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Abstract

B-Tricalcium phosphate (3-TCP) macroporous ceramics were produced by a new manufacturing procedure. An organic skeleton constituted of
polymethylmethacrylate balls (PMMA) is carried by a chemical forming treatment. This treatment consists to establish a connection between
PMMA balls by a chemical superficial dissolution of the individual beads. This reaction is accompanied of significant shrinkage of the organic
skeleton which is correlated with the interconnection size between beads.

An empirical relation and a geometrical model, based on a theoretical arrangement of spheres of uniform sizes, were developed to determine
the necessary shrinkage of the organic skeleton to obtain a desired interconnection size.

PMMA skeleton is impregnated by using an aqueous suspension of (3-TCP, after drying, the ceramic/polymeric composite undergoes the
traditional steps of debinding and sintering to obtain finished material.

This process allows a total control of the porous architecture of the part (sizes of pores and interconnections) and also to perform materials with

very varied forms and dimensions with specific properties as a gradient of pore sizes or a gradient of the interconnection sizes.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic materials used for to repair and reconstruction
of damaged parts of the human skeleton must present many
properties.! Ideal biomaterial must be biocompatible, bioactive,
resorbable, osteoconductor, osteoinductor, have good mechani-
cal properties and to be available in unlimited quantity.> The
majority of these properties are primarily dependent on the
chemical composition and the porous architectural character-
istics of the implant. Among bioceramics used in this field
(alumina, zirconia, calcium sulphate, calcium carbonate, etc.),
calcium phosphates and in particular hydroxyapatite (HA)? and
B-tricalcium phosphate (B-TCP)* have a place of choice in the
clinical practice for a long time. Their chemical compositions,

* Corresponding author.
E-mail address: michel.descamps @univ-valenciennes.fr (M. Descamps).

0955-2219/$ — see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2007.05.025

near of the bone, confer them excellent biological properties.
These products are used in a pure state or in the form of a biphasic
mixture with variable proportions.> Moreover, the resorbability
of B-TCP allows a gradual biological degradation over a period
time and a progressive replacement by the natural host tissue.®’
So, B-TCP is currently considered as a very interesting material
for bone reconstruction and is frequently used for bone to repair
in the form of ceramic blocks, granules and calcium phosphate
cements.

The osteoconduction of the implant, i.e. the colonisation of
material by new bone, is ensured by the porous structure of
material. In this manner, the porous implant establishes a stable
interface with connective tissues and serves a scaffold for bone
formation and colonisation. To favour cellular and vascular pen-
etration which ensures bone ingrowth inside pores, the porous
architecture of material must be perfectly controlled and in par-
ticular the dimension of the pores and interconnections between
pores.
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In spite of many researches, ideal pore structure is diffi-
cult to determine. Indeed, the investigations were carried out
on materials presenting of the very diverse porous character-
istics (geometry and surface roughness of the pores, porous
volume value) and different resorption rates. Moreover, the
sites and times of implantation of these implants also are very
varied. Nevertheless, most studies suggested that cell colonisa-
tion and bone ingrowth apparently occur if macropore size is
greater than 100—150 wm3'2 and if interconnectivity is greater
than 50.13

A precise control of scaffold porosity and internal pore
structures parameters is thus essential for the therapeutic effec-
tiveness of the implant.

The synthetic ways to manufacture a macroporous material
include polymer porosifier method,'#'® foaming method,'”!8
solid reaction method, *2? replicas of porous structure®->? and
prototype 3D.?3

This study focused on a new manufacture process of macro-
porous P-tricalcium phosphate bioceramics.which uses slip
casting shaping and polymethylmethacrylate (PMMA) as poro-
gen agent and allows a significant control of the porous
structure.

2. Experimental procedure

Polymethylmethacrylate (PMMA) balls with a fixed gran-
ulometric distribution are chemically stuck together in order
to manufacture an organic scaffold in the shape of a block.
This chemical welding or chemical forming is ensured by a sol-
vent which causes a slow superficial dissolution of polymer and
allows the realisation of bridges at the contact points between
balls.

Voids between polymeric particles are then filled by an
aqueous calcium phosphate suspension. After drying of sam-
ple in a plaster mould, a debinding treatment, carried out
at low temperature, allows to eliminate the porogen agent
(PMMA) and to create the macroporosity within ceramic.
Bridging between PMMA balls will generate multiple inter-
connections between pores of sintered body with dimensions
equivalent to the size of these bridges. After this debinding stage,
the sintering allows to consolidate ceramic walls limiting the
pores.

