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Synthetic porous ceramics can be used as three-dimensional scaffolds for bone repair. The aim of this work is
to correlate process parameters with scaffolds structural characteristics. The factorial 2 level experimental design
was chosen to study the effect of the Ca/P ratio (1.58 or 1.67), calcination temperature (1000 or 1150 °C) and
porogen content (20 or 40%) on the calcium phosphate samples characteristics. The influence of such parameters
was determined by X-ray diffraction, infrared spectroscopy and image analysis. It was observed that phase
composition was basically a function of the Ca/P ratio of the raw material. The use of the porogen did not alter
the hydroxyapatite (HA)/tricalcium phosphate (TCP) content, but induced changes in the relative content of TCP
phase (o or B). It is possible to design a porous sample with defined characteristics, and the model herein used

can be considered as having a good predictive power.
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1. Introduction

Bone tissue engineering is highly dependent on the development
of materials science and technology'. A variety of calcium phosphates
have been used for bone engineering applications'. Hydroxyapatite
(HA) and other calcium phosphates, like tricalcium phosphate (TCP),
are considered osteoconductive materials allowing the formation
of a new bone around the implant or inside their pores®’. On the
other hand, osteoinductive mater ials induce the differentiation of
pluripotential cells into chondrocytes and osteoblasts'. Composite
materials with collagen'®? have been developed with the purpose of
stimulating bone formation.

Calcium phosphate based materials have been studied since the
807s, and during the past two decades research has aimed to corre-
late material properties with either in vitro* or in vivo behavior!®'.
Different applications require materials with different degradation
rates, which can be regulated through the mixture of several calcium
phosphate phases. The extent of calcium phosphate ceramics (CPC)
dissolution in acidic buffer increases from synthetic hydroxyapatite
to amorphous apatite, with tricalcium phosphate exhibiting medium
solubility’. Recently, a paper has discussed the eight existing dissolu-
tion models for calcium apatites'®. According to the authors, none of
the dissolution models is capable of accurately describing the dis-
solution process. Rather, those models are assumed to complement
each other providing the correct description of some aspects of apatite
dissolution. In another paper, Dorozhkina and Dorozhkin'® described
the mechanisms of the solid state transformation of a calcium-defi-
cient calcium phosphate (CD-HA) into biphasic calcium phosphate
(BCP) at elevated temperatures as being an alternative route to obtain
BCP materials from the physical mixture.

*e-mail: gloria@uftj.br

A problem related to synthetic calcium phosphate materials is
their low mechanical strength. Furthermore, this mechanical strength
is largely reduced by high fraction of interconnected macropores,
which are desired for either in vivo bone formation or for applica-
tion as a carrier for bone cells. Several researchers have pointed out
the necessity of pores with at least 100-150 um diameters for the
continued bone ingrowth'¥, while Baksh and Davies'” have suggested
even larger pores for cells incorporation to the synthetic material.
According to Holmes®" !, the optimal pore range is 200-400 wm
with the average human osteon size of approximately 220 um. Burg
et al' also discuss the effect of pore shape and topography on the
attachment and long-term survival of cells on a surface.

Therefore, the challenge is to develop synthetic materials with
high porosity, a known and controlled degradation rate and suitable
mechanical properties'®!”. Those materials (in blocks or samples
form) may be fabricated by uniaxial or isostatic pressing, adding an
organic porogen that will burn out during sintering, originating the
necessary macroporosity. Several process parameters such as chemi-
cal composition and granulometry of raw material; compressive stress
and time under pressure; and calcination temperature may affect mate-
rial integrity'**. The final porosity depends on such parameters and
on chemical composition, particle size and quantity of the porogen
used?'. In addition, The Ca/P ratio determines the decomposition
behavior of the calcium phosphate when it is submitted to treatment
at high temperatures, as well as its dissolution properties*>1°.

Experimental designs may be a useful tool to deal with opti-
mization of several parameters at the same time. This multivariate
approach has been applied in many fields and, in this work, it has
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shown to be a reasonable means to determine the optimal conditions
to synthesize materials with the desired characteristics??. The factorial
2 experimental design was chosen to study the effect of the variation
of three parameters on the product characteristics (2° design).

