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Abstract

In this study, the influence of the shape and size of the pores on the mechanical properties of the obtained porous HAP-based bioceramics was
investigated. The porous HAP-based bioceramics were obtained starting from spherical calcium hydroxyapatite powder, obtained by hydrothermal
syntheses. The number of shapeless inter-agglomerate pores decreased and amount of spherical intra-agglomerate pores increased on increasing
the sintering temperature from 1100 °C to 1250 °C. The shape of pores also changed with thermal treatment of specimens; the small pores
remained spherical while the larger pores became more spherical in shape, as was proved by image analysis. A three-dimensional, finite element
unit cell model was applied to evaluate the influence of pore shape on the mechanical strength of HAP ceramics. By analyzing the effect of the
shape of pores to the fracture toughness of sintered porous HAP bioceramics, it was observed that the more spherical the pores were, the tougher

became the bioceramics. After sintering at 1250 °C for 2 h, measured toughness was 1.31 MPa m

bioceramics.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

172 which is a relatively high value for this type of
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1. Introduction

Calcium hydroxyapatite (HAP, Ca;y(PO4)¢(OH),), one of
the most important biomaterials today, has great potential for
dental, orthopedic and maxillofacial applications because of its
osteoconduction, bioactivity and biocompatibility [1]. In the
form of granules, porous blocks and scaffolds, sintered
bioceramics based on HAP are often used in clinical practice
[2,3]. Micro- and macroporous pieces have a significant role as
bone substitutes [4]. The macroporosity controls access of
tissues and biological fluids to the bulk of the substitute. The
microporosity, on the other hand, controls the adhesion of cells
and the resorption rate of the calcium phosphate. Porous
materials based on HAP improve the mechanical interlock
between the cells and the surface of the material and promotes
osteoconductivity. The rate of integration and the volume of
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newly regenerated bone have been shown to be very dependent
on porosity, pore size and shape [5,6].

The brittle nature of HAP and its relative poor mechanical
properties, especially its low fracture toughness, limit the use of
this material in load-bearing clinical applications [7,8].
Numerous efforts have been made in the development of
porous bioceramics microstructures and improvement in the
mechanical properties of HAP-based materials. Improvement
of the fracture toughness of the HAP bioceramics is correlated
to phase transformation during sintering, grain size, necks
between the strong agglomerates, density and pore size, shape
and roundness [9—13]. Numerous methods have been employed
in order to characterize the morphology of bioceramics and to
correlate it to their mechanical properties.

Image analysis, as one of the relatively new techniques, is a
means of transforming visual information into quantitative
data. The data obtained from image analysis are based on the
shape and size of elements observed in the picture. This offers
not only the observation of the structures of materials and their
correlation to the properties of the materials but also examines
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the state of materials during exploitation [14,15]. Finite
element modeling (FEM) is a powerful tool in numerical
analysis of the overall mechanical properties and stress
concentration factor (SCF) in hydroxyapatite based materials
[16-18]. A three-dimensional (3D) finite element (FE) unit cell
model is applied to evaluate the influence of pores shape on the
mechanical strength of porous HAP ceramics.

The aim of this study was to analyze the influence of
microstructure (pore shape, roundness and size) on the
mechanical properties of porous bioceramics based on HAP.
For this purpose, spherical agglomerated HAP powder was
isostatically pressed and sintered at different temperatures in
order to vary the number and shape of spherical and shapeless
pores. The influence of the number of spherical and shapeless
pores and the roundness of the pores on the mechanical
properties, mainly fracture toughness, of the obtained porous
bioceramics was investigated.

2. Experimental

Calcium hydroxyapatite was synthesized using the modified
hydrothermal method described earlier [19-21], starting from a
solution of CaCl,-2H,0 (15.96 g), Na,H,EDTA-2H,0 (14.8 g),
NaH,P0,4-2H,0 (12 g) and urea (12 g). The solution was
heated in an autoclave at 160 °C for 3 h. Subsequently, the
suspension was filtrated in a Buchner funnel, washed with
warm distilled water and dried at 105 °C for 2 h.

The obtained powder was isostatically pressed at 400 MPa,
for 1 min. The green compacts were sintered at 1100 °C,
1200 °C and 1250 °C for 2 h. The heating rate was 20 °C/min.

The density of the green compacts was determined by
measuring the dimensions and weight, and that of sintered
samples by the Archimedes method. X-ray diffraction patterns
of sintered compacts were recorded using a Siemens
Kristaloflex D-500, in the 26 ranging from 20° to 50°, with
a scan step of 0.02°. The morphology of the powder and the
sintered samples were examined using a scanning electron
microscope (SEM), Jeol JSM 5800, operated at 20 keV. The
obtained SEM micrographs were analyzed using software for
image analysis, Image Pro Plus Program, version 4.0 for
Windows.