The different steps of macroporous ceramic manufacturing
are represented on Fig. 1.

2.1. Manufacturing of organic frame

2.1.1. Porogen choice

The PMMA was selected to construct the polymeric frame
(Diakon ™ TIneos Acrylics, Holland). This polymer presents an
easy and clean thermal elimination and especially a significant
chemical dissolution with many solvents.

A spherical shape of this agent was selected in order to allow
the control of the dimension, the morphology and the homogene-
ity of polymeric frame. Chemical-forming trials were performed
on balls with diameters in the range of 100-800 wm, obtained
by mechanical sieving.

( PMMA balls ) ( TCP powder )

TCP
slurry

PMMA Chemical-
forming

Polymeric frame Impregnation
by TCP slurry

Drying

[ Thermal treatments ]

Fig. 1. Synoptic for the manufacture of macroporous body.

2.1.2. Chemical forming process

The connection between PMMA balls is carried out by a
chemical treatment. To produce these bridging, a solvent is care-
fully poured over a dense pile of spherical bodies, contained in
a metallic mould. This solvent must have a dissolution chemical
action with respect to the PMMA. Among the numerous tra-
ditional solvents usable, the choice was made on aceton (RPE
99.8% Carlo Erba, France). This solvent slowly dissolves parts
of the bodies and induces an overlapping between the indi-
vidual bodies. This movement leads to the formation of necks
between PMMA balls and a significant shrinkage of the ball
pile.

The neck size is influenced by numerous parameters such as:
the chemical nature of solvent and the quantity poured on the
balls pile, the dissolution duration, the trial temperature, the load
on ball pile. In order to control the neck dimension between balls,
independently of all these factors, the dimensional variation of
the organic frame is recorded continuously during the chemical
forming treatment then to correlate with the interconnection size
between beads.

To measure the shrinkage of the organic scaffold, caused by
the PMMA ball coalescence, a piston precisely sliding in the
metal mould is put in contact to the surface of the bed of balls,
in its highest part. On the top of the piston, an electronic displace-
ment sensor is positioned, with a resolution to one micrometer
(Tesa Digico 11 Tesa, France), which records the movement of
polymeric material according to z direction.

For different shrinkages, the chemical dissolution or bridging
between balls is stopped by water action and the neck diame-
ter is evaluated by a Scanning Electron Microscope (Hitachi
S-3500N).

These trials allowed to establish arelation between the shrink-
age of polymeric frame and the ball connection size.
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2.2. Impregnation of the organic frame

The impregnation of PMMA skeleton is carried out by using
an aqueous suspension of 3-TCP. This stage required: (i) the
synthesis of the B-tricalcium phosphate powder with granular
characteristics and a chemical composition adapted to a cor-
rect setting in suspension of the powder and to an important
densification of material and (ii) the optimisation of the casting
suspension.

2.2.1. Synthesis and characterisation of B-TCP powder

Stoichiometric B-TCP powder was prepared by aqueous pre-
cipitation technique using a diammonium phosphate solution
(NH4),HPO4 (Carlo Erba, France) and a calcium nitrate solution
Ca(NO3),-4H;0 (Brenntag, France).

The solution pH was adjusted at a constant value of 6.5 by
a continuous addition of ammonium hydroxide. Temperature
was fixed to 30°C and the solution was matured 24 h. After
ripening, solution was filtered and the precipitate was dried to
80 °C. After calcination at 900 °C, powder was ground to break
up agglomerates formed during the calcinations. This grinding
step was carried out by ball milling with HDPE milling jar and
Yttrium Stabilised Zirconia grinding medias during 3 h. After
this treatment, specific surface area of ground powders recorded
by the BET method (Micromeritics, Flow Sorb 3) was equal to
5.2m%/g.