In this paper, samples were produced in eight different condi-
tions and were characterized by different techniques. The process
parameters chosen were Ca/P ratio, calcination temperature and
porogen percentage. The influence of those parameters on phase
transformation and pore distribution of the calcium phosphate samples
was discussed. A mathematical relationship was determined and its
validity was evaluated.

2. Materials and Methods

Stoichiometric (S-HA, Ca/P = 1.67) and calcium-deficient (CD-
HA, Ca/P = 1.58) hydroxyapatite powders were synthesized from
dropwise addition of an (NH,),HPO, aqueous solution to a Ca(NO,),
solution at 90 °C and pH = 11, using analytical grade reagents.
The precipitate was separated by filtration, repeatedly washed with
deionized water and dried at 100 °C for 24 hours. The dried powder
was manually ground and the fraction of particles below 75 um was
separated by sieving. Naphthalene powder with grain size > 250 um
was used as additive to calcium phosphate in order to promote sample
porosity. Cylindrical samples with 12 mm of diameter and 8§ mm
height were prepared from the S-HA-naphthalene and CD-HA-naph-
thalene mixtures by uniaxial cold pressing at 37 MPa.

Table 1 shows the eight calcium phosphate conditions that were
yielded by varying the following parameters: the calcium phosphate
Ca/P ratio, the percentage of organic additive used to promote
macroporosity in the samples and the calcination temperature. Two
levels of each parameter were evaluated: Ca/P ratio of 1.58 and 1.67,
corresponding to calcium-deficient (CD) and stoichiometric (S)
hydroxyapatite (HA), respectively; 20 or 40 wt. (%) of naphthalene
and two calcination temperatures, namely 1000 or 1150 °C, with a
dwell time of 2 hours.

Pore morphology was characterized by microscopy using a scan-
ning electron microscope (SEM, DSM 940A, Carl Zeiss, Germany).
The total porosity was determined by the density method using the
expression: TP=1-(p _ /p . ) where p,  isthe theoretical density
of HA (or HA-TCP mixture) in kg/m* and p_, is calculated divid-
ing the weight (in kg) by the volume (in m?) of each sample*'. This
porosity included both open and closed pores and was measured in
eight samples for each condition. The percentage of pores with diam-
eters in the range < 100, 100-200, 200-300, 300-400 and > 400 wm
was also determined by processing SEM digital images of samples

Table 1. Porous samples produced following a 23 factorial design. Two levels
of each parameter were evaluated: Ca/P ratio of 1.67 (S-HA) and 1.58 (CD-
HA); 20 or 40 wt. (%) of naphthalene and two calcination temperatures
(1000 or 1150 °C).

Ca/P Naphthalene  Calcination
Sample Ratio (wt. (%)) Temp. (°C)
S-HA CD-HA 20 40 1000 1150
S-20-1000 X X X
S-20-1150 X X
S-40-1000 X X X
S-40-1150 X X
CD-20-1000 X X
CD-20-1150 X X
CD-40-1000 X X
CD-40-1150 X X

Materials Research

calcined at 1000 °C. Nine images of each sample were acquired by
using backscattered electrons and were processed by using the Global
Lab Image software (Data Translation, Marlboro, MA, USA). The
histograms of pore size distribution were then constructed.

Structural characterization was carried out by using an X-ray
diffractrometer (XRD - MINIFLEX, Rigaku, Tokyo, Japan) operat-
ing at 30 kV, 15 mA and CuKo radiation. Data was acquired from
10-100° 26. The HA and TCP phase contents were determined by
using the Rietveld method with the FULLPROF analysis program
described by Rodriguez-Carvajal®. The background was defined by
a three-parameter polynomial in 20", where n had values between
0 and 2, and it was refined simultaneously with the unit-cell, zero-
point scale, peak-width/shape/asymmetry, and crystal-structure
parameters. A Fourier-transform infrared spectrometer, FTIR, ABB
Bomem Inc., MB series, equipped with reflectance stage was used
in order to identify different phosphate species in the treated sam-
ples. The spectra were collected at room temperature at a nominal
resolution of 4.00 cm™ and number of sample scans equal to 1000.
The FTIR spectra were recorded in the 400 — 3800 cm! range using
diffuse reflection.