The images were treated using appropriate filters to obtain
good visibility of the pores and to enable the selection of pores
for measurement. Once selected, the pores were analyzed for
shape characterization using the program menu and parameters

such as pore cross-section surface area, pore mean diameter,
roundness and fractal dimension were determined. The present
analysis was based on pore diameter and roundness as they
describe in a comprehensible way the properties of interest. For
each micrograph, the analysis gave data for the pore shape and
size. Pore diameter was obtained as the average diameters
measured at 2° intervals and passing through the centroid of the
objects.

The sintered compacts were tested for indentation fracture
toughness with a Buehler Indentament 1100 series, Vickers
Indentation Hardness Tester, and the values of the fracture
toughness were calculated using the following formula, which
was derived from the model proposed by Evans and Charles
[22]: K1 = 0.0824P-¢ "> where P is the indentation load and ¢
the length of the induced crack.

2.1. Finite element modeling (FEM)

To fully simulate a real microstructure, a 3D model of a
random distribution of pores shape and size is required.
However, a model of this size is not computationally feasible.
The unit cell method reduces the complexity of the problem by
assuming that the porous ceramic material is constructed of an
array of basic units, each with identical composition, cell
geometry and material properties (Fig. 1). A face cubic cell
(FCC) is considered as a representative volume element (RVE)
to simulate the real microstructures of porous ceramics
(Fig. 1c). In the FCC cell, there is one spherical pore at each
corner and one spherical pore in each face of the cubic cell. In
other words, the random pore distribution is idealized by
arranging the pores on a FCC packing.

The model is considered by introducing boundary condi-
tions, which force the unit cell to remain in its original shape.
After loading, the sides remain parallel and orthogonal, but
changes in length.

This model assumes that: (1) the elastic property of the HAP
ceramic is linear; (2) the ceramic is considered as an isotropic
material; (3) all pores are of the same size and shape; and (4) the
ceramic will not fail at the prescribed loads. For evaluation of
the stress concentration factor (SCF) of different pore shapes,
the unit cell (Fig. 2) is loaded in compression along the y-
direction with adequate displacement steps. Due to the
symmetry of the unit cell and the applied loads, and the use
of isotropic material properties, the model was reduced to only
one-eighth of the unit cell. The local coordinate system in
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Fig. 1. Idealization of the random pore distribution, shape and size by arranging the pores on a FCC packing array.
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Fig. 2. (a and b) Finite element grids for spherical and crack like pores in HAP ceramic.

Fig. 2 aligns with the global one. The dimensions of this
reduced unit cell are 3 pm x 3 pm X 3 pm.

All the 3D FE models were produced using ANSYS 5.7, a
general-purpose finite element software package. The elements
used were 10-node tetrahedral structural solid elements (with
an option of 20-node solid brick elements). A representative FE
grid for the evaluation of the compressive strength with PVF
0.15, shown in Fig. 2, contains 69435 elements and 97546
nodes. Each node has three degrees of freedom corresponding
to the three degrees of translation. The material data used for FE
analyses, adopted based on the literature data [10], where the
values were around: Young’s modulus E =100 GPa and
Poisson’s ratio v = 0.28.

3. Results and discussion

The SEM micrograph of the calcium hydroxyapatite powder
in Fig. 3 shows that spherical particles were obtained. These
spherical particles are agglomerates of smaller rod-shaped nano
particles below 100 nm in length. The spherical agglomerates
of HAP were of relative uniform size distributions. The XRD
patterns and FTIR analysis of this HAP powder, reported earlier
[21], exhibited peaks and bands corresponding to calcium
hydroxyapatite phase. The density of the isostatically pressed
HAP green compact was 1.83 + 0.01 g/lem®, or 58% of the
theoretical value.

Fig. 3. SEM micrograph of the HAP powder.

The XRD patterns of the HAP1 samples sintered at 1100 °C,
1200 °C and 1250 °C (Fig. 4) show peaks suggesting that
biphasic materials were obtained and that HAP was the
prevailing crystalline phase. A small part of the HAP was
transformed into B-TCP at 1100 °C, while the samples sintered
at 1200 °C and 1250 °C consisted of HAP as the dominant
crystalline phase with small amounts of «- and B-TCP.