A preceding work™ showed that it was preferable to use
composition with a Ca/P ratio slightly higher than 1.5. Indeed,
the presence of the hydroxyapatite phase inhibits the particle
enlargement and thus, allows a better densification of part. Thus,
the amount of initial reagents were selected in order to obtain
final powder slightly over stoichiometry and containing 2 wt.%
of HA. Quantitative analysis was performed by Powder X-Ray
Diffraction analysis (Rigaku Miniflex) using the intensity ratio
of lines Iya(211)/ITcp0210) in according to method of the propor-
tioned addition.?>6 The XRD spectra were collected employing
a step width of 0.02° with counting time fixed to 20 sunder 30 kV
and 15 mA exciting (Fig. 2).

k24

2.2.2. Slip preparation and manufacturing ceramics

B-TCP aqueous slurries were prepared with a powder con-
centration varying from 60 to 65 wt.% according to the density
of the PMMA skeleton.

Slurry defloculation is assured by a commercial organic agent
(Darvan C, R.t. Vanderbilt Co.) in amount equals to 1.5 wt.% of
B-TCP content. A quantity of organic binder (4 wt.% of TCP
content, Duramax B1001, Rohm and Haas) was added to ensure
a consolidation of green material during the debinding treat-
ment. After a planetary milling during 1 h using agate grinding
container and balls, the slurry was poured into plaster mould
containing the polymeric frame. The plaster mould ensures the
drying of material.

2.3. Thermal treatments

The PMMA elimination is carried out by a thermal treatment
at low temperature. A heating to 220 °C during 30h allows to

<)

-

=

=

=l

2

S

=

wn

7z

= o

z = &

= =
2 -]
1 (]
3 &

30,5 31 31,5 32 32,5 33

2 THETA (°)

Fig. 2. XRD pattern of TCP powder.

burn a large quantity of polymer. The residual organic is then
eliminated during a heating at 400 °C during 5h. After this
debinding treatment, samples are sintered at 1115 °C during 3h
in order to consolidate the ceramics. This treatment allow to
reach a relative density equal or higher than 99%.

3. Results and discussion
3.1. Chemical forming of PMMA balls

3.1.1. Empirical study

The bridging or chemical welding of polymethylmethacry-
late, balls evaluated by the fracture facies and according to the
shrinkage of organic frame, is shown in Fig. 3.

This experimentation is carried out at room temperature
with granulometric distribution of balls varying from 400 to
500 wm. The treatment duration varies from 30 min to 2 h and the
shrinkage of organic frame evolves between 190 and 3800 m,
respectively. The initial height of samples was about 23 mm.
These micrographies indicate many contact points between balls
and a spherically of the polymeric bead preserved. The connec-
tion size increases significantly with the increasing of the organic
skeleton shrinkage. The large interpenetrating of balls involves
a reduction in the voids between balls. This behaviour permits
to obtain very high interconnection sizes between pores and an
increase of the porous volume of sintered material. However, too
high densities of the organic skeleton generate difficulties during
the impregnation of the organic edifice by the casting slurry.

The overlapping progress with time of spherical particles is
followed by measuring the diameter of the contact circle, as a
function of shrinkage of organic frame (A). Fig. 4 shows this
evolution performed with three granulometric distribution, as
200-300, 400-500 and 600—700 pm. The precision obtained on
the interconnection size is estimated to 10%. In order not to be
dependent on the initial height H of the organic frame, the curves
are traced according to A/H.
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A= 3800 um

Fig. 3. Evolution of interconnection sizes in according to the shrinkage of organic frame.

These curves were fitted by a linear evolution with mathe-
matical forms following:

A
Balls 200-300 pm, ¢ = 541E +49.64

A
Balls 400-500 pm, ¢ = 1370ﬁ 4 81.84

A
Balls 600-700 pm, ¢ = 213OE +134.5

350
—4—200-300 pm
300 +
® 400-500 pm
250 4 A 600700 pm
200

150 4

100 /4’/,
50

INTERCONNECTION DIAMETER (um)

RELATIVE SHRINKAGE (A/H ) x 102

Fig. 4. Interconnection size as a function of relative shrinkage of organic skele-
ton.

These empirical relations allow to determine the necessary
shrinkage of the organic skeleton to obtain a desired intercon-
nection diameter.

3.1.2. Geometrical model

A geometrical model, based on a theoretical arrangement of
uniform sized spheres was developed to mathematically calcu-
late the shrinkage according to the diameter of interconnection
between PMMA balls.

The arrangement of any particles of diameter 2r may be
packed into several geometric arrays. A frequently cited model
proposes a theoretical arrangement according to five different
packing structure.?” Table 1 summarizes these various models
with the shear angle for cubic face and the calculated relative
density associated to each unit cell.