The model proposed with the 2° factorial design to describe the
behavior of the HA phase content and total porosity in the studied
intervals of variables is presented below:

Y=b,+bx +bx,+bx,+b xx, +b xx,+

b23X2X3 + b]23XlX2X3 (1)

where Y represents the measured response (content of the phase HA, total
porosity), and x,, X, and x, represent, respectively, calcium phosphate Ca/P
ratio, calcination temperature and naphthalene percentage. Thus, b, represents
the coefficients for variable i, b, the coefficients for variable interactions i and
j, and bijk the coefficient for variable interactions i, j, and k.

A linear regression was performed to determine the model coef-
ficients and, due to the orthogonality property for the design, those
coefficients are independent of each other and can be interpreted sepa-
rately. Thus, the larger the coefficient the greater the variable impor-
tance. This model may be used to predict responses using processing
parameters for which experiment has not been performed.

In order to validate the model, samples were produced using intermedi-
ate processing parameters values in the range studied, namely a calcium-
deficient hydroxyapatite powder with Ca/P ratio of 1.62, 30 wt. (%) of
naphthalene and calcination temperature of 1075 °C. Phase composition
and total porosity were then determined following the same procedures
previously described. Those samples were also submitted to a compression
test by using a universal electromechanical testing machine (Instron, model
1125, USA) with a cross-head speed of 0.5 mm/min.

3. Results

Figure 1 shows the macrography of porous calcium phosphate

5 mm

Figure 1. Macrography of samples calcined at 1000 (left) and 1150 °C
(right).
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(CP) samples after calcination at temperatures of 1000 °C and
1150 °C. Volumetric shrinkage at 1150 °C was about 26%, indicating
that the densification process was very efficient at that temperature.
Figure 2 shows the SEM image of the large pores (> 200 um) of the
sample calcined at 1075 °C. The measured compressive strength for
this sample was 4.0 £ 0.9 MPa. This result is in accordance with data
reported by Suchanek and Yoshimura®, which indicated a dramatically
decrease in compressive strength with the increase in sample porosity.
The macropores distribution for S-HA and CD-HA samples calcined
at 1000 °C have a similar pattern and are mainly concentrated in the
range of 300-400 um (Figure 3a-b). The surface micropores in S-HA
samples after calcination at 1000 °C can be visualized in Figure 4.
Micropore size was 2 pm or less.

The data concerning the porosity resulted from the use of the
eight conditions selected are shown in Table 2. The values of porosity

200 pm

Figure 2. SEM image of the cross section of the samples produced with Ca/
P =1.62; 30 wt. (%) of naphthalene and calcination temperature of 1075 °C.
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Table 2. Porosity (%) determined by density calculation and macroporosity
measured by processing SEM digital images.

Porosity (%) Measured by

Sample Density Image Analysis
S-20-1000 71.4+0.6 243
S-20-1150 51.7£0.6 n.d.
S-40-1000 77.6 0.4 38.4
S-40-1150 65.4+0.9 n.d.
CD-20-1000 72.1£0.7 20.9
CD-20-1150 53.5+£03 n.d.
CD-40-1000 78.1+£0.3 32.7
CD-40-1150 66.0+0.9 n.d.

n.d. - not determined

5um

Figure 4. SEM image showing microporosity produced with stoichiometric
HA (S-HA) calcined at 1000 °C.
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Figure 3. Pore size distribution for: a) S-HA; b) CD-HA samples calcined at 1000 °C.
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were determined by density measurements (all samples) and digital
SEM images (for samples calcined at 1000 °C). Table 2 shows that
total sample porosity was affected by porogen content and calcina-
tion temperature. The total porosity for S-HA and CD-HA samples
calcined at 1000 °C increased by nearly 8% when the naphthalene
content changed from 20% to 40%. On the other hand, the porosity
measured by image analysis considered basically macroporosity and
showed variation of nearly 60% for the same conditions.