SEM micrographs of the fracture surface of the samples
sintered at 1100 °C, 1200 °C and 1250 °C for 2 h are shown
in Fig. 5a—c, respectively. The SEM micrograph in Fig. 5a
shows that necks between the spherical agglomerates were
particularly formed at 1100 °C. Interagglomerate shapeless
pores and intra-agglomerate spherical pores are evident. The
density of the HAP compact sintered at 1100 °C was
2.58 4 0.03 g/cm®. On increasing the sintering temperature
to 1200 °C, the density of the resulting HAP sample
increased to 2.64 + 0.02 g/cm®. Fig. 5b shows that stronger
necks between the spherical agglomerates were formed at
1200 °C. In addition, a higher percent of spherical pores was
observed. The SEM micrograph in Fig. 5c shows that the
necks between the spherical agglomerates after sintering at
1250 °C became even stronger. A large number of the
interagglomerate shapeless pores disappeared, but the
percent of spherical pores was even higher. The density of
the HAP sample sintered at 1250 °C was 2.66 + 0.02 g/cm®.
The porosity of the HAP sample after sintering for 2 h at

¢) 1250°C
b) 1200°C
a) 1100°C

Intensity

1a)

20 30 40 50
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Fig. 4. XRD patterns of the HAP samples sintered at 1100 °C, 1200 °C and
1250 °C.
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Fig. 5. SEM micrographs of a HAP samples sintered at: (a) 1100 °C, (b) 1200 °C and (c) 1250 °C for 2 h; parts of SEM micrographs, as a binary image, with pores
selected for analysis (d) binary image of (a), (e) binary image of (b) and (f) binary image of (c).

1100 °C was 17.1 £ 0.2%. With increasing of the sintering
temperature to 1200 °C and 1250 °C, the porosity of the
samples were reduced to the values of 15.3 £0.3% and
14.9 4+ 0.3%, respectively. The SEM micrographs at Fig. Sa—
¢ definitely shows that the spherical intra-agglomerate pores
are of stable shape in the range of temperatures of 1100-

1250 °C. These visual observations were confirmed using the
image analysis software.

The parts of micrographs used for image analysis are
presented in Fig. 5d—f, together with the pores selected for
morphology analysis, as binary images of the objects for
analysis. These binary images have a clearer contrast than the
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Fig. 6. The change in pore mean and minimal diameter values observed with
temperature of sintering of the HAP samples.

original SEM images and are good bases for the determination
of the morphology of the pores.

The analysis of the binary images gave data for the pore
shape and size. The so determined values of the diameters were
then analyzed using statistical tools and the mean value for all
the pore diameters and minimal values of the set are presented
in Fig. 6. It is obvious that the mean pore diameter increased
with temperature, from around 0.68 pm to 0.85 pwm. The
minimal value remained relatively stable and the increase was
less important as some of the small pores were of stable shape.

The pore roundness is another feature of interest. Roundness
is defined as: roundness = perimeterz/(4n area). The minimal
value is always 1. Fig. 7 shows that the mean value decreased
mostly between the sintering temperatures 1100 °C and
1200 °C. The value of the maximal roundness also decreased
with temperature, which means that with increasing sintering
temperature, there are fewer pores having a complex geometry.
Obviously, pores having a complex geometry are not stable and
tend to change shape to spherical.

For all specimens, the same surface area was used for
analysis. The number of pores observed per unit surface area
decreased with temperature, as their mean cross-section surface
area increased. A quantitative description of these results is
presented in Fig. 8a and b.

In order to precisely define the microstructures of the
samples, the roundness of pores having defined range of
diameters was observed (Fig. 9). It is obvious that the small
pores remained spherical at all employed sintering tempera-

Pore roundness
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Fig. 7. Change in the mean value of the pore roundness with sintering
temperature. Minimal, mean and maximal values of the pore roundness are
presented.
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Fig. 8. Change in the number of pores at a characteristic surface and the mean
pore cross-section area with temperature.

tures and that the roundness of the larger class of pores are
lower, i.e. that higher is feasibility for the presence of shapeless
pores with increasing of there dimension. After sintering at
1100 °C the shapeless pores larger than 3 wm were evident
(Fig. 5a), while at higher temperatures their dimension were
increased.

Another aspect of the data is obtained by examining the
classification of the pores by roundness (Fig. 10). The round
pores had a smaller diameter in all samples, obtained at
different conditions, but the diameters of the non-spherical
pores having a roundness larger than 1.2 were approximately
same. It could be concluded that the larger pores were less
spherical than the smaller ones and that the pore diameter
increased for the same class of roundness with temperature. If

15
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Fig. 9. The mean roundness of pores observed in specimens sintered at
1100 °C, 1200 °C and 1250 °C.
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Fig. 10. Pore diameter as function of pore roundness for selected roundness
classes for sintering temperatures of 1100 °C, 1200 °C and 1250 °C.

the same class of roundness for different sintering temperatures
is examined then the mean diameter for the same class increases
with temperature. This conclusion should be taken into account
when conclusions about changes in the mechanical properties
of the samples are discussed. The number and shape of pores
should be considered together with crystal structure of
specimens when the mechanical properties results are
discussed.