Many authors were interested in the determining density of
monosphere packing.?830 All conclude that the average pack-
ing efficiency of monospheres is about 59%, independently of
the size and density of material used and for a loose random
packing (i.e. in the absence of external forces). In our study, the
measurements, carried out on raw pile of PMMA balls with dif-

Table 1
Packing arrays for uniform spheres

Shear angles (°) Relative density (%)

Base Front Side
Cubic 90 90 90 52.36
Simple stagger 90 60 90 60.46
Double stagger 90 60 60 69.81
Pyramidal 90 45 45 74.04
Tetrahedral 60 60 60 74.04
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Table 2
Relative density for a loose random packing of PMMA beads

Diameter balls (um) Relative density (%)

200-300 58.9
300-400 59.5
400-500 59.4
500-600 59.8
600-700 60.1

Fig. 5. Vertical (a) and horizontal (b) cross sections of stacked spheres in a
simple stagger packing structure (before chemical forming). Representation of
the chosen lattice for discussion whereas the primitive lattice is in dashed line
(the angle of sheared square is equal to 60°).

ferent granulometric distributions, reveal a density varying from
59 to 60% (Table 2). This density is analogous to the simple stag-
ger structure.(Fig. 5). This arrangement was thus selected for the
model study.

In this work, we propose a simple model based on isotropic
interconnection between spheres initially in contact. Fig. 6
provides us, by geometrical consideration, the interconnection
diameter @ given by

@ =2\/r2—(r—dr)* =2r

where dr is the value of each sphere displacement. We can easily
express dr from the shrinkage A and the initial height H of sam-
ple. For that, H can be written like a multiple of lattice parameter
(see Fig. 5):

H = N2rv/3 )

ey

Fig. 6. Interconnection diameter representation with the elementary displace-
ment dr of two r radius spheres.

where N is the number of unit cell in the shrinkage direction.
The shrinkage per cell is given by

A A2r/3
Figs. 5 and 6 provide us the following relation:
dz = 2dr\/3 )
By a combination of Egs. (3) and (4), we finally obtain:
r_2 )
r H
(6)

We can easily remark that we would obtain the same form of Eq.
(5) for others structures such: simple cubic, body-centred cubic,
face centred cubic. Therefore the model presented for the simple
stagger structure is independent from the initial orientation of
sample.

The maximum of sphere displacement is obtained as soon as
a sphere is in contact with two others. For the simple stagger
structure the limitation of our model is given by the following
relation:
£§1—§%0.134 @)

r 2
We can easily remark in the bottom figure that the maximum den-
sity is not reached for this value (Fig. 7) and the maximum value
for the interconnection diameter is equal to r. Furthermore, the
relation (7) provides us an indication of the maximum shrinkage
value used in the experiments. This value cannot exceed 13.4%
initial height of the ball pile.

Fig. 8 shows the interconnection diameter @ versus the
shrinkage A determined by empirical study and calculated by
the geometrical model, for different sphere diameters. For each
experiment, the initial height of pile balls was for beads size of
200-300, 300-400, 400-500, 500-600 and 600-700 wm equal

(a)
(b)

3r
rv3

rvl
rvly

Fig.7. Vertical (a) and horizontal (b) cross section of stacked spheres in a simple
stagger packing structure (after chemical forming).
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Fig. 8. Comparison between empirical study and model.

to 12.13,12.03,11.97, 11.8 and 11.7 mm, respectively. The rela-
tive experimental incertitude is estimated at 10% and represented
by the error bars.

We needed to add a constant in Eq. (6) to reproduce the exper-
imental behaviour for which the interconnection diameter is not
equal to zero at the beginning of chemical forming. This can
easily be explained by an initial residual stress in the sample.
The formula applied for all the experiments is given by Eq. (8):

®)

d=110 um

O =240 um

where 7 is the average radius and 27/3 H is the added constant.

This geometrical model allows to determine the necessary
shrinkage of the organic skeleton to obtain a desired intercon-
nection size.

3.2. Morphological characteristics of sintered bodies

Fig. 9 represents structures obtained after debinding and sin-
tering treatments undergone by the part for different values of
shrinkage of organic frame.

The spherical pores present many interconnections with their
neighbours. The interconnection size is adjusted by the shrink-
age amplitude of the ball pile during the chemical-forming
treatment and can vary from 0.2 to 0.6 times the diameter of
the macropore, for limit values. These limitations are due to the
low mechanical resistance of the organic scaffold when contacts
between balls are small, to the difficulties in order to impreg-
nate the polymeric skeleton by the casting slurry and to debind
it when the building is too dense.