The FTIR spectra of porous S-HA samples with 20 and 40 wt. (%)
of naphthalene calcined at 1000 (a) and 1150 °C (b) are shown in
Figure 5a-b. Both spectra have similar FTIR bands but with different
relative intensities, which can be due to variations in the samples
surface composition. Vibration mode in HA, o-TCP and surface
phosphates phases, such as B-Ca,P,0., contribute to FTIR spectra.
The characteristic OH™ absorption bands of HA were observed at
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3575 cm! and 640 cm™!, while the bands at 1650 cm™ were assigned
to physically adsorbed water molecules. The band around 1392
can be attributed to residual nitrate groups resultant from synthesis
precursors. The presence of C-O vibrations bands of CO,* groups
at 875 cm™ and 1414-1545 cm! regions suggests that there is some
carbonate present, which is commonly found in both synthetic HA and
natural bones. The bands at 1208, 1162, 1104 and 1060 cm™ may be
associated to 3- calcium pyrophosphate (3-Ca,P,0.) and o-tricalcium
phosphate (0--TCP). The other bands at 1092, 1044, 1036, 960, 573,
and 475 cm were assigned to the vibration in the PO * group of the
hydroxyapatite (HA).

The FTIR spectra of porous samples produced with CD-HA show
strong B-tricalcium phosphate (B-TCP) bands at 1120, 1042, 971, 943,
604 and 433 cm! for samples calcined at 1000 °C (Figure 6a-b). The
carbonate bands are more intense than those in S-HA spectra.
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Figure 5. FTIR spectra of the samples produced with stoichiometric hydroxyapatite (S-HA) and naphthalene (20 or 40 wt. (%)) calcined at: a) 1000 °C; b)

1150 °C.
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Figure 6. FTIR spectra of the samples produced with calcium-deficient hydroxyapatite (CD-HA) and naphthalene (20 or 40 wt. (%)) calcined at: a) 1000 °C;

b) 1150 °C.
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The phase content for calcined samples produced from the S-HA
and the CD-HA at different calcination temperatures and naphthalene
contents were determined by XRD analysis. The results are shown
in Table 3. For S-HA samples (Ca/P = 1.67), calcination promotes
the HA decomposition, and o.-TCP is produced in a fraction varying
from 10.5 to 19.3%. For CD-HA samples, the HA decomposition is
more intense, but either B-TCP or oi-TCP can be formed, depending
on the sample calcination temperature and naphthalene content before
calcination. For samples calcined at 1000 °C, 3-TCP is the only phase
present besides HA, irrespective of the naphthalene content. When
samples are calcined at 1150 °C, a-TCP changes from 6.5 to 55.5%
for samples with 20% and 40% of naphthalene, respectively.

The analytical expressions that quantitatively correlate the x, _,
variables (HA stoichiometry, calcination temperature and naphthalene
content) with Y, responses (phase content and total porosity) through
the variable b, coefficients were thus determined by using the results
shown in Tables 2 and 3, as follows:

HA phase = 65 +39x, +4x, + Ix, - 3xx, + 0.1x x, + 2)
0.6x,x, + 0.9x x X,

HA porosity = 67 - lx1 - l6x2 + IOX3 - O.?axlx2 + 0.4xlx3 + (3)

4x2x3 + 0.2x1x2x3

The variables x, x, and x, represent, respectively, calcium phos-
phate Ca/P ratio, calcination temperature and naphthalene percentage.
Due to the fact that the variable levels were coded as (- 1) and (+ 1),
the larger the coefficient absolute value, the higher its influence on
the response. Therefore, the results show that phase transformation
is basically influenced by the Ca/P ratio (coefficient = 39), while
the percentage of naphthalene and calcination temperature affect
the total porosity.

4. Discussion

Using a 2* factorial design eight different porous CP samples were
produced. The analysis of Table 3 and Equations 2 and 3 shows that
the major variable affecting samples composition is the Ca/P ratio
of the powder employed, as the calcium-deficient hydroxyapatite is
less stable than the stoichiometric one. The calcination temperature is
the second parameter that affects calcium phosphate decomposition.
S-HA was partially decomposed into an oi-TCP that is thermodynami-
cally stable in the range 1120-1470 °C*. The decomposition observed
for the samples produced with stoichiometric hydroxyapatite (S-HA)
could be induced by small quantities of amorphous HA, carbonate
ions or variations in calcium phosphate stoichiometry®2%, Similar
decomposition reaction occurs for S-HA samples calcined without
naphthalene and for calcined powdered S-HA samples®. Calcium
deficient HA (CD-HA) decomposed in either B-TCP or o-TCP
phase depending on the calcination temperature and naphthalene
content, as expected for a hydroxyapatite with Ca/P ratio between
1.50 and 1.67%.