The significant improvements in the fracture toughness of
brittle HAP bioceramic biomaterials through control of the
microstructure can be attributed to a combination of several
toughening mechanisms, i.e., control of the grain size, addition
of tougher particles, control of pores size and shape, etc.
[6,9,10,23-26]. As can be seen from the results, the number of
shapeless interagglomerate pores was reduced and amount of
spherical intra-agglomerate pores increased with increasing the
sintering temperature from 1100 °C to 1250 °C. According to
the results of image analysis, that increasing the number of
spherical pores and their roundness value convergence to 1,
which corresponds to the fact that the pores become more
spherical, induced an increase in the fracture toughness of the
sintered porous HAP bioceramics, which was confirmed by
measurement of the fracture toughness.

The images of polished surfaces of the HAP samples
sintered at 1100 °C, 1200 °C and 1250 °C after the Vickers test
are presented in Fig. 1la—c, respectively. These pictures
demonstrate that the fracture cracks after the Vickers test of the
porous sample obtained at higher temperature, with higher
amounts of spherical pores, were definitely shorter.

As it is well known from fracture mechanics, a propagating
crack seeks the path of least resistance (energy consumption).
By applying Vickers test, during indenter loading, work
(energy) performed by the applied load must be equal to the
rates of change of the internal elastic energy, plastic energy and
the energy spent in increasing induced cracks (where change of
kinetic energy is neglected). After unloading only elastic
energy is recoverable while other two are dissipated in plastic
work (deformed surface) and crack growth (fracture crack). For
an ideally brittle material, the energy dissipated in plastic
deformation is negligible. These imply that in brittle materials
(as ceramics) the amount of energy absorbed in plastic
deformation is reduced to minimum extent and much more

(a)

Fig. 11. (a) Image of a polished surface of a HAP samples sintered at 1100 °C
after the Vickers test. (b) Image of a polished surface of a HAP samples sintered
at 1200 °C after the Vickers test. (c) Image of a polished surface of a HAP
samples sintered at 1250 °C after the Vickers test.

energy is thus available for fracture (crack propagation).
Therefore, plastic zone at the crack tip plays an important role
in energy dissipation and as well as crack growth.

The fracture toughness of the sample sintered at 1100 °C for
2 h was 1.0 MPa m"2. On increasing the sintering temperature
to 1200 °C, the fracture toughness increased to 1.30 MPa m'’?,
but a further increase of the sintering temperature to 1250 °C

did not affect an increasing of the fracture toughness, which
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was practically the same as that of the sample sintered at
1200 °C. The higher critical stress intensity factor K. imply
higher materials resistance to fracture.

Despite «- and B-TCP heaving slightly higher theoretical
fracture toughness than HAP, the formation of TCP phases in
the HAP matrix during sintering is detrimental to the sintering
and mechanical properties of the final dense and porous
biphasic bioceramics [27,28,30,9,10,13]. With increasing the
sintering temperature, the content of TCP phase in this kind of
materials often become higher and resulted in retardation of the
sintering process. Furthermore, the more intensive formation of
TCP at higher temperatures influences the increasing of the
grain size during the sintering, on the other side the decrease in
the grain size led to an increase in the fracture toughness of the
HAP based bioceramics [12,27].

Nevertheless, in the case of the HAP based materials
processed in this study, the bioceramics became tougher with
the increasing of sintering temperature from 1100 °C to
1250 °C till the certainly high value of Kj. for this kind of
bioceramics. The effect of the spherical pores in the
microstructure, the formation of stronger necks between the
stable spherical agglomerates during the sintering and increase
in the density of the sintered materials, could be the reasons for
the appreciably higher fracture toughness of this type of
bioceramics. These imply that in this case crack needs higher
amount of energy for propagation. As can be seen from the
results, the fracture toughness was directly related to the type of
porosity. The higher percent of spherical pores at the fracture
surface of the compact sintered at the higher temperature could
be the main reason for the increase of the fracture toughness.
The effect of spherical interagglomerate pores on the fracture
toughness of the porous bioceramics is a decrease in crack
growth, which would create a highly cranky pathway and a
corresponding increase in the dissipation of energy during
crack propagation [6,13]. Since the amount of energy available
for crack propagation is limited, this implies better toughness
properties in this type of material.

