been obtained by Jun

[19] using a slightly different technique, developed

during the last few years [20–21]. The polymer sponge

was first impregnated with alumina slurry, then dried

and sintered, and impregnated again several times

with alumina slurries to increase the density, each

Fig. 5 Evolution of the TCP coverage on the surface of the bulk
samples with the b-TCP content in the slurry

Fig. 6 XRD analysis of the polished surface of alumina/10 wt%
b-TCP sample, showing the presence of a-TCP (circle), b-TCP
(squares) and alumina (triangles)

Fig. 7 Surface of an alveola of alumina-20 wt% b-TCP cellular ceramic; (a) SEM picture, the TCP areas can be recognized because
they are slightly cracked (arrows); (b) EDS map of the same area, where the TCP appears in white and the alumina in dark grey
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impregnation followed by sintering. Final impregna-

tions were made with TCP or HAP slurries. The

advantage is that the coatings are completely contin-

uous and the mechanical properties are a bit higher.

On the other hand, the process is much longer and

more complicated. Furthermore, the alumina structure

in this study is completely continuous, making its

resorption in the body impossible. The alumina struc-

ture in our materials presents numerous pockets of

TCP. These pockets will be slowly dissolved by the

body fluids and cells, and thus after a few years the

alumina scaffold is likely to be very progressively

eliminated.

Conclusions

Porous, open-celled, self-coated ceramics with a com-

position gradient were developed. They derive their

strength from an alumina core, and their bioactivity

from a calcium phosphate coating. Their mechanical

properties were measured and analyzed in view of their

microstructure. The evolution of the mechanical

properties was explained by a competition between the

microcracking of the ceramic struts and the filling of

the voids inside the struts. A criterion to obtain a cel-

lular ceramic with dense walls was proposed, taking

into account the solid loading of the slurries. More

work is needed to optimize these materials, and in

particular in-vitro cell culture studies are necessary.

We believe that similar processes can be applied to

other systems of materials, making possible the fabri-

cation of a range of ceramics with tailored mechanical

properties and bioactivity.
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