Due to the high instability of CD-HA, the change in the calcina-
tion temperature from 1000 to 1150 °C did not significantly increase
the quantity of HA transformed. According to Table 3, naphthalene
content has a minor effect on phase transformation, but it seems
to affect the B-TCP — o-TCP transformation, at least for CD-HA
samples. This conclusion is supported by the comparison of phase
content of CD-20-1150 (45.2% of HA, 6.5% of o-TCP and 48.3% of
B-TCP) with CD-40-1150 (45.5% of HA and 55.5% of o-TCP), but
the reasons underlying these findings are not clearly understood. Be-
sides, additional factors such as naphthalene residues due to thermal
treatment may also influence the interfacial reactions responsible for
this type of crystalline phase transition. The use of biphasic systems
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is widely spread as TCP phase is more soluble than HA and its pres-
ence increases slow crack growth susceptibility and biodegradability
of the HA ceramics'®?’. This material is generally obtained through
the physical mixture of HA with B-TCP?, but it can also be obtained
through the controlled decomposition of CD-HA.

The porogen was used to create macroporosity but it also pro-
duced, a slight increase (~ 10%) in sample microporosity. The range
of porosity varied from ~ 52% (sample S-20-1150) to ~ 78% (sample
CD-40-1000). According to Figure 3, for samples calcined at 1000 °C,
the distribution of pores shows that the maximum frequency of pore
diameter is around 300-400 pum, with pores even greater than 400 pm.
Those pore sizes may allow normal bone remodeling processes'?,
although other features such as in vivo resorbability were not evalu-
ated. Unfortunately, the methodology used in this study produced
low level of interconnected pores. One way to obtain highly porous
3-dimensional scaffolds is by using polymeric foams'”.

Equation 2 shows that sample phase content is predominantly
influenced by Ca/P molar ratio. Porosity is sensitive to both calcina-
tion temperature and porogen content, but the effect of calcination
temperature is stronger because in Equation 3, |b, | > |b3 |. These
results suggest that coupling low calcination temperatures with
high porogen content may optimize sample porosity. However, this
is limited by the effect of porosity on sample mechanical strength.
The results measured for the sample produced with the intermedi-
ate conditions and the values calculated using the model proposed
are presented in Table 4. A total porosity of 73% and a composition
consisting of 63% HA and 37% B-TCP was obtained. It is seen that
the uncertainty associated with the experimental values is small,
suggesting a good process reproducibility for the attainment of the
porous samples.

5. Conclusions

The results indicate that the 23 factorial design method may
provide useful information on the production of porous calcium
phosphate with controlled texture and phase composition. In this

Table 3. Phases identified by XRD analysis and quantified using the Rietveld
method

Phase Content (wt. (%))

Sample HA 0-TCP B-TCP
$-20 - 1000 89.5 10.5 -
$-20 - 1150 813 18.7 -
$-40 - 1000 85.9 14.1 -
$-40 - 1150 80.7 19.3 -
CD-20 - 1000 45.3 - 54.7
CD-20- 1150 452 6.5 483
CD - 40 - 1000 452 - 54.8
CD - 40 - 1150 44.5 55.5 -

Table 4. Differences between predicted and experimental values of sample
produced with Ca/P ratio of 1.62, 30 wt. (%) of naphthalene and calcination
temperature of 1075 °C.

Results Predicted Experimental
(wt. (%))

HA phase 64.7 634104
total porosity 66.9 72.8+04
macroporosity 30.0 364104
microporosity 37.2 36.4+0.8
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work, the phase composition of calcined samples was basically a
function of Ca/P ratio of the raw material. As expected, porosity was
sensitive to both calcination temperature and porogen content, but
the effect of calcination temperature was stronger.
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