For the given example, PMMA balls used to build this organic
skeleton were in a range from 600 to 700 wm. The intercon-
nection diameter between pores varies from 110 to 280 um
for a shrinkage of the organic building from 90 to 3000 pm,
respectively. The thickness of the ceramic walls decreases when
interconnection size increases. This phenomenon is induced by
an interpenetrating of the balls which increase with the sample
shrinkage. Interstitial spaces between pores decrease and involve
an increase of porous volume and consequently a reduction of
mechanical properties. The porous volume of sintered material
evolves from 65 to 80% for interconnection sizes from 110 to
280 wm, respectively (Fig. 10). Measurements carried out by

@ =280 um

Fig. 9. Interconnection sizes of the pores according to the shrinkage of the organic building.
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Fig. 10. Evolution of the porous volume as function of interconnection size of
sintered ceramics.

mercury porosimetry confirmed that ceramics walls were free
of open porosity with a relative density higher than 99%.

In addition to the control of the interconnection size, this
new process allows to control the pore dimension by the initial
choice of size of PMMA balls constituting the organic skeleton.
Fig. 11 shows the macroporous ceramics carried out with diam-
eter balls equal to (a) 100-200, (b) 300—400, (c) 500-600 and
(d) 700-800 pm.

3.3. Applications

This new shaping process allows to easily carry out macro-
porous materials of varied forms and dimensions. In addition
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Fig. 12. Gradient of the pore size of sintered material.

to, specific properties of material can be obtained and in par-
ticular parts with a gradient of pore sizes or a gradient of the
interconnection sizes. In the first case, the gradient of the pore
dimension is obtained by superimposing slices of PMMA balls
with different diameters (Fig. 12). This ball pile is then con-
nected by the action of ketonic solvent then, impregnated by
the TCP suspension and thermally heated. In this example, the
balls used successively have a diameter of 100-200, 400-500
and 700-800 p.m.

In the second case, the gradient of the interconnection sizes
is obtained by chemical forming of layers of PMMA balls piled
up successively the ones on the others. A first layer of beads are
connected during a time ¢, then is introduced into the mould a
second layer of balls which undergoes this treatment of chemical
forming during a time #, and so on.

Fig. 13 illustrates the size gradient of the interconnection on
a sintered body obtained after a treatment of three layers of balls

PO~ T
39 m’i:,‘

Fig. 11. B-TCP porous ceramics with different pore sizes.
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Fig. 13. Gradient of the interconnection size of sintered material.

of 600—700 wm. The treatment duration of these layers are equal
to 90 min for the first layer (¢ + # +¢3), 30 min for the second
layer (#; +13) and 10min for third layer (#3). Interconnection
sizes vary from 110, 150 and 290 um for the first, second and
third layer, respectively.

These types of implant structure with a porous gradient and a
sufficient degree of interconnection allow mimicking as much as
possible the bimodal structure of bone (cortical and cancellous).
Very porous portions allow the ingrowth of bone tissue and less
dense portions allow a load bearing capacity similar to natural
bone.

4. Conclusion

The optimal bone colonisation is very dependent of the
porous characteristics of implant.

The new manufacturing process developed in this work
authorises a total control of porous architecture of material and
in particular of the pore size and their interconnectivity which
conditions the clinical effectiveness of biomaterial.

This process allowed to obtain:

e A size of the spherical macropore which can vary from 100
to 900 pm.

e A controlled dimension of the interconnection between the
pores which can extend from 0.2 to 0.6 times the pore diame-
ter. An empirical study and a geometric model make possible
to envisage the dimension of the contact between porogen
particles which will constitute the future interconnections of
sintered material.

e The realisation of material with a gradient of pore sizes or a
gradient of the interconnection sizes.

e The manufacturing of net shaped parts without mechanical
machining (free of pollution).

e An easily adaptation of the porous architectures, shapes and
dimensions of body to the clinical application concerned.

The evaluation of mechanical properties of these materials
are in progress. The first results obtained are interesting and
indicate, for example, a compressive stress of about 18 MPa for
samples with a average pore size of 600 p.m, a interconnection
size in range of 110 wm and a porous volume equal to 65%.
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