From the SEM micrograph in Fig. 12a, it can be seen that the
crack propagated until it met strong sintered spherical
agglomerate with the spherical intra-agglomerate pore, made
devious crack and then continued. The formation of continuous
and strong necks between the spheres, and strong nature of

= (b)

spherical pores

Omax = 187.41 MPa
O yom = 85.15 MPa
SCF =2.21

crack pores parallel to the
load
Omax = 118.75 MPa
O pom = 95.21 MPa
SCF=1.25

Fig. 12. (a and b) Cracks in HAP samples sintered at 1200 °C after the Vickers
test.

these spherical agglomerates, could be the main reason for
increased fracture toughness (Fig. 12b).

In general, the fracture toughness values for most HAP
samples reported in the literature varied between 0.60 and
around 1 MPa m'"?. The indentation fracture toughness of the
HAP compacts obtained in this study was appreciably higher
than those reported in many studies for porous and dense HAP
ceramics [19,29-31].

The FEM results shown in Fig. 13 confirmed the observed
improved mechanical strength of porous HAP ceramics with
spherical pores compared with other pore shapes. The shape
and Von Mises stress contours of the deformed ceramic, shown

o (C)

crack pores orthogonal to the
load

O max = 343.53 MPa

Guom = 89.41 MPa
SCF=3.84

Fig. 13. (a—c) Von Mises stress distribution in the HAP ceramics for 0.155 PVF (the stress values are in pLN/me2 = MPa) with calculated values of the SCF.
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in Fig. 13, were achieved by loading the grid shown in Fig. 2
with a prescribed displacement in the y-direction of the nodes
positioned at the upper surface of the cube (y = 3 wm). In order
to extend the uniaxial stress information to the multiaxial stress
state, the Von Mises equivalent stress is presented.

The nominal stress (0,,0,m) Was determined by summing the
reactions on the constrained surface opposite the loaded surface
and dividing by the area (A = 9 wm?). The side surfaces remain
parallel to their original directions. The stress values, shown in
Fig. 13, are the result of loading which corresponds to an
applied strain of 0.1%.

The SCF presents the ratio of the maximum stress to the
nominal applied stress (SCF = 0,,,ux/01om)- The SCF is directly
proportional to the mechanical strength. The level of the SCF for
porous HAP with a porosity of 15% ranged from a value of 3.84
for crack-like pores aligned orthogonally to the load direction to
1.25 for crack pores with the array parallel to the load direction,
while the calculated value of the SCF was 2.21 for spherical
pores. Bearing in mind that it is impossible to obtain an array in
which non-spherical pores are aligned parallel to the load, these
results suggest that porous HAP with sphere-like pore shapes
generates lower values of the SCF and therefore better strength
properties compared to crack-like pore shapes.

The region of the pores where the maximum stress (0pax)
occurs is in certain circumstances the favorable place for local
flaw deformation as well as crack initiation and propagation.
From this point of view porous material with sphere-like pores
has more resistance to fracture than material with crack-like
pore shapes.

4. Conclusions

Porous HAP-based bioceramics was obtained starting from
spherical calcium hydroxyapatite powder, obtained by
hydrothermal syntheses. The microstructures of the obtained
porous bioceramics were characterized by spherical intra-
agglomerate pores and shapeless interagglomerate pores. On
increasing the sintering temperature from 1100 °C to
1250 °C, the number of shapeless interagglomerate pores
was certainly reduced and the percent of spherical intra-
agglomerate pores become higher. From the results of the
determination of the pore morphology, it could be concluded
that with increasing temperature, the number of pores
decreased as their individual volume increased; hence, a
structure having a smaller number of larger pores was
obtained. The shape of the pores also changed with increasing
temperature; the small pores remained spherical and the
larger pores became more spherical.

According to the results that increasing of amount of
spherical pores and decreasing their roundness value, which
corresponds to the pores becoming more spherical, induced an
increase in the fracture toughness of sintered porous HAP
bioceramics. The fracture toughness of this type of bioceramics
was directly related to the type of porosity. The higher amount
of spherical pores at the fracture surface of the compacts
sintered at higher temperatures and the formation of continuous

necks between the strong spherical agglomerates could be the
reason for the increased fracture toughness.

Controlled porous HAP-based bioceramics materials with
different porosities may be produced by this method by varying
the size of the starting spherical agglomerates of the HAP
powders. FEM analysis confirmed that porous HAP with
sphere-like pores has better strength properties compared to
non-spherical pore shapes.

The controlled morphology and this kind of porous
microstructure, due to the necessary biological function of
porosity, together with the good mechanical properties of these
bioceramic materials could be one of the key increments for
successful implants.
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